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PREFACE

This handbook is a compilation of standard and recommended rock testing
methods and has been prepared for use in both the laboratory and the field.

Preparation of the handbook was authorized and funded by the Office, Chief
of Engineers, U.S. Army. The cooperation of the American Society for Testing and
Materials, the International Society for Rock Mechanics, and the U.S. Bureau of Rec-
lamation in permitting the use of a number of their standards is appreciated.

Suggestions for revisions, corrections, and additions are welcomed. Correspon-
dence concerning such matters should be addressed either to the Commander, U.S.
Army Engineer Waterways Experiment Station (ATTN: CEWES-GS-R), 3909 Halls
Ferry Road, Vicksburg, MS 39180-6199; or to the Office, Chief of Engineers, U.S.
Army (ATTN: Engineering Division, Civil Works), Washington, DC 20314-1000.

In order that this handbook may be of greatest service, it is intended that it be
kept up to date by the issuance of supplementary items and the revision of existing
items whenever necessary. To facilitate such revisions, the handbook has been is-
sued in loose-leaf form.

The handbook has been prepared in the Geotechnical Laboratory (GL) and
Structures Laboratory (SL) of the U.S. Army Engineer Waterways Experiment Sta-
tion (WES). It was compiled by Ms. M. Eileen Glynn and Mr. Willie E. McDonald
under the direct supervision of Messrs. Jerry S. Huie, Chief, Rock Mechanics
Branch, GL; and Kenneth L. Saucier, Chief, Concrete Technology Division, SL; and
the general guidance of Dr. Don C. Banks, Chief, Soil and Rock Mechanics Divi-
sion, GL. Dr. W. F. Marcuson III was Chief of GL; Mr. Bryant Mather was Chief
of SL. Commander of WES during publication of this handbook was COL Bruce K.
Howard, EN. Director was Dr. Robert W. Whalin.
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Standard Terminology Relating to
Soil, Rock, and Contained Fluids 1

These definitions were prepaed joainly by the American Sociefy of Cavil Engineers and the American Societyfoj Tesing and Materials.

INTRODUCTION

A number of the definitions include symbols and indicate the units of measurement. The
symbols appear in italics immediately after the name of the term, followed by the unit in
parentheses. No significance should be placed on the order in which the symbols are presented
where two or more are given for an individual term. The applicable units are indicated by capital
letters, as follows:

F-Force, such as pound-force, ton-force, newton
L-Length, such as inch, foot, centimetre
T-Time, such as second, minute
D-Dimensionless
Positive exponents designate multiples in the numerator. Negative exponents designate

multiples in the denominator. Degrees of angle are indicated as "degrees."
Expressing the units either in SI or the inch-pound system has been puposely omitted in order

to leave the choice of the system and specific unit to the engineer and the particular application, for
example:

FIA---may be expressed in pounds-force per square inch, kilopascals, tons per square foot, etc.
Lk1T-may be. expressed in feet per minute, centimetres per second, etc.
Where synonymous terms ar cross-reerenced, the definition is usually included with the earlier

term alphabetically. Where this is not the case, the later term is the more significant.
Definitions marked with (ISRM) are taken directly from the publication in Ref 42 and are

included for the convenience of the user.For a list of ISRM symbols relating to soil and rock. mechanics, refer to Appendix X 1.A list of references used in the preparation of these definitions appears at the end.

AASHTO compaction-see compaction test. pressure.
"-A- Horizon--see horizon, absorption-the l assimlation of fluids into interstices.
abrasion-a rubbing and wearing away. (ISRM) absorption loss-that part of transmitted energy (me-
abrasion-the mechanical wearing, grinding, scraping or chanical) lost due to dissipation or conversion into other

rubbing away (or down) of rock surfaces by friction or forms (heat, etc.).
impact, or both. accelerator-a material that increases the rate at which

abrasive-any rock, mineral, or other substance that, owing chemical reactions would otherwise occur.
to its superior hardness, toughness, consistency, or other activator-a material that causes a catalyst to begin its
properties, is suitable for grinding, cutting, polishing, function.
scouring, or similar use. active earth pressure-see earth pressure.

abrasiveness-the property of a material to remove matter active state of plastic equilibrium-see plastic equilibrium.
when scratching and grinding another material. (ISRM) additive-any material other than the basic components of a

absorbed water-water held mechanically in a soil or rock grout system.
ma and having physical properties not substantially adhesion-shearing resistance between soil and another
different from ordinary water at the same temperature and material under zero externally applied pressure.

Symbol Unit

Unit Adhesion C. FL--
This terminology is under the jurisdiction of ASTM Committee D-18 on Soil Total Adhesion C,, F or FL-'

and Rock and is the direct responsibility of Subcommittee Dl8.93 on Terminology
for Soa. Rock. and Contained Fluids. adhesion-shearing resistance between two unike materials

Current edition approved Oct. 27. 1989. and Feb. I, 1990. Published Masch under zero externally applied pressure.
1990. Originally published as D 653 -42 T. Last previous edition D653-89. admixture-a material other than water, aggregates, or

This extensive list ofdefinitions represents the joint efforts of Subcommittee cementitious material, used as a grout ingredient for
DIS.93 on Terminology for Soil. Rock. and Contained Fluids of ASTM
Committee D-18 on Soil and Rock, and the Committee on Definitions and cement-based grouts.
Standards of the Gcecinical Engineering Division of the American Society of adsorbed water-water in a soil or rock mass attracted to the
Itvil Esigine• L These two groups function together as the Joint ASCE/ASTM particle surfaces by physiochemical forces, having proper-
Committee on Nomenclaturr in Soil and Rock Mechanics. This list incorporates
soM terms from ASTM Defieiiors D 1707, Terms Relating to Soil Dynamics, ties that may differ from those of pore water at the same
wh4ic wea discontinued in 1967. temperature and pressure due to altered molecular ar-
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rangement; adsorbed water does not include water that is angle of obliquity, a, 6, 0, '4, (degrees)-the angle between
chemically combined within the clay minerals, the direction of the resultant stress or force acting on a

adsorption-the attachment of water molecules or ions to given plane and the normal to that plane.
the surfaces of soil particles, angle of repose, a (degrees)-angle between the horizontal

advancing slope grouting-a method of grouting by which and the maximum slope that a soil assumes through
the front of a mass of grout is caused to move horizontally natural proc.sses. For dry granular soils the effect of the
by use of a suitable grout injection sequence. height of slope is negligible; for cohesive soils the effect of

aeolian deposits-wind-deposited material such as dune height of slope is so great that the angle of repose is
sands and loess deposits. meaningless.

aggregate-as a grouting material, relatively inert granular angle of shear resistance-see angle of internal friction.
mineral material, such as sand, gravel, slag, crushed stone, angle of wallfriction-see angle of external friction.
etc. "Fine aggregate" is material that will pass a No. 4 angular aggregate-aggregate, the particles of which possess
(6.4-mm) screen, well-defined edges formed at the intersection of roughly

"'Coarse aggregate" is material that will not pass a No. 4 planar faces.
(6.4-mm) screen. Aggregate is mixed with a cementing anisotropic mass-a mass having different properties in
agent (such as Portland cement and water) to form a grout different directions at any given point.
material- anisotropy-having different properties in different direc-

agitator tank-a tank, usually vertical and with open top, tions. (ISRM)
with rotation paddles used to prevent segregation of grout apparent cohesion-see cohesion.
after mixing. aquiclude-a relatively impervious formation capable of

air-space ratio. G. (D)-ratio of: (1) volume of water that absorbing water slowly but will not transmit it fast enough
can be drained from a saturated soil or rock under the to furnish an appreciable supply for a well or spring.
action of force of gravity, to (2) total volume of voids. aquifer-a water-bearing formation that provides a ground

air-void ratio, G, (D)-the ratio of: (1) the volume of air water reservoir.
space, to (2) the total volume of voids in a soil or rock aquitard-a confining bed that retards but does not prevent
mass. the flow of water to or from an adjacent aquifer, a leaky

alkali aggregate reactiou--a chemical reaction between towfi water,
Na 2O and K2O in the cement and certain silicate minerals confining bed.
ip the cement and certain silicate minerals in the aggre- arc gthe erof from a yielding part ofa soil
gate, which causes expansion resulting in weakening and or rock mass to adjoining less-yielding or restrained parts

cracking of Portland cement grout. See reactive aggregate. ae t go a oi r r

allowable bearing value (allowable soil pressure), qa. Pa utili ing h ols rng a a zonern a g rid.

(FL-')--the maximum pressure that can be permitted on utilizing boles arranged in a pattern or grid.

foundation soil, giving consideration to all pertinent Discussion-This; type of gpouting is sometims referred to as
factors, with adequate safety against rupture of the soil blanket or consolidation grouting.
mass or movement of the foundation of such magnitude area of influence of a well, a (L2 )--area surrounding a well
that the structure is impaired. within which the piezometric surface Las been lowered

allowable pile bearing load, Q,, P. (F)--the maximum load when pumping has produced the maximum steady rate of
that can be permitted on a pile with adequate safety flow.
against movement of such magnitude that the structure is area ratio of a sampling spoon, sampler, or sampling tube, A,
endangered. (Dy-the area ratio is an indication of the volume of soil

alluvium-soil, the constituents of which have been trans- displaced by the sampling spoon (tube), calculated as
ported in suspension by flowing water and subsequently follows:
deposited by sedimentation.

amplification factor-ratio of dynamic to static displace- A, ((D,) - D,2/D,21 x 100
ment. where:

amorphous peat-see sapric peat. D, = maximum external diameter of the sampling spoon,
angle of external friction (angle of wall friction), 6 (degrees)- and

angle between the abscissa and the tangent of the curve D, = minimum internal diameter of the sampling spoon
representing the relationship of shearing resistance to at the cutting edge.
normal stress acting between soil and surface of another armor-the artificial surfacing of bed, banks, shore, or
material. embankment to resist erosion or scour.

angle of friction (angle of friction between solid bodies), Os armor stone--(generally one ton to three tons in weight)
(degrees)-angle whose tangent is the ratio between the stone resuLing from blasting, cutting, or by other methods
maximum value of shear stress that resists slippage be- to obtain rock heavy enough to require handling two
tween two solid bodies at rest with respect to each other, individual pieces by mechanical means.
and the normal stress across the contact surfaces. ash content-the percentage by dry weight of material

angle of internal friction (angle of shear resistance), , remaining after an oven dry organic soil or peat is burned
(degrees)-angle between the axis of normal stress and the by a prescribed method.
tangent to the Mohr envelope at a point representing a attenuation-reduction of amplitude with time or distance
given failure-stress condition for solid material. "IB" horizon--see horizon.
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backpack grouting-the filling with grout of the annular bit-any device that may be attached to or is an integral part
space between a permanent tunnel lining and the sur- of a drill string and is used as a cutting tool to bore into or
rounding formation, penetrate rock or other materials.

Dicussion--Same as crown grouting and backdfL grouting. blaine fineness-the fineness of powdered materials, such as
cement and pozzolans, expressed as surface area usually in

back-packing-any material (usually granular) that is used to square centimetres per gram.
fill the empty space between the lagging and the rock blanket grouting-a method in which relatively closely
surface. (ISRM) spaced shallow holes are drilled and grouted on a grid

baffle-a pier, weir, sill, fence, wall, or mound built on the pattern over an area, for the purpose of making the upper
bed of a stream to parry, deflect, check, or regulate the portions of the bedrock stronger and less pervious.
flow or to float on the surface to dampen the wave action. blastibility-index value of the resistance of a rock forma-

base-in grouting, main component in a grout system. tion to blasting. (ISRM)
base course (base)-a layer of specified or selected material blasting cap (detonator, initiator)-a small tube containing a

of planned thickness constructed on the subgrade or flashing mixture for firing explosives. (ISRM)
subbase for the purpose of serving one or more functions bleeding-in grouting, the autogeneous flow of mixing water
such as distributing load, providing drainage, minimizing within, or its emergence from, newly placed grout caused
frost action, etc- by the settlement of the solid materials within the mass.

base exchange-the physicochemicnl process whereby one bleeding rate-in grouting, the rate at which water is released
species of ions adsorbed on soil particles is replaced by from grout by bleeding.
another species, blocking-wood blocks placed between the excavated sur-

batch-in growing, quantity of grout mixed at one time. face of a tunnel or shaft and the main bracing system.
batch method-in grouting, a quantity of grout materials are (ISRM)

mixed or catalyzed at one time prior to injection, body force-a force such as gravity whose effect is distributed
batch mixer--in grouting, a machine that mixes batches of throughout a material body by direct action on each

grout, in contrast to a continuous mixer. elementary part of the body independent of the others.
bearing capacity--see ultimate bearing capacity. (ISRM)

bearing capacity (of a pile), .., P, (F)-the load per pile bog--a peat covered area with a high water table and a
required to produce a condition of failure. surface dominated by a carpet of mosses, chiefly

* bedding-applies to rocks resulting from consolidation of sphagnum. It is generally nutrient poor and acidic. It may

sediments and exhibiting surfaces of separation (bedding be treed or treeless.
planes) between layers of the same or different materials, bond strength-in growing, resistance to separation of set
that is, shale, siltstone, sandstone, limestone, etc. OSRM) grout from other materials with which it is in contact; atha is shlesilstnesanstoe, imstoe, tc.(ISM) collective expression for all forces such as adhesion,

bedding-collective term signifying the existence of layers of colctive exresong forial forc
beds. Planes or other surfaces dividing sedimentary rocks friction, and longitudinal shear.of the same or different lithology. bottom charge--concentrated explosive charge at the bottom

bedrock-the meor r less continuous body of rock which of a blast hole. (ISRM)
underli-the moverbrdlens sontiuus. by oboulder clay-a geological term used to designate glacial driftunderlies the overburden soils. (ISRM) that has not been subjected to the sorting action of waterbedrock (ledge)-rock of relatively great thickness and and therefore contains particles from boulders to clay
extent in its native location, sizes.

bench--() the unexcavated rock having a nearly horizontal boulders-a rock fragment, usually rounded by weathering
surface which remains after a top heading has been or abrasion, with an average dimension of 12 in. (305 mm)
excavated, or (2) step in a slope; formed by a horizontal or more.
surface and a surface inclined at a steeper angle than that breakwater stone--(generaUy three tons to twenty tons in
of the entire slope. (ISRM) weight) stone resulting from blasting, cutting, or other

bending-process of deformation normal to the axis of an means to obtain rock heavy enough to require handling
elongated structural member when a moment is ipplied individual pieces by mechanical means.
normal to its long axis. (ISRM) idvda icsb ehnclmas
benormtoiti clay-aoclay h ai high cbuckling-a bulge, bend, bow, kink, or wavy condition

bentonitic clay--a clay with a high content r.' the mineral produced in sheets, plates, columns, or beams by compres-
montmorillonite, usually characterized by high swelling on sive stresses.
wetting. bulb ofpressure-see pressure bulb.

berm-a shelf that breaks the continuity of a slope, bulkhead-a steep or vertical structure supporting natural or
biaxial compression-compression caused by the application artificial embankment.

of normal stresses in two perpendicular directions. (ISRM) bulking-the increase in volume of a material due to
biaxial state of stress-state of stress in which one of the manipulation. Rock bulks upon being excavated; damp

* three principal stresses is zero. (ISRM) sand bulks if loosely deposited, as by dumping, because the
binder (soil binder)-portion of soil passing No. 40 (4 25-pm) apparent cohesion prevents movement of the soil particles

U.S. standard sieve, to form a reduced volume.
binder-anything that causc4; cohesion in loosely assembled buoyant unit weight (submerged unit weight)--see unit

substances, such as clay or cenment. weight.

3
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burden-in an explosive blasting, the distance between the chemical grout-any grouting material characterized by
charge and the free face of the material to be blasted. being a true solution; no particles In suspension. See also

burden-distance between charge and free surface in direc- particulate grout.
tion of throw. (ISRM) chemical grout system-any mixture of materials used for

"C"' Horizon-see horizon. grouting purposes in which all elements of the system are

California bearing ratio, CBR (D)-the ratio of: (1) the force true solutions (no particles in suspension).

per unit area required to penetrate a soil mass with a 3-in. 2  chip-crushed angular rock fragment of a size smaller than a
(19-cm) 2 circular piston (approximately 2-in. (51-mm) few centimetres. (ISRM)
diameter) at the rate of 0.05 an. (1.3 mm)/min, to (2) that chisel-the steel cutting tool used in percussion drilling.
required for corresponding penetration of a standard (ISRM)
material. The ratio is usually determined at 0. 1-in. (2.5- circuit grouting-a grouting method by which grout is
mm) penetration, although other penetrations are some- circulated through a pipe extending to the bottom of the
times used. Original California procedures required deter- hole and back up the hole via the annular space outside
mination of the ratio at 0.1-in. intervals to 0.5 in. (12.7 the pipe. Then the excess grout is diverted back over a
mm). Corps of Engineers' procedures require determina- screen to the agitator tank by means of a packing gland at
tion of the ratio at 0.1 in. and 0.2 in. (5.1 mm). Where the the top of the hole. The method is used where holes tend
ratio at 0.2 in. is consistently higher than at 0.1 in., the to cave and sloughing material might otherwise clog
ratio at 02 in. is used. openings to be grouted.

camouflet-the underground cavity created by a fully con- clay (clay soil)-fine-grained soil or the fine-grained portion
tained explosive. (ISRM) of soil that can be made to exhibit plasticity (putty-like

capillary action (capillarity)--the rise or movement of water properties) within a range of water contents, and that
in the interstices of a soil or rock due to capillary forces. exhibits considerable strength when air-dry. The term has

capillaryflow-see capillary action, been used to designate the percentage finer than 0.002 mm

capillary fringe zone-the zone above the free water eleva- (0.005 mm in some cases), but it is strongly recommended
tion in which water is held by capillary action. that this usage be discontinued, since there is ample

capillary head, h (L)-the potential, expressed in head of evidence from an engineering standpoint that the proper-

water, that causes the water to flow by capillary action. ties described in the above definition are many times more

capillary migration-see capillary action. important

capillary rise (height of capillary rise), h, (L)-the height clay size-that portion of the soil finer than 0.002 mm
(0.05 m in omecass) (ee lsoclay).

above a free water elevation to which water will rise by ca i n see clay.
capillary action. clay soil-se clay.

capillary ate .ary cleavage-in crystallography, the splitting, or tendency to
actionl split, along planes determined by the crystal structure. In

catalyst-a material that causes chemical reactions to begin. petrology, a tendency to cleave or split along definite,

catalyst system-those materials that, in combination, cause parallel, closely spaced planes. It is a secondary 'trture,
chemicaly s ea--tions matobegin;calysthat, systeinaionmal ommonly confined to bedded rocks.
chemical reactions to begin; catalyst systems normally cleavage-the tendency to cleave or split along definite
consist of an initiator (catalyst)and an activator, parallel planes, which may be highly inclined to the

cations-an ion that moves, or would move toward a cathode; bedding. It is a secondary structure and is ordinarily
thus nearly always synonymous with positive ion. accompanied by at least some recrystallization of the rock-

cation exchange--see base exchange. (ISRM)
cavity-a natural underground opening that may be small or cleavage planes-the parallel surfaces along which a rock or

large. mineral cleaves or separates; the planes of least cohesion,
cavity-underground opening created by a fully contained usually parallel to a certain face of the mineral or crystal.

explosive. (ISRM) cleft water-water that exists in or circulates along the
cement factor-quantity of cement contained in a unit geological discontinuities in a rock mass.

volume of concrete or grout, expressed as weight, or closure-the opening is reduced in dimension to the extent
volume (specify which). that it cannot be used for its intended purpose. (ISRM)

cement grout-a grout in which the primary cementing agent closure-in grouting, closure refers to achieving the desired
is Portland cement. reduction in grout take by splitting the hole spacing. If

cementitious factor-quantity of cement and other closure is being achieved, there will be a progressive.
cementitious materials contained in a unit volume of decrease in grout take as primary, secondary, tertiary, and
concrete or grout, expressed as weight or volume (specify quanternary holes are grouted.
which). cobble (cobblestone)-a rock fragment, usually rounded or

centrifuge moisture equivalent-see moisture equivalent. semirounded, with an average dimension between 3 and
chamber-a large room excavated underground, for ex- 12 in. (75 and 305 mm).

ample, for a powerhouse, pump station, or for storage. coefficient of absolute viscosity-see coefficient of viscosity.
(ISRM) coefficient of active earth pressure-see coefficient of earth

chamber blasting (coyotehole blasting)-a method of quarry pressure.
blasting in which large explosive charges are confined in coefficient of compressibility (coefficient of compression), a,
small tunnel chambers inside the quarry face. (ISRM) (L2F-')-the secant slope, for a given pressure increment,

4
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of the pressure-void ratio curve. Where a stress-strain of a load-settlement curve obtained from a plate load test
* curve is used, the slope of this curve is equal to a,(l + e). on a soil using a 30-in. (762-mm) or greater diameter

coefficient of consolidation, c,, (L 2T-)-a coefficient utilized loading plate. It is used in the design of concrete pave-
"in the theory of consolidation, containing the physical ments by the WVestergaard method.
constants of a soil affecting its rate of volume change. coefficient of transmissibility-the rate of flow of water in

c, = k (I + e)la,'ri gallons per day through a vertical strip of the aquifer I ft
where: (0.3 in) wide, under a unit hydraulic gradient.
k = coefficient of permeability, LT-1, coefficient of uniformity, C, (D)-the ratio D6/Dto, where
e = void ratio, D, D60 is the particle diameter corresponding to 60 % finer on
a, = coefficient of compressibility, L2F', and the cumulative particle-size distribution curve, and Do is

-,. - unit weight of water, FL- 3. the particle diameter corresponding to 10 % finer on the
Discussion-In the literature published prior to 1935. the coeffi- cumulative particle-size distribution curve.

nent of consoldati. usuay designated c, was defind by the coefficient of viscosity (coefficient of absolute viscosity), V
equation: (FTL-)--the shearing force per unit area required to

c - k/ay,, (I + e) maintain a unit difference in velocity between two parallel

Thi original definition of the coefficient of consolidation may be layers of a fluid a unit distance apart.
found in some more romt papers and cam should be taken to awd coefficient of volume compressibility (modulus o volumeConfusiodn change), m, (LOF'')-the compression of a soil layer per

coefficient of earth pressure, K(D)--the principal stress ratio unit of original thickness due to a given unit inase in

at a point in a SOi maKss. presre. It is numerically equal to the coefficient of
coeient of earth pressure active. K(D)--the rain- compressibility divided by one plus the original void ratio,

imum ratio of: (I) the minor principal stress, to (2) the or aJ( r + e).

major principal stress. This is applicable where the soil has colesion-nshear resistance at zero normal stress (an equiva-
yie!ded sufficiently to develop a lower limiting value of the lent term in rock mechanics is intrinsic shear strength).
minor principal Mtress. (ISR

coefciem of eart) preure, at rest Ao (D)--tie ratio cohesion, c (FL-)---the portion of the shear strength of a soil

oE (1) the minor principal stress, to (2) the major principal indicated by the term c, in Coulomb's equation, s - c + p
stress. This is applicable where the soil mass is in its tan 0. See Intrinsic shear strength.

S natural state without having been permitted to yield or apparent cohesion-cohesion in granular soils due to
without having been compressed, capillary forces.

"coefficient of earth pressure. passive, Kp (D---the max- cohesionless soil-a soil that when unconfined has little or
imum ratio of- (1) the major principal stress, to (2) the no strength when air-dried and that has little or no
minor principal stress. Tis is applicable where the soil has cohesion when submerged.
bean compressed sufficiently to develop an upper limiting cohesive soil-a soil that when unconfined has considerable
value of the major principal stress. strength when air-dried and that has significant cohesion

coefficient of friction (coefficient of friction between solid when submerged.
bodies), f(D)-the ratio between the maximum value of collar-in grouting, the surface opening of a borehole.
shear stress that resists slippage between two solid bodies colloidal grout-in grouting, a grout in which the dispersed
with respect to each other, and the normal stress across the solid particles remain in suspension (colloids).
contact surfaces. The tangent of the angle of friction is 0s. colloidal mixer-in grouting, a mixer designed to produce

coefficient of friction, f-a constant proportionality factor, colloidal grout.
p, relating normal stress and the corresponding critical colloidal particles-particles that are so small that the
shear stress at which sliding starts between two surfaces: surface activity has an appreciable influence on the prop-
T = jit- a. (ISRM) erties of the aggregate.

coefficient of internal friction, p (D)-the tangent of the communication-in grouting, subsurface movement of grout
angle of internal friction (angle of shear resistance) (see from an injection hole to another hole or opening.
internal friction). cmpaction-the densification of a soil by means of mechan-

coefficient of permeability (permeability), k (LT-')-the rate ical manipulation.
of discharge of water under laminar flow conditions compaction curve (Proctor curve) (moisture-density curve)-
through a unit cross-sectional area of a porous medium the curve showing the relationship b,-ween the dry unit
under a unit hydraulic gradient and standard temperature weight (density) and the water content of a soil for a given
conditions (usually 20C). compactive effort.

coeficient of shear resistance-see coefficient of internal compaction test (moisture-density test)-a laboratory com-
friction, pi (D). pacting procedure whereby a soil at a known water content

coefficient of subgrade reaction (modulus of subgrade reac- is placed in a specified manner into a mold of given. tion), k. k, (FL- 3)-ratio of: (1) load per unit area of dimensions, subjected to a compactive effort of controlled
horizontal surface of a mass of soil, to (2) corresponding magnitude, and the resulting unit weight determined. The
settlement of the surface. It is determined as the slope of procedure is repeated for various water contents sufficient
the secant, drawn between the point corresponding to zero to establish a relation between water content and unit
settlement and the point of 0.05-in. (1.3-mm) settlement, weight.
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compressibility-property of a soil or rock pertaining to its consolidation grouting-injection of a fluid grout, usually
susceptibility to decrease in volume when subjected to sand and Portland cement, into a compressible soil mats
load. in order to displace it and form a lenticular grout structure

compression curve-see pressure-void ratio curve, for support.
compression index, C,(D>--the slope of the linearportion of Discussion-In rock, grouting is performed for the purpose (if

the pressure-void ratio curve on a semi-log plot. strengthening the rock mass by filhng open fractures and thus

compression wave (irrotational--wave in which element of eliminating a sour•c of settlement.
medium changes volume without rotation. consolidation ratio, U, (D)-the ratio of: (1) the amount of

compressive strength (unconfined or uniaxial compressive consolidation at a given distance from a drainage surface
strength), p, q,, C. (FL-)--the load per unit area at and at a given time, to (2) the total amount of consolida-
which an unconfined cylindrical specimen of soil or rock tion obtainable at that point under a given stress incre-
will fail in a simple compression test. Commonly the ment.
failure load is the maximum that the specimen can consolidation test-a test in which the specimen is laterally
withstand in the test. confined in a ring and is compressed between porous

compressive stress-normal stress tending to shorten the plates.
body in the direction in which it acts. (ISRM) consolidation-time curve (time curve) (consolidation curve)

concentration factor, n (D)-a parameter used in modifying (theoretical time curve)--a curve that shows the relation
the Boussinesq equations to describe various distnrutions between: (1) the degree of consolidation, and (2) the
of vertical stress. elapsed time after the application of a given incir, ent of

conjugate joints (faults)-two sets of joints (faults) that load.
formed under the same stress conditions (usually shear constitutive equation-force deformation function for a par-
pairs). (ISRM) ticular material. (ISRM)

consistency-the relative ease with which a soil can be conlact grouting-see backpack grouting.
deformed. contact pressure, p (FL-)-the unit of pressure that acts a,

consistency-in grouting, the relative mobility or ability of the srface of contact between a structure and the unider-
freshly mixed mortar or grout to flow-, the usual measure- lying soil or rock mass.
ments are slump for stiff mixtures and flow for more fluid continuous mixer-a mixer into which the ingredients of the
grouts. mixture are fed without stopping, and from which the

consistency index--see relative consistency. mixed product is discharged in a continuous stream.
consolidated- drained test (slow test)-a soil test in which contract un-linear strain associated with a decrease in*

essentially complete consolidation under the confining length. (ISRM)
pressure is followed by additional axial (or shearing) stress controlled blasting-includes all forms of blasting designed
applied in such a manner that even a fully saturated soil of to preserve the integrity of the remaining rocks, that is,
low permeability can adapt itself completely (fully consol- smooth blasting or pre-splitting. (ISRM)
idate) to the changes in stress due to the additional axial controlled-strain test-a test in which the load is so applied
(or shearing) stress. that a controlled rate of strain results.

consolidated-undrained test (consolidated quick test)-a soil controlled-stress test-a test in which the stress to which a
test in which essentially complete consolidation under the specimen is subjected is applied at a controlled rate.
vertical load (in a direct shear test) or under the confining convergence--generally refers to a shortening of the distance
pressure (in a triaxial test) is followed by a shear at between the floor and roof of an opening, for example, in
constant water content. the bedded sedimentary rocks of the coal measures where

consolidation-the gradual reduction in volume of a soil the roof sap and the floor heaves. Can also apply to the
mass resulting from an increase in compressive stress. convergence of the walls toward each other. (ISRM)

initial consolidation (initial compression)-a compara- core-a cylindrical sample of hardened grout, concrete, rock,
tively sudden reduction in volume of a soil mass under an or grouted deposits, usually obtained by means of a core
applied load due principally to expulsion and compression drill.
of gas in the soil voids preceding primary consolidation. core drilling; diamond drilling-a rotary drilling technique,

primary consolidation (primary compression) (primary using diamonds in the cutting bit, that cuts out cylindrical
lime effect--the reduction in volume of a soil mass caused rock samples. (ISRM)
by the application of a sustained load to the mass and due
principally to a squeezing out of water from the void core recovery-ratio of the length of core recovered to the
spaces of the mass and accompanied by a transfer of the length of hole drilled, usually expressed as a percentage.
load from the soil water to the soil solids. cover-the perpendicular distance from any point in the roof

secondary consolidation (secondary compression) (sec- of an underground opening to the ground surface. (ISRM)
ondary time effect)-the reduction in volume of a soil cover-in grouting, the thickness of rock and soil material
mass caused by the application of a sustained load to the overlying the stage of the hole being grouted.
mass and due principally to the adjustment of the internal crack-a small fracture, that is, small with respect to theW
structure of the soil mass after most of the load has been scale of the feature in which it occurs. (ISRM)
transferred from the soil water to the soil solids, crater---excavation (generally of conical shape) generated by

consolidation curve--see consolidation time curve. an explosive charge. (ISRM)
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creep-slow movement of rock debris or soil ubualy imper- deformabllty-in grouting, a measure of the elasticity of the
ceptible except to observations of long duration. Time- grout to distort in the interstitial spaces as the sediments
dependent strain or deformation, for example, continuing move.
strain with sustained stress. deformation-change in shape or size.

critical circle (critical surface)-the sliding surface assumed deformation-a change in the shape or size of a solid body-.
in a theoretical analysis of a soil mass for which the factor (ISRM)
of safety is a minimum. deformation resolution (deformation sensitivity), Rd (L)-

critical damping-the minimum viscous damping that will ratio of the smallest subdivision of the indicating scale of a
allow a displaced system to return to its initial position deformation-measuring device to the sensitivity of the
without oscillation, device.

critical density-the unit weight of a saturated granular degree-days-the difference between the average tempera-
material below which it will lose strength and above which ture each day and 32"F (0C). In common usage degree-
it will gain strength when subjected to rapid deformation. days are positive for daily average temperatures above
The critical density of a given material is dependent on 32"F and negative for those below 32"F (see freezing
many factors. index).

critical frequency, fe--frequency at which maximum or degree of consolidation (percent consolidation), U (D)-the
minimum amplitudes of excited waves occur. ratio, expressed as a percentage, of. (1) the amount of

critical height, H, (L)-the maximum height at which a consolidation at a given time within a soil mass, to (2) the
vertical or sloped bank of soil or rock will stand unsup- total amount of consolidation obtainable under a given
ported under a given set of conditions, stress condition.

critical hydraulic gradient-see hydraulic gradient. degrees-of-freedom-the minimum number of independent
critical slope-the maximum angle with the horizontal at coordinates required in a mechanical system to define

which a sloped bank of soil or rock of given height will completely the positions of all parts of the system at any
stand unsupported, instant of time. In general, it is equal to the number of

critical surJace- see critical circle. independent displacements that are possible.
critical void ratio-see void ratio. degree of saturation-sce percent saturaton.
crown-also roof or back, that is, the highest point of the degree of uturatlon-the extent or degree to which the voids

cross section. In funnel linings, the term is used to in rock contain fluid (water, gas, or oil). Usually expressedS designate either the arched roof above spring lines or all of in percent related to total void or pore space. (ISRM)
the lining except the floor or invert. (ISRM) degree of sensitivity (sensitivity ratio)-see remolding Index.

cryology-the study of the properties of snow, ice, and delay-time inerval (fraction of a second) between detona-
frozen ground. tion of explosive charges. (ISRM)

cure-in grouwing, the change in properties of a grout with density-the mass per unit, p (ML-3) kg/rn3.
time. density of dry soil or rock, pd (ML-3) kg/m 3 -the mass

cure time-in grouting, the interval between combining all of solid particles per the total volume of soil or rock.
grout ingredients or the formation of a gel and substantial density of saturated soil or rock, p.t (MW-3) kg/m3_the
development of its potential properties. total mass per total volume of completely saturated soil or

curtain grouting-injection of grout into a sub-surface for- rock.
mation in .uch a way as to create a barrier of grouted density of soil or rock (bulk density), p (ML-3) kg/
material transverse to the direction of the anticipated m -- the total mass (solids plus water) per total volume.
water flow. density of solid particles. p. (ML-3) kg/m3-the mass

cuttings--small-sized rock fragments produced by a rock per volume of solid particles.
drill. (ISRM) density of submerged soil or rock, Pab (ML-) kg/

damping-reduction in the amplitude of vibration of a body I m3-the difference between the density of saturated soil or
or system due to dissipation of energy internally or by rock, and the density of water.
radiation. (ISRM) density of water, p, (MIL- 3) kg/m3-the mass per

damping ratio-for a system with viscous damping, the ratio volume of water.
of actual damping coefficient to the critical damping detonation-an extremely rapid and violent chemical reac-
coefficient. tion causing the production of a large volume of gas.

decay time-the interval of time required for a pulse to decay (ISRM)
from its maximum value to some specified fractior uf that deviator stress, A, a (FL- 2)-the difference between the
value. (ISRM) major and minor principal stresses in a triaxial test-

decomposition-for peats and organic soils, see humification. deviator of stress (strain)-the stress (strain) tensor obtained
decoupling-the ratio of the radius of the blasthole to the by subtracting the mean of the normal stress (strain)

radius of the charge. In general, a reducing of the strain components of a stiess (strain) tensor from each normalS wave amplitude by increasing the spacing between charge stress (strain) component. (ISRM)
and blasthole wall. (ISRM) differential settlement-settlement that varies in rate or

deflcculating agent (deflocculant) (dispersing agent)-an amount, or both, from place to place across a structure.
.gent that prevents fine soil particles in suspension from dilatancy-property of volume increase under loading.
coalescing to form flocs. (ISRM)
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dilatancy-the expansion of cohesionless soils when subject Discussion-The most common drill mud is a water-bentonite
to shearing deformation, mixture, however, many other materials may be added or substituted

direct shear test-a shear test in which soil or rock under an to ncrease density or decrease viscosity.

applied normal load is stressed to failure by moving one dry pack-a cement-sand mix with minimal water content

section of the sample or sample contai.ier tshear box) used to fill small openings or repair imperfections in
relative to the other section. concrete.

discharge velocity, v, q (LTF')-rate of discharge of water dry unit weight (dry density)-see unit weight.
through a porous medium per unit of total area perpendic- ductility--condition in which material can sustain perma-
ular to the direction of flow. nent deformation without losing its ability to resist load.

discontinuity surface-any surface across which some prop- (ISRM)
erty of a rock mass is discontinuous. This includes fracture dye tracer-in grouting, an additive whose primary purpose
surfaces, weakness planes, and bedding planes, but the is to change the color of the grout or water.
term should not be restricted only to mechanical conti- earth-see soil.
nuity. (ISRM) earth pressure-the pressure or force exerted by soil on any

dispersing agent-in grouting, an addition or admixture that boundary.
promotes dispersion of particulate grout ingredients by bonW Unt
reduction of interparticle attraction. symbol

dispersing agent-see deflocculating agent. M p FL-2

dispersion--the phenomenon of varying speed of transmis- Fome P For FL-'

sion of waves, depending on their frequency. (ISRM) active earth pressure. PA, p 4-the minimum value of
displacement-a change in position of a material point- earth pressure. This condition exists when a soil mass is

(ISRM) permitted to yield sufficiently to cause its internal shearing
displacement grouting-injection of grout into a formation resistance along a potential failure surface to be completely

in such a manner as to move the formation; it may be mobilized.
controlled or uncontrolled. See also penetration grouting. earth pressure at rest, P, po-the value of the earth

distortion--a change in shape of a solid body. (ISRM) pressure when the soil mass is in its natural state without
divergence loss-that part of transmitted energy lost due to having been permitted to yield or without having been

spreading of wave rays in accordance with the geometry of compressed.
the system. passive earth pressure, P', p.-the maximum value of

double amplitude-total or peak to peak excursion. earth pressure. This condition exists when a soil mass is
drag bit-a noncoring or full-hole boring bit, which scrapes compressed sufficiently to cause its internal shearing

its way through relatively soft strata. ISRM) resistance along a potential failure surface to be completely
drain-a means for intercepting conveying, and removing mobilized.

water. effect diameter (effective size), D1o, D, (L)--partide diam-
drainage cartaia-.n grouting, a row of open holes drilled eter corresponding to 10 % finer on the grain-size curve.

parallel to and downstream from the grout curtain of a effective drainage porosity-see effective porosity.
dam for the purpose of reducing uplift pressures. effective force, AVF(F)--the force transmitted through a soil or

DLkunion-Depth is ordinarily approximately one-tird to one- rock mass by intergranular pressures.
half that of the grout curtain. effective porosity (effective drainage porosity), n, (D)-the

drainage gallery-in grouting, an opening or passageway ratio of: (1) the volume of the voids of a soil or rock mass
from which grout holes or drainage curtain holes, or both, that can be drained by gravity, to (2) the total volume of
arm drilled. See also grout gallery. the mass.

drawdown (L)-vertical distance the free water elevation is effective pressure-see stress.
lowered or the pressure head is reduced due to the removal effective size-see effective diameter.
of free water. effective stress-see stress.

drill-a machine or piece of equipment designed to pene- effective unit weight-see unit weight.
trate earth or rock formations, or both.trat eath r rck ormtios, r bth.efflux time--time required for all grout to flow from a flow

drillability-index value of the rcsistance of a rock to eudrilling. (ISRM) cone..
drill carriage; jumbo-a movable platform, stage, or frame elasticity-property of material that returns to its originaldrfl cariae; umbo-a ovale latormstae, r fame form or condition after the applied force is removed.

that incorporates several rock drills and usually travels on formo
the tunnel track; used for heavy drilling work in large (ISRM)
tunnels. (ISRM) elastic limit-point on stress strain curve at which transition

drilling pattern-the number, position, depth, and angle of from elastic to inelastic behavior takes place. (ISRM)
the blastholes forming the complete round in the face of a elastic state of equilibrium-state of stress within a soil mass
tunnel or sinking pit. (ISRM) when the internal resistance of the mass is not fully

drill mud-in growing, a dense fluid or slurry used in rotary mobilized.
drilling; to prevent caving of the bore hole walls, as a elastic strain energy-potential energy stored in a strained
circulation medium to carry cuttings away from the bit solid and equal to the work done in deforming the solid
and out of the hole, and to sea] fractures or permeable from its unstrained state less any energy dissipated by
formations, or both, preventing loss of circulation fluid- inelastic deformation. (ISRM)
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electric log-a record or log of a borehole obtained by facing-the outer layer of revetment.
lowering electrodes into the hole and measuring any of the failure (in rocks)-cxceeding the maximum strength of the. various electrical properties of the rock formations or rock or exceeding the stress or strain requirement of a
materials traversed, specific design. (ISRM)

electrokinetics-involves the application of an electric field failure by rupture-see shear failure.
to soil for the purpose of dewatering materials of very low failure criterion-specification of the mechanical condition
permeability to enhance stability. The electric field pro- under which solid materials fail by fracturing or by
duces negative pore pressures near a grout pipe that deforming beyond some specified limit. This specification
facilitates grout injection. may be in terms of the stresses, strains, rate-of-change of

emulsifier-a substance that modifies the surface tension of stresses, rate-of-change of strains, or some combination of
colloidal droplets, keeping them from coalescing, and these quantities, in the materials.
keeping them suspended. failure criterion-theoreticaUy or empirically derived stress

emulsion-a system containing dispersed colloidal droplets. or strain relationship characterizing the occurrence of
endothermic-pertaining to a reaction that occurs with the failure in the rock. (ISRM)

adsorption of heat false set-in grouting, the rapid development of rigidity in a
envelope grouting-grouting of rock surrounding a hydraulic freshly mixed grout without the evolution of much heat

pressure tunnel for purpose of consolidation, and prima- Dikwion-Such rigidity can be dispelld and plasidty regained
rily, reduction of permeability. by further mixing without the addition orwater, prematur stiffening,

epoxy-a multicomponent resin grout that usually provides hesitation set early stiffening. and rubber set arm octer much used
very high, tensile, compressive, and bond strengths. terms reterring to the same phenomenon.

equipoaential line-see piezometric D - d t fatigue-the process of progressive localized permanent
equivalent diameter (equivalent size) D ()-the diameter of structural change occurring in a material subjected to

a hypothetical sphere composed of material having the conditions that produce fluctuating stresses and strains at
same specific gravity as that of the actual soil particle and some point or points and that may culminate in cracks or
of such size that it will settle in a given liquid at the same complete fracture after a sufficient number of fluctuations.
terminal velocity as the actual soil particle. fatigue--decrease of strength by repetitive loadinu. (SMW

equivalent fluid-a hypothetical fluid having a unit weight fatigue limit-point on stress-strain curve below which no
such that it will produce a pressure against a lateral fatigube ob t ain rerd e belo ading
support presumed to be equivalent to that produced by the fatigue can be obtained regardless of number of loading

* actual soil. This simplified approach is valid only when cycls. (ISRM)
deformation conditions are such that the pressure in- fault-a fracture or fracture zone along which there has been

creases linearly with depth and the wall friction is ne- displacement of the two sides relative to one another
glectod, parallel to the fracture (this displacement may be a few

excess hydrostatic pressure-see hydrostatic pressure. centimetres or many kilometres). (See also joint fault set
and joint fault system. (ISRM)

exchange capacity-the capacity to exchange ions as mea-
sured by the quantity of exchangeable ions in a soil or fault breccia-the assemblage of broken rock fragments
rock. frequently found along faults. The fragments may vary in

excitation (stimulus)-an external force (or other input) size from inches to feet. (ISRM)
applied to a system that causes the system to respond in fault gouge-a clay-like material occurring between the walls
some way. of a fault as a result of the movement along the fault

exothermic-pertaining to a reaction that occurs with the surfaces. (ISRM)
evolution of heat fiber-for peats and organic soils, a fragment or piece of

expansive cement-a cement that tends to increase in plant tissue that retains a recognizable cellular structure
volume after it is mixed with water. and is large enough to be retained after wet sieving on a

extender-an additive whose primary purpose is to increase 100-mesh sieve (openings 0.15 mm).
total grout volume. fibric peat-peat in which the original plant fibers are

extension-linear strain associated with an increase in slightly decomposed (greater than 67 % fibers).
length. (ISRM) fibrous peat-sec fibric peat.

external force-a force that acts across external surface field moisture equivalent-see moisture equivalent
elements of a material body. (ISRM) fill-man-made deposits of natural soils or rock products

extrados-the exterior curved surface of an arch, as opposed and waste materials.
to intrados, which is the interior curved surface of an arch. filling-generally, the material occupying the space between
(ISRM) joint surfaces, fqults, and other rock discontinuities. The

fabric-for rock or soil, the spatial configuration of all filling material may be clay, gouge, various natural ce-
textural and structural features as manifested by every menting agents, or alteration products of the adjacent
recogni7.able material unit from crystal lattices to large rock. (ISRM). scale features requiring field studies. filter bedding stone-(generally 6-in. minus material) stone

fabric-the orientation in space of the elements composing placed under graded riprap stone or armor stone in a layer
the rock substance. (ISRM) or combination of layers designed and installed in such a

face (heading--the advanced end of a tunnel, drift, or manner as to prevent the loss of underlying soil or finer
excavation at which work is progressing. (ISRM) bedding materials due to moving water.
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filter (protective filter)--a layer or combination of layers of flow value, N, (degrees)--a quantity equal to tan [45 deg +
pervious materials designed and installed in such a (0/2)].
manner as to provide drainage, yet prevent the movement fluidifier-in grouting, an admixture employed in grout to
of soil particles due to flowing water, increase flowability without changing water content.

final set-in grouting, a degree of stiffening tlf a grout fly ash-the finely divided residue resulting from the corn-
mixture greater than initial set, generally stated as an bustion of ground or powdered coal and which is trans-
empirical value indicating the time in hours and minutes ported from the firebox through the boiler by flue gases.
that is required for cement paste to stiffen sufficiently to fold-a bend in the strata or other planar structure within
resist the penetration of a weighted test needle. the rock mass. (ISRM)

fineness-a measure of particle-size, foliation-the somewhat laminated structure resulting from
fineness modulus-an empirical factor obtained by adding segregation of different minerals into layers parallel to the

the total percentages of an aggregate sample retained on schistosity. (ISRM)
each of a specified series of sieves, and dividing the sum by footing-portion of the foundation of a structure that
100; in the United States, the U.S. Standard sieve sizes are: transmits loads directly to the soil.
No. 100 (149 pm), No. 50 (297 pm), No. 30 (590 pm), No. footwall-the mass of rock beneath a discontinuity surface.
16 (1,190 pm), No. 8 (2,380 pLm), and No. 4 (4,760 pm) (ISRM)
and 3/s in. (9.5 mm), V, in. (19 mm), 1h in. (38 mm), 3 in. forced vibration (forced oscillation)-vibration that occurs if
(76 mm), and 6 in. (150 mm). the response is imposed by the excitation. If the excitation

fines-portion of a soil finer than a No. 200 (75-pm) U.S. is periodic and continuing, the oscillation is steady-state.
standard sieve. forepoling-driving forepoles (pointed boards or steel rods)

finite element-one of the regular geometrical shapes into ahead of the excavation, usually over the last set erected, to
which a figure is subdivided for the purpose of numerical furnish temporary overhead protection while installing the
stress analysis. (ISRM) next set. (ISRM)

fishing tool-in grouting, a device used to retrieve drilling foundation-lower part of a structure that transmits the load
equipment lost or dropped in the hole. to the soil or rock.

fissure-a gapped fracture. (ISRM) foundation soil-upper part of the earth mass carrying the
flash set-in grouwing, the rapid development of rigidity in a fondothe soil-uper

freshly mixed grout, usually with the evolution of consid- load of the structure.
erable heat; this rigidity cannot be dispelled nor can the fracture-the general term for any mechanical discontinuity
plasticity be regained by further mixing without addition in the rock; it therefore as the collective term for joints,
of water, also referred to as quick set or grab set. faults, cracks, etc. (ISRM)

floc-loose, open-structured mass formed in a suspension by fracture-a break in the mechanical continuity of a body of
the aggregation of minute particles. rock caused by stress exceeding the strength of the rock.

flocculation-the process of forming flos. Includes joints and faults.
flocculent structure-see soil structure. fracture frequency-the number of natural discontinuities in
floor-bottom of near horizontal surface of an excavation, a rock or soil mass per unit length, measured along a core

approximately parallel and opposite to the roof. (SRM) or as exposed in a planar section such as the wall of a
flow channel-the portion of a flow net bounded by two tunnel.

adjacent flow fines, fracture pattern-spatial arrangement of a group of fracture
flow cone-in grouting, a device for measurement of grout surfaces. (ISRM)

consistency in which a predetermined volume of grout is fracturing-in grouting, intusion of grout fingers, sheets,
permitted to escape through a precisely sized orifice, the and lenses along joints, planes of weakness, or between the
time of efflux (flow factor) being used as the indication of strata of a formation at sufficient pressure to cause the
consistency. strata to move away from the grout.

flow curve-the locus of points obtained from a standard fragmentation-the breaking of rock in such a way that the
liquid limit test and plotted on a graph representing water bulk of the material is of a convenient size for handling.
content as ordinate on an arithmetic scale and the number (ISRM)
of blows as abscissa on a logarithmic scale. free water (gravitational water) (ground water) (phreatic

flow failure-failure in which a soil mass moves over water)-water that is free to move through a soil or rock
relatively long distances in a fluid-like manner. mass under the influence of gravity.

flow index, F, !f(D)--the slope of the flow curve obtained free water elevation (water table) (ground water surface) (free
from a liquid limit test, expressed as the difference in water water surface) (ground water elevation)--clevations at
contents at 10 blows and at 100 blows, which the pressure in the water is zero with respect to the

flow line-the path that a particle of water follows in its atmospheric pressure.
course of seepage under laminar flow conditions. freezing index, F (degree-days)--the number of degree-days

flow net-a graphical representation of flow lines and between the highest and lowest points on the cumulative
equipotential (piezometric) lines used in the study of degree-days--time curve for one freezing season. It is used
seepage phenomena. as a measure of the combined duration and magnitude of

flow slide-the failure of a sloped bank of soil in which the below-freezing temperature occurring during any given
movement of the soil mass does not take place along a freezing season. The index determined for air tempera-
well-defined surface of sliding- tures at 4.5 ft (1.4 m) above the ground is commonly
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designated as the air freezing index, while that determined the land surface where it impedes the movement of ground
for temperatures immediately below a surface is known as water and consequently causes a pronounced difference in
the surface freezing index, the potentiometric level on opposite sides of the barrier.

free vibration-vibration that occurs in the absence of forced ground-water basin-a ground-water system that has defined
vibration. boundaries and may include more than one aquifer of

frequency, f(T-')-number of cycles occurring in unit time. permeable materials, which are capable of furnishing a
frost action-freezing and thawing of moisture in materials significant water supply.

and the resultant effects on these materials and on Discu.sion-A basin is normally considered to indude the suface
structures of which they are a part or with which they are area and the penneabte materials beneath it. The surfae-water divide
in contact. need not coincide with ground-water divide.

frost boil---a) softening of soil occurring during a thawing ground-water discharge-the water released from the zone of
period due to the liberation of water form ice lenses or saturation; also the volume of water released.
layers. ground-water divide-a ridge in the water table or other

(b) the hole formed in flexible pavements by the potcatiometric surface from which ground water moves
extrusion of soft soil and melt waters under the action of away in both directions normal to the ridge line.
wheel loads, ground-water elevtion--see free water elevation.

(c) breaking of a highway or airfield pavement under ground-water flow--the movement of water in the zone of
traffic and the ejection of subgrade soil in a soft and soupy saturation.
condition caused by the melting of ice lenses formed by ground-water kve--the level below which the rock and
frost action. subsoil, to unknown depthLs are saturatedi (ISRM)

frost heave-the raising of a surface due to the accumulation ground water
of ice in the underlying soil or rock. ground-water recharge--the process of water addition to the

fundamental frequency-lowest frequency of periodic varia- saturated zone; also the volume of water added by this

tion. process.

gage length, L (L)-distance over which the deformation ground-water ss. face--ee free water elevatioa.

measurement is made. grout--in soil and roe grouitig, a material injected into a

gage protector-in grouting, a device used to transfer grout soil or rock formation to change the physical diajctedrl

pressure to a gage without the grout coming in actual tics of the formation.

contact with the gage. groutabili-the ability of a formation to accept grout

* gage saver--see gage protector. groutability ratio of granular formations-the ratio og the

gel--in grouting, the condition where a liquid grout begins to 15 % size of the formation particles to be routed to the

exhibit measurable shear strength. 85 % size of grout particles (suspension-type grout). This

gel time-in grouting, the measured time interval between 85 % should be greater than 24 if the grout is to suhis-

the' mixing of a grout system and the formation of a gel fully penetrate the formation.
general shear failure.-see shear failure.Mypntaehefrti.
general tiear ail-se deposhtear by falure, ugroitable rock bolts-rock bolts with hollow cores or withglhcia till (till)--material deposited by glaciation, usually tubes adapted to the periphery of the bolts and extending

composed of a wide range of particle sizes, which has not to te tom of the bolts ate fill ing

been subjected to the sorting action of water. to the bottom of the bolts to facilitate filing the holes

gradation (grain-size distribution) (texture)-the proportions surrounding the bolts with grout.
by mss f asoilor ragente rok dstriute in grouted-aggregate concrete-concrete that is formed byby mass of a soil or fragmented rock distributed in injecting grout into previously placed coarse aggregate. See

specified particle-size ranges. a ino pre placed cggregate Set

grain-size analysis (mechanical analysis) (particle-size anal- also preplaced aggregate concrete.
grout cap-a "cap" that is formed by placing concrete alongysis)-the process of determining grain-size distribution, the top of a grout curtain. A grout cap is often used ingravel-rounded or semirounded particles of rock that will weak foundation rock to secure grout nipples, control

pass a 3-in. (76.2-mm) and be retained on a No. 4 wekfudtorckoscregutnplcnrlpassa3-in.S(76.2-mdand bievie d oleakage, and to form an impermeable barrier at the top of
(4 .7 5-pm) U.S. standard sieve. a grout curtain.

gravitational water--sce free water. agotcran
gravity grouting-grouting under no applied pressure other grout gallery-an opening or passageway within a dam

granithe heighutg outding uder noaplie d utilized for grouting or drainage operations, or both-
than the height of fluid in the hole. grout header--a pipe assembly attached to a ground hole,

groin-bank or shore-protection structure in the form of a and to which the grout lines are attached for injecting
barrier placed oblique to the primary motion of water, gro G rout iis m re and contrl b

designed to control movement of bed load. grout. Grout injector is monitored and controlled bymeans o avsadapesr aemutdo h
ground arch-the theoretical stable rock arch that develops header, sometimes called grout manifold.

some distance back from the surface of the opening and haesmde;cle ru aiod
suomes ditane backing from thgrout mix-the proportions or amounts of the various
supports the opening. (ISRM) materials used in the grout, expressed by weight or

ground water-that part of the subsurface water that is in the volume. (The words "by volume" or "by weight" should. saturated zone. be used to specify the mix.)
Diwcussion-- ootly, all subsurface water as distinct from surface grout nipple--in grouting, a short length of pipe, installed at

water. the collar of the grout hole, through which drilling is done
ground-water barrier-soil, rock, or artificial material which and to which the grout header is attached for the purpose

has a relatively low permeability and which occurs below of injecting grout.
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grout slope-the natural slope of grout injected into humus-a brown or black material formed by the partial
preplaced-aggregate or other porous mass. decomposition of vegetable or animal matter, the organic

grout system-formulation of different materials used to portion of soil.
form a grout. hydration-formation of a compound by the combining of

grout take-the measured quantity of grout injeeted into a water with some other substance.
unit volume of formation, or a unit length of grout hole. hydraulic conductivity-see coefficient of perm".bility.

hanging wall--the mass of rock above a discontinuity hydraulic fracturing-the fracturing of an underground
surface. (ISRM) strata by pumping water or grout under a pressure in

hardener-in grouting, in a two component epoxy or resin, excess of the tensile strength and confining pressure; also
the chemical component that causes the base component called hydrofracturing.
to cure. hydraulic gradient, i. s (D)-the loss of hydraulic head per

hardness-resistance of a material to indentation or unit distance of flow, dh/dL.
scratching. (ISRM) critical hydraulic gradient. ic (D)-hydraulic gradient at

hsrdpan-a hard impervious layer, composed chiefly of clay, which the intergranular pressure in a mass of cohesionless

cemented by relatively insoluble materials, that does not soi is reduced to zero by the upward flow of water.

become plastic when mixed with water and definitely hydrostatic head-the fluid pressure of formation water
limits the downward movement of water and roots. produced by the height of water above a given point.head-pressre d wat d a oiint a f l d expree ind rotems. hydrostatic pressure, u. (FL-2)-a state of stress in which all

head--pressure at a point in a liquid, expressed in terms of the principal stresses are equal (and there is no shear
the vertical distance of the point below the surface of the stress), as in a liquid at rest; the product of the unit weight
liquid. (ISRM) of the liquid and the different in elevation between the

heat of hydration-heat evolved by chemical reactions with given point and the free water elevation.
water, such as that evolved during the setting and hard- excess hydrostatic pressure (hydrostatic exces pressure),
ening of Portland cement. 5t, u (FL-2)-the pressure that exists in pore water in

heave-upward movement of soil caused by expansion or excess of the hydrostatic pressure.
displacement resulting from phenomena such as: moisture hydrostatic pressure-a state of stress in which all the
absorption, removal of overburden, driving of piles, frost principal stresses are equal (and there is no shear stress).
action, and loading of an adjacent area. (ISRM)

height of capillary rise--soe capillary rise. hygroscopic capacity (hygroscopic coefficient), w, (D)--ratio
hemic peat--pet in which the original plant fibers are - of: (1) the weight of water absorbed by a dry soil or rock in t

moderately decomposed (between 33 and 67 % fibers). a saturated atmosphere at a given temperature, to (2) the
heterogeneity-having different properties at different weight of the oven-dried soil or rock.

points. (ISRM) hygroscopic water content, w, (D)-the water content of an
homogeneity-having different properties at different points. air-dried soil or rock.

(ISRM) hysteresis-incomplete recovery of strain during unloading
homogeneity-having the same properties at all points. cycle due to energy consumption. (ISRM)

(ISRM) imped•nMe, acoustic-the product of the density and sonic
homogeneous mass-a mass that exhibits essentially the velocity of a material The extent of wave energy transmis-

same physical properties at every point throughout the sion and reflection at the boundary of two media is
mass determined by their acoustic impedances. (ISRM)

honeycomb structuie--see soil struciure. inelastic deformation-the portion of deformation under
horizon (soil horizou)-one of the layers of the soil profile, stress that is not annulled by removal of stress. (ISRM)

distinguished principally by its texture, color, structur inert-not participating in any fashion in chemical reactions.
and chemical content. influence value, I (D)-the value of the portion of a

"'A" horizon-the uppermost layer of a soil profile from mathematical expression that contains combinations of
which inorganic colloids and other soluble materials have the independent variables arranged in dimensionless form.
been leached. Usually contains remnants of organic life. inhibitor-a material that stops or slows a chemical reaction

"B" horizon-the layer of a soil profile in which from occurring.
material leached from the overlying -A" horizon is initial consolidation (initial compression)-see consolidation.
accumulated. initial set-a degree of stiffening of a grout mixture generally

"C" horizon-undisturbed parent material from which stated as an empirical value indicating the time in hours
the overlying soil profile has been developed, and minutes that is required for a mixture to stiffen

humic peat-see sapric peat. sufficiently to resist the penetration of a weighted testneedle.
humification-a process by which organic matter decom- injectability-see groutability.

poses, inorganic silt-see silt.
Disxussion-Tbe degree of humification for peats is indicated by in situ-applied to a rock or soil when occurring in the

the state of the fibers. In slightly decomposed material, most of the situation in which it is naturally formed or deposited.
volume consists of fibers. In moderately decomposed material, the it
fibers may be preserved but may break down with dmurbanc, such intergranular pressure-see stress.
as rubbing between the fingers. In highly decomposed materials, intermediate principal plane-see principal plane.
fibers will be virtually absent; see von Post humification scale. intermediate principal stress-see stress.
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internal friction (shear resistance), (FL- 2)-the portion of jumbo-a specially built mobile carrier used to provide a. the shearing strength of a soil or rock indicated by the work platform for one or more tunneling operations, such
terms p tan 0 in Coulomb's equation s = c + p tan 0. It is as drilling and loading blast holes, setting tunnel supports,
usually considered to be due to the interlocking of the soil installing rock bolts, grouting, etc.
or rock grains and the resistance to sliding between the kaolin-a variety of clay containing a high percentage of
grains. kaolinite.

Interstitial--occurring between the grains or in the pores in kaolinite-a common clay mineral having the general for-
rock or soil. mula A12(Si2O) (OH4); the primary constituent of kaolin.

intrinsic shear strength, S. (FL- 2 )-the shear strength of a karst-a geologic setting where cavities are developed in
rock indicated by Coulomb's equation when p tan 4 (shear massive limestone beds by solution of flowing water. Caves
resistance or internal friction) vanishes. Corresponds to and even underground river channels are produced into
cohesion, c, in soil mechanics. which surface runoff drains and often results in the land

invert-on the cross section, the lowest point of the under- above being dry and relatively barren. (ISRM)
ground excavation or the lowest section of the lining, kelly-a heavy-wall tube or pipe, usually square or bexag-
(ISRM) onal in cross section, which works inside the matching

isochrome-a curve showing the distribution of the excess center hole in the rotary table of a drill rig to impart rotary
hydrostatic pressure at a given time during a process of motion to the drill string.
consolidation, lagging, n-in mining or tmnein'tg, short lengths of timber,

Isotropic mass--a mass having the same property (or prop- sheet steel, or concrete slabs used to secure the roof and
erties) in all directions, sides of an opening behind the main- timber or steel

Isotropic material-a material whose properties do not vary supports. The process of installation is also called lagging
with direction. or lacing.

isotropy-having the same properties in all directions. laminar flow (streamline flow) (viscous flow)-flow in which
(ISRM) the head loss is proportional to the first power of the

jackhammer-an air driven percussion drill that imparts a velocity.
rotary hammering motion to the bit and has a passageway landslide-the perceptible downward sliding or movement
to the bit for the injection of compressed air for cleaning of a mass of earth or rock, or a mixture of both. (ISRM)
the hole of cuttings. landslide (slide)-the failure of a sloped bank of soil or rock

in which the movement of the mass takes place along a
pDiscusion-t.ake two chaiacterini diszind r~h ifrm the. surface of sliding.

W pavement treke which 5SWi& similar inZC £i d retial tpp m leaching-the removal in solution of the more soluble
jack-leg-a portable percussion drill of the jack-hammer materials by percolating or moving waters. (ISRM)

type, used in underground work; has a single pneumati- leaching-the removal of soluble soil material and olUoids
cally adjustable leg for support. by percolating water.

jet grouting-technique utilizing a special drill bit with lime-specifically, calcium oxide (CaOl), also loosely, a
horizontal and vertical high speed water jets to excavate general term for the various chemical and physical forms
alluvial soils and produce hard impervious columns by of quicklime, hydrated lime, and hydraulic hydrated lime.
pumping grout through the horizontal nozzles that jets ledge-see bedrock
and mixes with foundation material as the drill bit is linear (normal) strain-the change in length per unit of
withdrawn, length in a given direction. (ISRM)

jetty-an elongated artificial obstruction projecting into a line of creep (path of percolation)-the path that water
body of water form a bank or shore to control shoaling and follows along the surface of contact between the founda-
scour by deflection of the force of water currents and tion soil and the base of a dam or other structure.
waves. line of seepage (seepage line) (phreatic line)--the upper free

joint-a break of geological origin in the continuity of a body water surface of the zone of seepage.
of rock occurring either singly, or more frequently in a set linear expansion, L, (D)-the increase in one dimension of a
or system, but not attended by a visible movement parallel soil mass, expressed as a percentage of that dimension at
to the surface of discontinuity. (ISRM) the shrinkage limit, when the water content is increased

joint diagram-a diagram constructed by accurately plotting from the shrinkage limit to any given water content.
the strike and dip of joints to illustrate the geometrical linear shrinkage, L, (D)-decrease in one dimension of a soil
relationship of the joints within a specified area of geologic mass, expressed as a percentage of the original dimension,
investigation. (ISRM) when the water content is reduced from a given value to

joint pattern-a group of joints that form a characteristic the shrinkage limit.
geometrical relationship, and which can vary considerably lineation-the parallel orientation of structural features that
from one location to another within the same geologic are lines rather than planes; some examples are parallel
formation. (ISRM) orientation of the long dimensions of minerals; long axes

~ joint (fault) set-a group of more or kcs parallel joints, of pebbles; striac on slickcnsidcs; arid cleavagC.beddicg
(ISRM) plane intersections. (ISRM)

joint (fault) system-a system consisting of two or more liquefaction-the process of transforming any soil from a
joint sets or any group of joints with a characteristic solid state to a liquid state, usually as a result of increascd
pattern, that is, radiating, concentric, etc. (ISRM) pore pressure and reduced shearing resistance
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liquefaction potential-the capability of a soil to liquefy or lugeon-a measure of permeability defined by a pump-in test
develop cyclic mobility, or pressure test, where one Lugeon unit is a water take of I

liquefaction (spontaneous liquefaction)-the sudden large L/min per metre of hole at a pressure of 10 bars.
decrease of the shearing resistance of a cohesionless soil. It major principal plane-see principal plane.
is caused by a collapse of the structure by shock or other major principal stress-set stress.
type of strain and is associated with a sudden but manifold-see grout header.
temporary increase of the prefluid pressure. It involves a marl-calcareous clay, usually containing from 35 to 65 %
temporary transformation of the material into a fluid calcium carbonate (CaCO3).
mass. marsh-a wetland characterized by grassy surface mats

liquid, limit, LL. L,. wL (D)-(a) the water content corre- which are frequently interspersed with open water or by a
sponding to the arbitrary limit between the liquid and dosed canopy of grasses, sedges, of other herbacious
plastic states of consistency of a soil. plants.

(b) the water content at which a pat of soil, cut by a mass unit weight-see unit weight.
groove of standard dimensions, will flow together for a mathematical model-the representation of a physical
distance of /2 in. (12.7 mm) under the impact of 25 blows system by mathematical expressions from which the
in a standard liquid limit apparatus. behavior of the system can be deduced with known

liquidity Index (water-plasticity ratio) (relative water con- accuracy. (LSRM)
tent), B. R,. IL (D)-the ratio, expressed as a percentage, matrix-in grouting, a material in which particles are em-
ofI (1) the natural water content of a soil minus its plastic bedded, that is, the cement paste in which the fine
limit, to (2) its plasticity index. aggregate particles of a grout are embedded.

liquid-volume measurement-in grouting, measurement of maximum amplitude (L, LT', LT 2 )-deviation from mean
grout on the basis of the total volume of solid and liquid or zero poinst
constituents. maximum densiy( saximumunitwght)-see unit weight.

lithology-the description of rocks, especially sedimentary mesic peat-see heroic peal
clastics and especially in hand specimens and in outcrops, meterig pamp--a mechanical arrangement that permits
on the basis of such characteristics as color, structures, pumping of the various components of a grout system in

mineralogy, and particle size. pmigo h aiu opnnso ru ymi
mi xtureooy, sand , sit, ordayoracany desired proportions or in fixed proportions. (Syn.ioam-a mixture of sand, silt, or clay, or a combination of proportioning pump, variable proportion pump.)

any of these, with organic matter (see humus). microseism-seismic pulse of short duration and low ampli-
Discunsion--It is sometimes called topsoil in conrast to the tude, often occurring previous to failure of a material or

subsoils that contain little or no organic matter, structure. (ISRM)
local shear failure-see shear failure, minor principal plane-see principal plane.
ioess-a uniform aeolian deposit of silty material having an minor principal stress-see sham

open structure and relatively high cohesion due to cemen- mixedd4-place pile-a soi-cement pile, formed in place by
tation of clay or calcareous material at grain contacts. forcing a grout mixture through a hollow shaft into the

ground where it is mixed with the in-place soil with anDiscussion-A chateristic of loess deposits is that they can stand auger-like head attached to the hollow shaft.with nearly vertical slopes. mixer-a machine employed for blending the constituents of

logarithmic decrement-the natural logarithm of the ratio of grout, mortar, or other mixtures.
any two successive amplitudes of like sign, in the decay of mixing cycle-the time taken for the loading, mixing, and
a single-frequency oscillation. unloading cycle.

longitudinal rod wave-see compression wave. mixing speed-the rotation rate of a mixer drum or of the
longitudinal wave, v, (LT'-)-wave in which direction of paddles in an open-top, pan, or trough mixer, when

displacement at each point of medium is normal to wave mixing a batch; expressed in revolutions per minute.
front, with propagation velocity, calculated as follows: modifier-in grouting, an additive used to change the normal

Y,- v)/(l + XI - 2y) -chemical reaction or final physical properties of a grout
system.where: modulus ofdeformation--see modulus of elasticity.

E = Young's modulus, modulus of elasticity (modulus of deformation), E, M
P = mass density, (FL-2--the ratio of stress to strain for a material under
X and p = Lame's constants, and given loading conditions; numerically equal to the slope of
v = Poisson's ratio. the tangent or the secant of a stress-strain curve. The use of

long wave (quer wave), W (LT-')--dispersive surface wave the term modulus of elasticity is recommended for mate-
with one horizontal component, generally normal to the rials that deform in accordance with Hooke's law-, the term
direction of propagation, which decreases in propagation modulus of deformation for materials that deform other-
velocity with increase in frequency. wise.

lubricity-in grouting, the physico-chemical characteristic of modulus of suibgrade reaction-see coefficient of subgrade
a grout material flow through a soil or rock that is the reaction.
inverse of the inherent friction of that material to the soil modulus of volume change-see coefficient of volume com-
or rock; comparable to "wetness." pressibility.
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Mohr circle-a graphical representation of the stresses acting neutral stress-see stress.
on the various planes at a given point. newtonian fluid-a true fluid that tends to exhibit constant

Mohr circle of stress (strain)-a graphical representation of viscosity at all rates of shear.
the components of stress (strain) acting across the various node-point, line, or surface of standing wave system at
planes at a given point, drawn with reference to axes of which the amplitude is zero.
normal stress (strain) and shear stress (strain). (ISRM) normal force-a force directed normal to the surface element

Mohr envelope-the envelope of a sequence of Mohr circles across which it acts. (ISRM)
representing stress conditions at failure for a given mate- normal stress-see stress.
rial. (ISRM) normally consolidated soil deposit-a soil deposit that has

Mohr envelope (rupture envelope) (rupture line)-the enve- never been subjected to an effective pressure greater than
lope of a series of Mohr circles representing stress condi- the existing overburden pressure.
tions at failure for a given material. no-slump grout-grout with a slump of I in. (25 mm) or less

Discussn--According to Mohris rupture hypothesis, a rupture according to the standard slump test (Test Method
envelope is the locus of points the coordinates of which represent the C 143).2 See also slump and slump test.
combinations of normal and shearing stresses that will cause a given open cut-an excavation through rock or soil made through
material to fail. a hill or other topographic feature to facilitate the passage

moisture content-see water content. of a highway, railroad, or waterway along an alignment
moisture-density curve-see compaction curve, that varies in topographic relief. An open cut can be
moisture-density test-see compaction test. comprised of single slopes or multiple slopes, or multiple
moisture equivalent. slopes and horizontal benches, or botL (ISRM)

centrige moiture equivalent. W, CME (D)--the optimum moisture content (optimum water content), OMC.
water content of a soil after it has been saturated with w. (D)-the water content at which a soil can be corn-
water and then subjected for I h to a force equal to 1000 pacted to a maximum dry unit weight by a given
times that of gravity. compactive effort.

field moisture equivalent, FME-the minimum water organic clay-a clay with a high organic content.
content expressed as a percentage of the weight of the organic silt-a silt with a high organic content-
oven-dried soil, at which a drop of water placed on a
smoothed surface of the soil will not immediately be organic sol-soi with a high organic content
absorbed by the soil but will spread out over the surface Discussion--lIn general, organic sotls ame very coenpressibie and
and give it a shiny appearance. ha -- poor o-an properties.

montmorillonhte-a group of clay minerals characterized by a organic terrain-see peatland.
weakly bonded sheet-like internal molecular structure; oscillation-the variation, usually with time, of the magni-
consisting of extremely finely divided hydrous aluminum tude of a quantity with respect to a specified reference
or magnesium silicates that swell on wetting, shrink on when the magnitude is alternately greater and smaller than
drying, and are subject to ion exchange. the reference.

muck-stone, dirt, debris, or useless material; or an organic outcrop-the exposure of the bedrock at the surface of the
soil of very soft consistency. ground. (ISRM)

mud-a mixture of soil and water in a fluid or weakly solid overbreak-the quantity of rock that is excavated or break3s
state. out beyond the perimeter specified as the finished exca-

mudjacking-see slab jacking. vated tunnel outline. (ISRM)
multibench blasting-the blasting of several benches (steps) overburden-the loose soil, sand, silt, or clay that overlies

in quarries and open pits, either simultaneously or with bedrock. In some usages it refers to all material overlying
small delays. (LSRM) the point of interest (tunnel crown), that is, the total cover

multiple-row blasting-the drilling, charging, and firing of of soil and rock overlying an underground excavation.
several rows of vertical holes along a quarry or opencast (ISRM)
face. (ISRM) overburden load-the load on a horizontal surface under-

muskeg-level, practically treeless areas supporting dense ground due to the column of material located vertically
growth consisting primaily of grasses. The surface of the above it. (ISRM)
soil is covered with a layer of partially decayed grass and overconsolidated soil deposit-a soil deposit that has been
grass roots which is usually wet and soft when not frozen. subjected to an effective pressure greater thau the present

mylonite-a microscopic breccia with flow structure formed overburden pressure.
in fault zones. (ISRM) overconsolidation ratio, OCR-the ratio of preconsolidation

natural frequency-the frequency at which a body or system vertical stress to the current effective overburden stress.
vibrates when unconstrained by external forces. (ISRM) packer-in grouing, a device inserted into a hole in which

natural frequency (displacement resonance), f--frequency grout is a be in sred which
for which phase angle is 90" between the direction of the grout or water ist around the injection pipe; usually an
excited force (or torque) vector and the direction of the expandable device actuated mechanically, hydraulically,
excited excursion vector. or pneumatically.

neat cement grout-a mixture of hydraulic cement and water
without any added aggregate or filler materials.

Discussion-This may or may not contain admixture. 2 Annual Book of ASTM Standards. Vol 04.02.
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paddle mixer-a mixer consisting essentially of a trough percent fines-amount, expressed as a percentage by weight,
within which mixing paddles revolve about the horizontal of a material in aggregate finer than a given sieve, usually
axis, or a pan within which mixing blades revolve about the No. 200 (74 gm) sieve.
the vertical axis. percent saturation (degree of saturation), SS, (D)-the ratio,

pan mixer-a mixer comprised of a horizontal pan or drum expressed as a percentage, of: (1) the volume of water inra
in which mixing is accomplished by means of the rotating given soil or rock mass, to (2) the total volume of

pan of fixed or rotating paddles, or both; rotation is about intergranular space (voids).
a vertical axis. perched ground water-confined ground water separated

parent material-material from which a soil has been from an underlying body of ground water by an unsatur-

derived. ated zone.
particle-size analysis-see grain-size analysis. perched water table-a water table usually of limited area

particle-size distribution-see gradation, grain-size distribu- maintained above the normal free water elevation by the

tion. presence of an intervening relatively impervious confining
particulate grout-any grouting material characterized by stratum.

undissolved (insoluble) particles in the mix. See also perched water table--groundwater separated from an under-
chemical grout- lying body of groundwater by unsaturated soil or rock.

passive earth pressure-see earth pressure. Usually located at a higher elevation than the groundwater

passive state ofplastic equilibrium-see plastic equilibrium, table. (ISRM)

path percolation (ne of creep}-the path that water follows percolation-the movement of gravitational water throughpathperolaionOia ofarep)--thepat tht wterfolows soil (see seepage).
along the surface of contact between the foundation soil or polation-moemeni
rock and the base of a dam or other structure- percolation--movement, under hydrostatic pressure of water

pavement pumping-ejection of soil and water mixtures through the smaller interstices of rock or soil, excluding
paomejoints, pumpisand-ejt of signd pav nts, movement through large openings such as caves and
from joints, cracks, and edges of rigid pavements, under solution channels. (ISRM)
the action of stafficr percussion drilling-a drilling technique that uses solid or
peaklshear strfacengu s r shollow rods for cutting and crushing the rock by repeated
failure surface. (ISRM) blows. (ISRM)

peat-a naturally occurring highly organic substance derived percussion drilling-a drilling process in which a hole is
primarily from plant materials. advanced by using a series of impacts to the drill steel and

Discussion-P•at is distinguisbed from other organic sod materials attached bit; the bit is normally rotated during drilling. See
by its lower ash contnt (less than 25 % ash by dry vicight) and from rotary driling.
other phytogenic materia of hiher rank (that is. lignite coal) by its period--time interval occupied by one cycle.
lower calorific value on a water saturated basis. permiafrost-perennially frozen soil.

peatland-areas having peat-forming vegetation on which permanent strain--the strain remaining in a solid with
peak has accumulated or is accumulating, respect to its initial condition after the application and

penetrability--a grout property descriptive of its ability to fill removal of stress greater than the yield stress (cc, ramonly
a porous mass; primarily a function of lubricity and also called "residual" strain). (ISRM)
viscosity, permeability-see coefficient of permeability.

penetration--depth of hole cut in rock by a drill bit (ISRM) permeability-the capacity of a rock to conduct liquid or
penetration grouting-filling joints or fractures in rock or gas. It is measured as the proportionality constant, k,

pore spaces in soil with a grout without disturbing the between flow velocity, v, and hydraulic gradient, I; v =
formation; this grouting method does not modify the solid k- L (ISRM)
formation structure. See also displacement grouting. permeation grouting-filling joints or fractures in rock or

penetration resistance (standard penetration resistance) pore spaces in soil with a grout, without disturbing the
(Proctor penetration resistance), Pm. N (FL-1 or Blows formation.
L-t)-(a) number of blows of a hammer of specified pH pH (D)--an index of the acidity or alkalinity of a soil in
weight falling a given distance required to produce a given terms of the logarithm of the reciprocal of the hydrogen
penetration into soil of a pile, casing, or sampling tube. ion concentration.

(b) unit load required to maintain constant rate of phase difference--difference between phase angles of two
penetration into soil of a probe or instrument, waves of same frequency.

(c) unit load required to produce a specified penetration phase of periodic quantity-fractional part of period through
into soil at a specified rate of a probe or instrument. For a which independent variable has advanced, measured from
Proctor needle, the specified penetration is 2'/2 in. (63.5 an arbitrary origin.
mm) and the rate is '/ in. (12.7 mm)/s. phreatic line-the trace of the phreatic surface in any

penetration resistance curve (Proctor penetration curve)-the selected plane of reference.
curve showing the relationship between: (1) the penetra- phreatic line-see line of seepage.
tion resistance, and (2) the water content. phreatic surface-see free water elevation.

percent compaction-the ratio, expressed as a percentage, of: phreatic water-see free water.
(1) dry unit weight of a soil, to (2) maximum unit weight piezometer-an instrument for measuring pressure head.
obtained in a laboratory compaction test. piezometric line (equipotential line)-line along which water

percent consolidation-see degree of consolidation, will rise to the same elevation in piezometric tubes.
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piezometric surface-the surface at which water will stand in Poisson's ratio, (v)-ratio between linear strain changes.a series of piezometers. perpendicular to and in the direction of a given uniaxial

piezometric surface-an imaginary surface that everywhere stress change.
coincides with the static level of the water in the aquifer. pore pressure (pore water pressure)-see neutral stress under
(ISRM) stress.

pile-relatively -lender structural element which is driven, or pore water-water contained in the voids of the soil or rock.
otherwise introduced, into the soil, usually for the purpose porosity, n (D--the ratio, usually expressed as a percentage,
of providing vertical or lateral support, of: (1) the volume of voids of a given soil or rock mass, to

pillar-in-situ rock between two or more underground (2) the total volume of the soil or rock mass.
openings: crown pillars; barrier pillars; rib pillars-, sill porosity-the ratio of the aggregate volume of voids or
pillars; chain pillars; etc. (ISRM) interstices in a rock or soil to its total volume. (ISRM)

pilot drift (pioneer tunnel)-a drift or tunnel first excavated portal-the surface entrance to a tunneL (ISRM)
as a smaller section than the dimensions of the main positive displacement pump-a pump that will continue to
tunnel. A pilot drift or tunnel is usually used to investigate build pressure until the power source is stalled if the pump
rock conditions in advance of the main tunnel, to permit outlet is blocked.
installation of bracing before the principal mass of rock is potential drop, Ah (L)-the difference in total head between
removed, or to serve as a drainage tunnel. (ISRM) two equipotential lines.

piping-the progressive removal of soil particles from a mass power spectral density-the limiting mean-square value (for
by percolating water, leading to the development of example, of acceleration, velocity, displacement, stress, or
channels. other random variable) per unit bandwidth, that is the

pit-an excavation in the surface of the earth from which ore limit of the mean-square value in a given rectangular
is obtained as in large open pit mining or as an excavation bandwidth divided by the bandwidth, as the bandwidth
made for test purposes, that is, a testpit. (ISRM) approaches zero.

plane of weakness-surface or narrow zone with a (shear or pozzolan-a siliceous or siliceous and aluminous material,
tensile) strength lower than that of the surrounding mate- which in itself possesses little or no cementitious value but
rial. (ISRM) will, in finely divided form and in the presence of

plane stress (straln)--a state of stress (strain) in a solid body moisture, chemically react with calcium hydroxide at
in which all stress (strain) components normal to a certain ordinary temperatures to form compounds possessing
plane are zero. (ISRM) cementitious properties.

plane wave--wave in which fronts are parallel to plane preconsoldation pressure (prestress), p, (FL- 2)--the greatest
normal to direction of propagation. effective pressure to which a soil has been subjected.

plastic deformation-see plastic flow. preplaced aggregate cone.ete-concrete produced by placing
plastic equilibrium-state of stress within a soil or rock mass coarse aggregate in a form and later injecting a portland

or a portion thereof, which has been deformed to such an cement-sand or resin grout to fill the interstices.
extent that its ultimate shearing resistance is mobilized, pressure, p (FL- 2)-the load divided by the area over which

active state of plastic equilibrium-plastic equilibrium it acts.
obtained by an expansion of a mass. pressure bulb-the zone in a loaded soil or rock mass

passive state of plastic equilibrium-plastic equilibrium bounded by an arbitrarily selected isobar of stress.
obtained by a compression of a mass. pressure testing-a method of permeability testing with

plastic flow (plastic deformation)--the deformation of a water or grout pumped downhole under pressure.
plastic material beyond the point of recovery, accompa- pressure-void ratio curve (compression curve)-a curve rep-
nied by continuing deformation with no further increase resenting the relationship between effective pressure and
in stress. void ratio of a soil as obtained from a consolidation test.

plasticity-the property of a soil or rock which allows it to be The curve has a characteristic shape when plotted on
deformed beyond the point of recovery without cracking semilog paper with pressure on the log scale. The various
or appreciable volume change. parts of the curve and extensions to the parts of the curve

plasticity-property of a material to continue to deform and extensions to the parts have been designated as
indefinitely while sustaining a constant stress. (ISRM) recompression, compression, virgin compression, expan-

plasticity index, I,, PI, I,, (D)-numerical difference be- sion, rebound, and other descriptive names by various
tween the liquid limit and the plastic limit, authorities.

plasticizer-in grouting, a material that increases the plas- pressure washing-the cleaning of soil or rock surfaces
ticity of a grout, cement paste, or mortar, accomplished by injection of witer, air, or other liquids,

plastic limit, w, PL, P,, (D--(a) the water content corre- under pressure.
sponding to an arbitrary limit between the plastic and the primary consolidation (primary compression) (primary time
semisolid states of consistency of a soil. (b) water content effect)-see consolidation.Oat which a soil will just begin to crumble when rolled into primary hole-in grouting, the first series of holes to be
a thread approximately '/I in. (3.2 mm) in diameter, drilled and grouted, usually at the maximum allowable

plastic soil-a soil that exhibits plasticity. spacing.
plastic state (plastic range)-the range of consistency within primary lining-the lining first placed inside a tunnel or

which a soil or rock exhibits plastic properties. shaft, usually used to support the excavation. The primary
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lining may be of wood or steel sets with steel or wood radius of influence of a well-distance from the center of the
lagging or rock bolts and shot-crete. (ISRM) v-ell to the closest point at which the piezometric surface is

primary permeability-internal permeability of intack rock; not lowered when pumping has produced the maximum
intergranular permeability (not permeability due to frac- steady rate of flow.
turing). raise-upwardly constructed shaft; that is, an opening, like-a

primary porosity-the porosity that developed dunng the shaft, made in the roof of one level to reach a level above.
final stages of sedimentation or that was present within (ISRM)
sedimentary par-tcles at the time of deposition. range (of a deformation-measuring instrument)-the amount

primary state of stress-the stress in a geological formation between the maximum and minimum quantity an instru-
before it is disturbed by man-made works. (ISRM) ment can measure without resetting. In some instances

prindpal plane-each of three mutually perpendicular provision can be made for incremental extension of the
planes through a point in a soil mass on which the shearing range.
stress is zero. Rayleigh wave, vR (LT-)-dispersive surface wave in which

intermediate principal plane-the plane normal to the element has retrograding elliptic orbit with one major
direction of the intermediate principal stress vertical and one minor horizontal component both in

major principal plane-the plane normal to the direc- plane of propagation velocity-
tion of the major principal stress.

minor principal plane-the plane normal to the direc- it = with 0.910 <a <0.995 for 0.25 < I <05

tion of the minor principal stress, reactant-in grouting, -' materizi that reacts chemically with

principal stress-see stress. the base component of grout system.

principal stress (strain)-the stress (strain) normal to one of reactive aggregate-an aggregate containing siliceous mate-
three mutually perpendicular planes on which the shear rial (usually in amorphous or crypto-crystalline state)
stresses (strains) at a point in a body are zero. (ISRM) which can react chemically with free alkali in the cement.

Proctor compaction curve-see compaction curve. Discussion-The reaction can result in expansion of the
Proctor penetration curve-see penetration resistance curve. hardened material, frequently to a damaging extent.
Proctor penetration resistance-see penetration resistance. reflected (or refracted) wave--components of wave incident
profile-see soil profile, upon second medium and reflected into first medium (or
progressive faflure-failure in which the ultimate shearing refracted) into second medium.

resistance is progressively mobilized along the failure reflection and refraction loss-that part of transmitted en-
surface. ergy lost due to nonuniformity of mediums.

progressive failure-formation and development of localized refusal-in grouting, when the rate of grout take is low, or W
fractures which, after additional stress increase, eventually zero, at a given pressure.
form a continuous rupture surface and thus lead to failure relative consistency, I, 7, (D--ratio of: (1) the liquid limit
after steady deterioration of the rock. (ISRM) minus the natural water content, to (2) the plasticity index.

proportioningpump--see metering pump. relative density, D., ID (D)--the ratio of (1) the difference
proprietary-tmade and marketed by one having the exclu- between the void ratio of a cohesionless soil in the loosest

sive right to manufacture and sell; privately owned and stean ayginvodrito()heifrnc
managed.state and any given void ratio, to (2) the difference

managed, between the void ratios in the loosest and in the densest
protective filter--see filter. tts

pumpability-in grouting, a measure of the properties of a states.

particular grout mix to be pumped as controlled by the relative water content-see liquidity index-

equipment being used, the formation being injected, and remodeled soil-soil that has had its natural structure

the engineering objective limitations. modified by manipulation.

pumnping ofpavement (pumping)-see pavement pumping. remolding index. IA (D)--the ratio of: (1) the modulus of

pumping test--a field procedure used to determine in situ deformation of a soil in the undisturbed state, to (2) the

permeability or the ability of a formation to accept grout. modulus of deformation of the soil in the remolded state.

pure shear-a state of strain resulting from that stress remodeling sensitivity (sensitivity ratio), S, (D)-the ratio of:

condition most easily described by a Mohr circle centered (1) the unconfined compressive strength of an undisturbed

at the origin. (ISRM) specimen of soil, to (2) the unconfined compressive

quarry-an excavation in the surface of the earth from which strength of a specimen of the same soil after remolding at

stone is obtained for crushed rock or building stone. unaltered water content.

(ISRM) residual soil-soil derived in place by weathering of the
Quer-wave (love wave), W-dispersive surface wave with one underlying material.

horizontal component, generally normal to the direction residual strain-the strain in a solid associated with a state of
of propagation, Which decreases in propagation velocity residual stress. (ISRM)
with increase in frequency. residual stress-stress remaining in a solid under zero

quick condition (quickasand)-condition in which water is external stress after some process that causes the dimen-
flowing upwards with sufficient velocity to reduce signifi- sions of the various parts of the solid to be incompatible
cantly the bearing capacity of the soil through a decrease in under zero stress, for example, (1) deformation under the
intergranular pressure, action of external stress when some parts of the body suffer

quick test-see unconsolidated undrained test. permanent strain; or (2) heating or cooling of a body in

18



RTH 101-93

SD653which the thermal expansion coefficient is not uniform rock mass-rock as it oxcurs in situ, including its structural
* throughout the body. (ISRM) discontinuities. (ISRM)

resin-in grouting, a material that usually constitutes the rock mechanics-the application of the knowledge of the
base of an organic grout system. mechanical behavior of rock to engineering problems

resin grout-a grout system composed of essentially resinous dealing with rock. Rock mechanics overlaps with struc-
materials such as epoxys, polyesters, and urethanes. tural geology, geophysics, and soil mechanics.

Discussion-In Europe, this refers to any chemical rock mechanics-theoretical and applied science of the
grout system regardless of chemica..rigin. mechani~l behaviour of rock. (ISRM)

resolution (of a deformation-measuring instrument)-the roof-top of excavation or underground opening, particu-
ratio of the smallest divisional increment of the indicating lady applicable in bedded rocks where the top surface of
scale to the sensitiv.j of the i. Ltrument. Interpolation the opening is flat rather than arched. (ISRM)
within the increment may be possible, but is not recom- rotary drilling-a drilling process in which a hole is ad-
mended in specifying resolution. vanced by rotation of a drill bit under constant pressure

resonance-the reinforced vibration of a body exposed to the without impact. See percussion drilling.
vibration, at about the frequency, of another body. round-a set of holes drilled and charged in a tunnel or

resonant frequency-a frequency at which resonance exists. quarry that are fired instantaneously or with short-delay
response-the motion (or other output) in a device or system detonators. (ISRM)

resulting from an excitation (stimulus) under' sprrified running ground-in tunneling, a granular material that tends
conditions. to flow or "run" into the excavation.

retard-bank-protection structure designed to reduce the rupture-that stage in the development of a fracture where
riparian velocity an. induce silting or accretion. instability occurs. It is not recommended that the term

retardation-delay in deformation. (ISRM) rupture- be used in rock mechanics as a synonym for
retarder-a material that slows the rate at which chemical fracture. (ISRM)

reactions would otherwise occur. rupture envelope (rupture line)-see Mohr envelope.
reverse cieculation-a drilling system in which the circu- sagging-usually occurs in sedimentary rock formations as a

lating medium flows down through the annulus and up separation and downward bending of sedimentary beds in
through the drill rod, that is, in the reverse of the normal the roof of an underground opening. (ISRM)
direction of flow. sand-particles of rock that will pass the No. 4 (4.75-mm)

* revetment-bank protection by armor, that is, by facing of a sieve and be retained on the No. 200 (75-jm) U.S.
bank or embankment with erosion-resistant material, standard s&- ,

riprap stone--(.generally less than I ton in weigh,, specially sand boll -tht cjc~tion of sand and water resulting from
selected and graded quarried stone placed to prevent piping
erosion through wave action, tidal forces, or strong 'zur- sand equivalent-a measure of the amount of silt or day
rents and thereby preserve the shape of a surface, slcie, or contamination in fine aggrgate as determined by test
underlying strumure. K M'-1 D 24•1 9)..

rise time (pulse rise time)-the interval of time required for sanded grout-grout in which sand is incorporated into the
the leading edge of a pulse to rise from some specified mixture.
small fraction to some specified larger fraction of the sapric peat-peat in which the original plant fibers are highly
maximum value, decomposed (less than 33 % fibers).

rock-natural solid mineral matter occurring in large %.iasses saturated unit weight-see unit weight.
or fragments. saturation curve-see zero air voids curve.

rock-any naturally formed aggregate of mineral matter scattering loss-that part of transmitted energy lost due to
occurring in large masses or fragments. (ISRM) roughness of reflecting surface.

rock anchor-a steel rod or cable installed in a hole in rock; schistosity-the variety of foliation that occurs in the
in principle the same as rock bolt, but generally used for coarser-grained metamorphic rocks and is generally the
rods longer than about four metres. (ISRM) • result of the parallel arrangement of platy'and ellipsoidal

rock bolt-a steel rod placed in a hole drilled in rock used to minera! grains within the rock substance. (ISRM)
tie the rock together. One end of the rod is firmly anchored secant modulus-slope of the line connecting the origin and
in the hole by means of a mechanical device or grout, or a given point on the stress-strain curve. (ISRM)
both, and the threaded projecting end is equipped with a secondary consolidation (secondary compression) (secondary
nut and plate that bears against the rock surface. The rod time effet)-see consolidation.
can be pretensioned. (ISRM) secondary hole-in grouting, the second series of holes to be

rock burst-a sudden and violent expulsion of rock from its drilled and grouted usually spaced n-.idway between pri-
surroundings that occurs when a volume of rock is mary holes.
strained beyond the elastic limit and the accompanyi ig secondary lining-the second-placed, or permanent, struc-O failure is of such a nature that accumulated energy is tural lining of a tunnel, which may be of concrete, steel, or
released instantaneously, masonry. (ISRM)

rock brrst-sudden expiosive-like release of energy due to
the failure of a brittle rock of high strength. (ISRM)

rock flour-see silt. Anrnual Book oJASTM Standards. Vol 04.03
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secondary state of stress-the resulting state of stress in the shaft-generally a vertical or near vertical excavation driven
rock around man-made excavations or structures. (ISRM) downward from the surface as access to tunnels, chambers,

sediment basin-a structure created by construction of a or other underground workings. (ISRM)
barrier or small dam-like structure across a waterway or by shaking test-a test used to indicate the presence of signifi-
excavating a basin or a combination of both to, trap or cant amounts of rock flour, silt, or very fine sand in-a
restrain sediment fine-grained soil. It consists of shaking a pat of wet soil,

seep-a small area where water oozes from the soil or rock. having a consistency of thick paste, in the palm of the
seepage-the infiltration or percolation of water through hand; observing the surface for a glossy or livery appear-

rock or soil to or from the surface. The term seepage is ance; then squeezing the pat; and observing if a rapid
usually restricted to the very slow movement of ground apparent drying and subsequent cracking of the soil
water. (ISRM) occurs.

seepage (percolation)-the slow movement of gravitational shear failure (failure by rupture)-failure in which move-
water through the soil or rock. ment caused by shearing stresses in a soil or rock mass is of

seepzge force-the frictional drag of water flowing through sufficient magnitude to destroy or seriously endanger a
voids or interstices in rock, causing an increase in the structure.
intergranular pressure, that k, the hydraulic force per unit general shear failure-failure in which the ultimate
volume of rock or soil which results from the flow of water strength of the soil or rock is mobilized along the entire
and which acts in the direction of flow. (ISRM) potential surface of sliding before the structure supported

seepage force, J (F)-the force transmitted to the soil or rock by the soil or rock is impaired by excessive movement.
grains by seepage- local shear failure-failure in which the ultimate

seepage line-see line of seepage. shearing strength of the soil or rock is mobilized only
seepage velocity, V,. V, (LT-)-the rate of discharge of locally along the potential surface of sliding at the time the

seepage water through a porous medium per unit area of structure supported by the soil or rock is impaired by
void space perpendicular to the direction of flow. excessive movement.

segregation-in grouting, the differential concentration of shear force-a force directed parallel to the surface element
the components of mixed grout, resulting in nonuniform across which it acts. (ISRM)
proportions in the mass. shear plane-a plane along which failure of material occurs

seismic support-mass (heavy) supported on springs (weak) by shearing. (ISRM)
so that mass remains almost at rest when free end of shear resistance-see internal friction.
springs is subjected to sinusoidal motion at operating shear strain-the change in shape, expressed by the relative
frequency. change of the right angles at the comer of what was in the

seismic velocity-the velocity of seismic waves in geological undeformed state an infinitesimally small rectangle or
formations. (ISRM) cube. (ISRM)

selsmometer-instrument to pick up linear (vertical, hori- shear strength, s. Ti (FL-a--the maximum resistance of a
zontal) or rotational displacement, velocity, or accelera- soil or rock to shearing stresses. See peak shear strength.
tion. shear stress-stress directed parallel to the surface element

self-stressing grout-expansive-cement grout in which the
expansion induces compressive stress in grout if the aross wiheit ats. (tiRsr
expansion movement is restrained, shear stress (shearing stress) (tangential stress)-.see stress

sensitivity-the effect of remolding on the consistency of a shear wave (rotational, equivoluminal)-wave in which me-

cohesive soil. dium changes shape without change of volume (shear-

sensitivity (of an instrument)-the differential quotient dQo/ plane wave in isotropic medium is transverse wave).

dQ1, where Q0 is the scale reading and Q, is the quantity to shelf life-maximum time interval during which a material

be measured, may be stored and remain in a usable condition; usually

sensitivity (of a transducer)--the differential quotient dQ0 / related to storage conditions.

dQ,, where Q0 is the output and Q, is the input. shock pulse-a substantial disturbance characterized by a
series grouting-similar to stage grouting, except each suc- rise of acceleration from a constant value and dey of

cessively deeper zone is grouted by means of a newly acceleration to the constant value in a short period of time.
drilled hole, eliminating the need for washing grout out shock wave-a wave of finite amplitude characterized by a
before drilling the hole deeper. shock front, a surface across which pressure, density, and

set-in grouting, the condition reached by a cement paste, or internal energy rise almost discontinuously, and which
grout, when it has lost plasticity to an arbitrary degree, travels with a speed greater than the normal speed of
usually measured in terms of resistance to penetration or sound. (ISRM)
deformation; initial set refers to first stiffening and final set shotcrete-mortar or concrete conveyed through a hose and
refers to an attainment of significant rigidity. pneumatically projected at high velocity onto a surface.

setting shrinkage-in grouting, a reduction in volume of Can be applied by a "wet" or "dry" mix method. (ISRM)
grout prior to the final set of cement caused by bleeding, shrinkage-compensating-in grouting, a characteristic of
by the decrease in volume due to the chemical combina- grout made using an expansive cement in which volume
tion of water with cement, and by syneresis. increase, if restrained, induces compressive stresses that

set time-(1) the hardening time of portland cement; or (2) are intended to offset the tendency of drying shrinkage to
the gel time for a chewical grout. induce tensile stresses. See also self-stressing grout.
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shrinkage index, SI (D)-the numerical difference between slush grouting-application of cement slurry to surface rock
the plastic and shrinkage limits, as a means of filling cracks and surface irregularities or to

shrinkage limit, SL. w, (D)-the maximum water content at prevent slaking, it is also applied to riprap to form grouted
which a reduction in water content will not cause a riprap.
decrease in volume of the soil mass. smooth (-wall) blasting-a method of accurate perimeter

shrinkage ratio, R (D)-the ratio of: (1) a given volume blasting that leaves the remaining rock practically undam-
change, expressed as a percentage of the dry volume, to (2) aged. Narrowly spaced and lightly charged blastholes,
the corresponding change in water content above the sometimes alternating with empty dummy holes, located
shrinkage limit, expressed as a percentage of the weight of along the breakline and fired simultaneously as the last
the oven-dried soil round of the excavation. (ISRM)

sieve analysis-determination of the proportions of particles soil (earth)-sediments or other unconsolidated accumula-
lying within certain size ranges in a granular material by tions of solid particles produced by the physical and
separation on sieves of different size openings. chemical disintegration of rocks, and which may or may

silt (morganic silt) (rock flour)-material passing the No. not contain organic matter.

200 (75-ptm) U.S. standard sieve that is nonplastic or very soil binder-see binder.
slightly plastic and that exhibits little or no strength when soil-forming factors-factors, such as parent material, cli-
air-dried, mate, vegetation, topography, organisms, and time in-

silt size-that portion of the soil finer than 0.02 mm and volved in the transformation of an original geologic

coarser than 0.002 mm (0.05 mm and 0.005 mm in some deposit into a soil profile.

cases). soil horizon-see horizon.

simple shear-shear strain in which displacements all lie in soil mechanics-the application of the laws and principles of

one direction and are proportional to the normal distances mechanics and hydraulics to engineering problems dealing

of the displaced points from a given reference plane. The with soil as an engineering material.

dilatation is zero. (ISRM) soil physics-the organized body of knowledge concerned
with the physical characteristics of soil and with the

single-grained st osure---see so iz structure, methods employed in their determinations.
size effect-hinluence of specimen size on its strength or soil profile (profile)-vertical section of a soil, showing the

other mechanical parameters. (Ic as i nature and sequence of the various layers, as developed by
skin friction, f (F el-)-the frictional resistance developed deposition or weathering, or both.

* between soil and an element of structure. soil stabilization-chemical or mechanical treatment de-
slabbing--the loosening and breaking away of relatively signed to increase or maintain the stability of a mass ofsoil

large flat pieces of rock from the excavated surface, eithe, or otherwise to improve its engineering properties.
immediately after or some time after excavation. Often soil structure-the arrangement and state of aggregation of
occurring as tensile breaks which can be recognized by the soil particles in a son' mass.
subconchoidal srefaces left on remaining rock surface- flocculent structure-an arrangement composed of flocs
(ISRM) of soil particles instead of individual soil particles.

slabjacking-in grouting, injection of grout under a concrete honeycomb structure-an arrangement of soil particles
slab in order to raise it to a specified grade. having a comparatively loose, stable structure resembling a

slaking-deterioration of rock on exposure to air or water. honeycomb.
slaking-the process of breaking up or sloughing when an single-grained structure--an arrangement composed of

indurated soil is immersed in water. individual soil particles; characteristic structure of coarse-
sleeved grout pipe-see tube A manchette. grained soils.
sliding-relative displacement of two bodies along a surface, soil suspension-highly diffused mixture of soil and water.

without loss of contact between the bodies. (ISRM) soil texture-see gradation.
slope-the excavated rock surface that is inclined to the solution cavern--openings in rock masses formed by moving

vertical or horizontal, or both, as in an open-cut. (ISRM) water carrying away soluble materials.
slow test-see consolidated-drain test. sounding well-in grouting, a vertical conduit in a mass of
slump-a measure of con.istency of freshly mixed concretc coarse aggregate for preplaced aggregate concrete which

or grout See also slump test. contains closely spacd c-penings to permit entrance of
slump test-the procedure for measuring slump (Test grout.

Method C 143)? Discussion-The grout level is determined by means of a mnm-
slurry cutoff wall-a vertical barrier constructed by v.,ca- suring line on a float within the sounding well.

vating a vertical slot under a bentonite slurry and spacing-the distance between adjacent blastholes in a
backfilling it with materials of low permeability for the direction parallel to the face. (ISRM)
purpose of the containment of the lateral flow of water and spalling--(1) longitudinal splitting in uniaxial compression,
other fluids. or (2) breaking-off of plate-like pieces from a free rock

O slurry grout-a fluid mixture of solids such as cement, sand, surface. (ISRM)
or clays in water, specific gravity:

slurry trench-a trench that is kept filled with a bentonite specific gravity of solids, G, G, S, (D)-ratio of: (1) the
slurry during the excavation process to stabilize the walls weight in air of a given volume of solids at a stated
of t.e trench. temperature to (2) the weight in air of an equal volume of

21



RTH 101-93

4D D 653

distilled water at a stated temperature. inserted. Its purpose is to prevent the rapid escape of the
apparent specific gravity. Ga. S. (D)-ratio of: (1) the explosion gases. (2) the act of pushing and tamping the

weight in air of a given volume of the impermeable material in the hole. (ISRM)
portion of a permeable material (that is, the solid matter stick-slip--rapid fluctuations in shear force as one rock mass
including its impermeable pores or voids) at a stated slides past another, characterized by a sudden slip between
temperature to (2) the weight in air of an equal volume of the rock masses, a period of no relative displacement
distilled water at a stated temperature. between the two masses, a sudden slip, etc. The oscilla-

bulk specific gravity (specific mass gravity), G,,, S,,, tions may be regular as in a direct shear test, or irregular as
(D)--ratio of: (1) the weight in air of a given volume of a in a triaxial test.
permeable material (including both permeable and imper- sticky limit, T,_ (D)-the lowest water content at which a soil
meable voids normal to the material) at a stated tempera- will btdck to a metal blade drawn acLoss the surface of the
ture to (2) the weight in air of an equal volume of distilled soil mass.
water at a stated temperature. stiffness-the ratio of change of force (or torque) to the

specific surface (L-')-the surface area per unit of volume of corresponding change in translational (or rotational) de-
soil particles. flection of an elastic element.

spherical wave-wave in which wave fronts are concentric stiffness-force---displacement ratio. (ISRM)

spheres. stone--crushed or naturally angular particles of rock.

split spacing grouting-a grouting sequence in which initial stop-in grouting, a packer setting at depth.

(primary) grout holes are relatively widely spaced and stop grouting-the grouting of a hole beginning at the lowest

subsequent grout holes are placed midway between pre- packer setting (stop) after the hole is drilled to total depth.
vious grout holes to "split the spacing."; this process is Dscussion--Packcrs arc placed at the top of the zone being
continued until a specified hole spacing is achieved or a routed. Grouting proceeds from the bottom up. Also called upstage

reduction in grout take to a specified value occurs, or both. grouting.

spring characteristics, c (FL-')-ratio of increase in load to strain, e (D)-the change in length per unit of length in a
increase in deflection: given direction.

c = I/C strain (linear or normal), (D)-the change in length per unit

where of length in a given direction.

C compliance. strain elipsoid-the representation of the strain in the form
S c onmpliance, oasof an ellipsoid into which a sphere of unit radius deforms

stability-ithe condition of a structure or a mass of matenal and whose axes are the principal axes of strain. (ISRM)
when it is able to support the applied stress for a long time strain (stress) rate-rate of change of strain (stress) with W
without suffering any significant deformation or move- time. (ISRM)
meat that is not reversed by the release of stress. (ISRM) strain resolution (strain sensitivity), R, (D)-the smallest

stability factor (stability uuiberý), N, (D)--a pure number subdivision of the indicating scale of a deformation-

used in the analysis of the stability of a soil embankment, measuring device divided by the product of the sensitivoy

defined by the following equation: of the device and the gage length. The deformation

N, - n,'v,/c resolution, Rd, divided by the gage length.

where: strain (stress) tensor-the second order tensor whose diag-
H, = critical height of the sloped bank, onal elements consist of the normal strain (stress) compo-

-, = effective unit of weight of the soil, and nents with respect to a given set of coordinate axes and

c = cohesion of the soil whose off-diagonal elements consist of the corresponding
NoT-Taylos -stability number" is the rmiprocal of T-"zaghi's shear Strin (stress) components. (ISRM)

-stabiltyaclor'." tbit streamtline flow--see laminar flow."stability factor."

strength-maximum stress which a material can resist
stabilization- see soil stabilization. .without failing for any given type of loading. (ISRM)
stage-in grouting, the length of hole grouted at one time. stress, a, p. f(FL- 2)-the force per unit area acting within

See also stage grouting. the soil mass.
stage grouting-sequential grouting of a hole in separate effective stress (effective pressure) (intergranular pres-

steps or stages in lieu of grouting the entire length at once; sure), ', f(FL- 2)--the average normal force per unit area
holes may be grouted in ascending stages by using packers transmitted from grain to grain of a soil mass. It is the
or in desc-nding riages downward from the collar of the stress that is effective in mobilizing internal friction.
hole. neutral stress (pore pressure) (pore water pressure), u, u,,

standard compaction-see compaction test. (FL-2)-stress transmitted through the pore water (water
standard penetration resistance-see penetration resistance. filling the voids of the soil).
standing wave-a wave produced by simultaneous transmis- normal stress, a, p (FL-)--the stress component

sion in opposite directions of two similar waves resulting normal to a given plane.
in fixed points of zero amplitudes called nodes, principal stress, 0,, 02, a3 (FL- 2 --stresses acting

steady-state vibration-vibration in a system where the normal to three mutually perpendicular planes inter-
velocity of each particle is a continuing periodic quantity. secting at a point in a body, on which the shearing stress is

stemming-(l) the material (chippings, or sand and clay) zero.
used to fill a blasthole after the explosive charge has been major principal stress, a, (FL- 2)-the largest (with
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regard to sign) principal stress- swamp-a forested or shrub covered wetland where standing
minor principal stress. 0 3 (FL-2)-the smallest (with or gently flowing water persists for long periods on the

regard to sign) principal stress. surface.
intermediate principal stress, a2 (FL- 2)-the prin- syneresis-in grouting, the exudation of liquid (generally

cipal stress whose value is neither the largest.nor the water) from a set gel which is not stressed, due to the
smallest (with regard to sign) of the three. tightening of the grout material structure.
shear stress (shearing stress) (tangential stress), r. s take-see grout take.

FL- 2)--the stress component tangential to a given plane. talus-rock fragments mixed with soil at the foot of a natural
total stress, a, f (FL- 2)-the total force per unit area slope from which they have been separated.

acting within a mass of soil. It is the sum of the neutral and tangential stress-see stress.
effective stresses. tangent modulus-slope of the tangent to the stress-strain

stress ellipsoid-the representation of the state of stress in curve at a given stress value (generally taken at a stress
the form of an ellipsoid whose semi-axes are proportional equal to half the compressive strength). (ISRM)
to the magnitudes of the principal stresses and lie in the tensile strength (unconfined or uniaxial tensile strength), T,
principal directions. The coordinates of a point P on this (FL- 2)-the load per unit area at which an unconfined
ellipse are proportional to the magnitudes of the respective cylindrical specimen will fail in a simple tension (pull) test.
components of the stress across the plane normal to the tensile stress-normal stress tending to lengthen the body in
direction OP, where 0 is the center of the ellipsoid. the direction in which it acts. (ISRM)
(ISRM) tertiary hole-in grouting, the third series of holes to be

stress (strain) field-the ensemble of stress (strain) states drilled and grouted usually spaced midway between previ-
defined at all points of an elastic solid. (ISRM) ously grouted primary and secondary holes.

stress relaxation-stress release due to creep. (ISRM) texture-of soil and rock, geometrical aspects consisting of
strike-the direction or azimuth of a horizontal line in the size, shape, arrangement, and crystallinity of the compo-

plane of an inclined stratum, joint, fault, cleavage plane, nent particles and of the related characteristics of voids.
or other planar feature within a rock mass. (ISRM) texture-the arrangement in space of the components of a

structure-one of the larger features of a rock mass, like rock body and of the boundaries between these compo-
bedding, foliation, jointing, cleavage, or brecciation; also nents. (ISRM)
the sum total of such features as contrasted with texture. theoretical time curve-see consolidation time curve.

S Also, in a broader sense, it refers to the structural features thermal spalling-the breaking of rock under stresses in-
of an area such as anti-clines or syndines. (ZSRM) duced by extremely high temperature gradients. High-

structure-see soil structure. velocity jet flames axe used for drilling blast holes with this
subbase-a layer used in a pavement system between the effect. (ISRM)

subgrade and base coarse, or between the subgrade and thermo-osmosis-the process by which water is caused to
portland cement concrete pavement, flow in small openings of a soil mass due to differences in

subgrade-the soil prepared and compacted to support a temperature within the mass.
structure or a pavement system. thickness-the perpendicular distance between bounding

subgrade surface-the surface of the earth or rock prepared surfaces such as bedding or foliation planes of a rock.
to support a structure or a pavement system. (ISRM)

submerged unit weight-see unit weight. thixotropy-the property of a material that enables it to
subsealing-in grouting, grouting under concrete slabs for stiffen in a relatively short time on standing, but upon

the purpose of filling voids without raising the slabs. agitation or manipulation to change to a very soft consis-
subsidence-the downward displacement of the overburden tency or to a fluid of high viscosity, the process being

(rock or soil, or both) lying above an underground completely reversible.
excavation or adjoining a surface excavation. Also the throw-the projection of broken rock during blasting.
sinking of a part of the earth's crust. (ISRM) (ISRM)

subsoll--(a) soil below a subgrade of fill. (b) that part of a thrust-force applied to a drill in the direction of penetra-
soil profile occurring below the "A" horizon. tion. (ISRM)

sulfate attack-in grouting, harmful or deleterious reactions tight-rock remaining within the minimum excavation lines
between sulfates in soil or groundwater and the grout. after completion of a blasting record. (ISRM)

support-structure or structural feature built into an under- till--se glacial till.
ground opening for maintaining its stability. (ISRM) time curve-see consolidation time curve.

surface force-any force that acts across an internal or time factor, T,. T (D)--dimensionless factor, utilized in the
external surface element in a material body, not neces- theory of consolidation, containing the physical constants
sarily in a direction lying in the surface. (ISRM) of a soil stratum influencing its time-rate of consolidation,S surface wave-a wave confined to a thin layer at the surface expressed as follows:
of a body. (ISRM) T - k (1 + e)i/(a,-r,.1 2 ) = (c,.t)/It 2

suspension-a mixture of liquid and solid materials. where:
suspension agent-an additive that decreased the settlement k = coefficient of permeability (LT-1),

rate of particles in liquid. e = void ratio (dimensionless),
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t = elapsed time that the stratum has been consolidated turnnel-a man-made underground passage constructed
(T), without removing the overlying rock or soil. Generally

a, = coefficient of compressibility (L 2F-'), nearly horizontal as opposed to a shaft, which is nearly
"-y_ = unit weight of water (FL-'), vertical. (ISRM)
It = thickness of stratum drained on one side .only. If turbulent flow-that type of flow in which any water particle

stratum is drained on both sides, its thickness equals may move in any direction with respect to any other
211 (L), and particle, and in which the head loss is approximately

c. = coefficient of consolidation (L2T-'). proportional to the second power of the velocity.
topsoil-surface soil, usually containing organic matter. ultimate bearing capacity, q,. q., (FL- 2)--the average load
torsional shear test-a shear test in which a relatively thin per unit of area required to produce failure by rupture of a

test specimen of solid circular or annular cross-section, supporting soil or rock mass.
usually confined between rings, is subjected to an axial unconfined compressive strength-the load per unit area at
load and to shear in torsion. In-place torsion shear tests which an unconfined prismatic or cylindrical specimen of
may be performed by pressing a dentated solid circular or material will fail in a simple compression test without
annular plate against the soil and measuring its resistance lateral support.
to rotation under a given axial load. unconfined compressive strength-see compressive strength.

total stress-see stress, unconsolidated-undrained test (quick test)-a soil test in
toughness index, I,• T,---the ratio of: (1) the plasticity index, which the water content of the test specimen remains

to (2) the flow index, practically unchanged during the application of the con-
traction, S. S2, S3 (FL- 2 -- applied stress. fining pressure and the additional axial or shearing) force.
transformed flow net-a flow net whose boundaries have uningpessuran theaditiona axial ( ystean orebee prpery mdifed trasfomed sotha a et on- undamped natural frequency--of a mechanical system, thebeen properly modified (transformed) so that a net con- frequency of free vibration resulting from only elastic and

sisting of curvilinear squares can be constructed to -epre- inertial forces of the system.sent flow conditions in an anisotropic porous medium. ieta ocso h 'tmsensted fowonditio--so intr asortedfrom e paofus m origin underconsolidated soil deposit-a deposit that is not fullytransported soil-soil transported from the place ofits consolidated under the existing overburden pressure.
by wind, water. or ice. ntr ml asolsmlthtasbeotiedy

transverse wave, v, (T-')-wave in which direction of undisturbed sample-a soil sample that has been obtained by
displacement of element of medium is parallel to wave methods in which every precaution has been taken to
front. The propagation velocity, v, is calculated as follows: minimize disturbance to the sample.

uniaxial (unconfined) compression--compression caused by
,- G - • = ,E/,)[i/2(! + v)] the application of normal stress in a single direction.

where: (ISRM)
G = shear modulus, uniaxial state of stress-state of stress in which two of the
p - mass density, three principal stresses are zero. (ISRM)
v = Poisson's ratio, and unit weight, -t (FL-)---weight per unit volume (with this,
E = Young's modulus. and all subsequent unit-weight definitions, the use of the

transverse wave (shear wave)-a wave in which the displace- term weight means force).
ment at each point of the medium is parallel to the wave dry unit weight (unit dry weight), "y, -y, (FL- 3)-the
front. (ISRM) weight of soil or rock solids per unit of total volume of soil

tremie-material placed under water through a tremie pipe or rock mass.
in such a manner that it rests on the bottom without effective unit weight, -y, (FL- 3 )-that unit weight of a
mixing with the water. soil or rock which, when multiplied by the height of the

trench--usually a long, narrow, near vertical sided cut in overlying column of soil or rock, yields the effective
rock or soil such as is made for utility lines. (ISRM) pressure due to the weight of the overburden.

triaxial compression---compression caused by the applica- maximum unit weiglu, -t. (FL-)--the dry unit
tion of normal stresses in three perpendicular directions. weight defined by the peak of a compaction curve.
(ISRM). saturated unit weight, -yG, -y.t (FV-3 )---the wet unit

triaxial shear test (triaxlal compression test)-a test in weight of a soil mass when saturated.
which a cylindrical specimen of soil or rock encased in an submerged unit weight (buoyant unit weight), -y,, -'.
impervious membrane is subjected to a confining pressure l',ub (FL -)-the weight of the solids in air minus the
and then loaded axially to failure. weight of water displaced by the solids per unit of volume

triaxial state of stress-state of stress in which none of the of soil or rock mass; the saturated unit weight minus the
three principal stresses is zero. (ISRM) unit weight of water.

true solution-one in which the components are 100 % unit weight of water, y,, (FL- 3)-the weight per unit
dissolved in the base solvent. volume of water, nominally equal to 62.4 lb/ft3 or I

tube A manchette-in grouting, a grout pipe perforated with g/cm3.
rings of small holes at intervals of about 12 in. (305 mm). wet unit weight (mass unit weight), ",,. ",,., (FL- )-the

Discussion--Each ring ofperforatiorns is enclosed by a shot rubbeT weight (solids plus water) per unit of total volume of soil or W
sleeve fitting tightly around the pipe so as to act as a one-way valve rock mass, irrespective of the degree of saturation.
when used with an inner pipe containing two packer elements that zero air voids unit weight. ry, -y, (FL- 3)--the weight of
isolate a stage for injection of grout. solids per unit volume of a saturated soil or rock mass.
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unloading modulus-slope of the tangent to the unloading washing-in grouting, the physical act of cleaning the sidesO stress-strain curve at a given stress value. (ISRM) of a hole by circulating water, water and air, acid washes,
uplift-the upward water pressure on a structure. or chemical substances through drill rods or tremie pipe in

Symbol Unit an open hole.

un o FL water-cement ratio-the ratio of the weight of water to the
lowi symbol U F or FL-` weights of Portland cement in a cement grout or concrete

mix. See also grout mix.uplift-the hydrostatic force of water exerted on or under- water content, w (D)-the ratio of the mass of water
neath a structure, tending to cause a displacement of the contained in the pore spaces of soil or rock material, to the
structure. (ISRM) solid mass of particles in that material, expressed as a

uplift-in grouting, vertical displacement of a formation due percentage.
to grout injection. water gain-see bleeding.

vane shear test-an in-place shear test in which a rod with water-holding capacity (D)-the smallest value to which the
thin radial vanes at the end is forced into the soil and the water content of a soil or rock can be reduced by gravity
resistance to rotation of the rod is determined, drainage.

varved clay-alternating thin layers of silt (or fine sand) and water-plasticity ratio (relative water content) (liquidity in-
clay formed by variations in sedimentation during the dex)-see liquidity index.
various seasons of the year, often exhibiting contrasting water table-see free water elevation.
colors when partially dried, wave-disturbance propagated in medium in such a manner

vent hole--in grouting, a hole drilled to allow the escape of that at any point in medium the amplitude is a function of
air and water and also used to monitor the flow of grout. time, while at any instant the displafement at point is

vent pipe-in grouting, a small-diameter pipe used to permit function of position of poinL
the escape of air, water, or diluted grout from a formation. wave front-moving surface in a medium at which a

vibrated beam wall (injection beam wall)-barrier formed by propagated disturbance first occurs.
driving an H-beam in an overlapping pattern of prints and wave front-(l) a continuous surface over which the phase of
filling the print of the beam with cement-bentonite slurry a wave that progresses in three dimensions is constant, or
or other materials as it is withdrawn. (2) a continuous line along which the phase of a surface

vibration-an oscillation wherein the quantity is a parameter wave is constant. (ISRM)
that defines the motion of a mechanical system (see wave length-normal distance between two wave fronts with
oscillation). periodic characteristics in which amplitudes have phasevirgin weath~difereng-te po cess o fmdisite graioyadcecmps.

virgin compression curve-see compression curve. difference of one complete cycle.

viscoelasticaty-property of materials that strain unde gra tion as a consequence of exposure to the atmosphere, to
partly dea-stcally and partly viscously, that is whose strain chemical action, and to the action of frost, water, and heat-
is partly dependent on time and magnitude of stress. (ISRM)
(ISRM) wetland-land which has the water table at, near, or above

viscosity-the internal fluid resistance of a substance which the land surface, or which is saturated for long enough
makes it resist a tendency to flow. periods to promote hydrophylic vegetation and various

viscous damping-the dissipation of energy that occurs when kinds of biological activity which are adapted to the wet
a particle in a vibrating system is resisted by a force that environment.
has a magnitude proportional to the magnitude of the wetting agent-a substance capable of lowering the surface
velocity of the particle and direction opposite to the tension of liquids, facilitating the wetting of solid surfaces,
direction of the particle. and facilitating the penetration of liquids into the capil-

viscous flow--see laminar flow. laries.
void-space in a soil or rock mass not occupied by solid wet unit weight-see unit weight.

mineral matter. This space may be occupied by air, water, working pressure-the pressure adjudged best for any partic-
or other gaseous or liquid material. ular set of conditions encountered during grouting.

void ratio, e (D)-the ratio of: (1) the volume of void space, Discussion-Factors influencing the determination ame size of
to (2) the volume of solid particles in a given soil mass. voids to be fWled, depth of zone to be grouted, lithology of area to be

critical void ratio, e, (D)-the void ratio corresponding grouted, grout viscosity, and resistance of the formation to fracture-
to the critical density. yield-in grouting, the volume of freshly mixed grout

volumetric shrinkage (volumetric change), V, (D)-the de- produced from a known quantity of ingredients.
crease in volume, expressed as a percentage of the soil yielding arch--type of support of arch shape, the joints of
mass when dried, of a soil mass when the water content is which deform plastically beyond a certain critical load,
reduced from a given percentage to the shrinkage limit, that is, continue to deform without increasing their

von Post humification scale-a scale describing various resistance. (ISRM)
* stages of decomposition of peat ranging from HI, which is yield stress-the stress beyond which the induced deforma-

completely undecomposed, to -110, which is completely tion is not fully annulled after complete destressing.
decomposed. (ISRM)

wall friction, f' (FL- 2 )--frictional resistance mobilized be- Young's modulus-the ratio of the increase in stress on a test
tween a wall and the soil or rock in contact with the wall. specimen to the resulting increase in strain under constant
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transverse stress limited to materials having a linear the zero air voids unit weight as a function of water
stress,-strain relationship over the range of loading. Also content.
called elastic modulus. zero air voids density (zero air voids unit weight)-see unit W

zero air voids curve (saturation curve)--tbe curve showing weight.

APPENDIX

(Nonmandatory Information)

Xl. ISRMN SYMBOLS RELATING TO SOIL AND ROCK MECHANICS

NoTE-These symbols may not correlate with the symbols P pressu=
von: water Pressureappearing in the text-.omlsrs

x1.1 Space e-*. stes components to fcdiflguLar cooatiurutes~a. ~Principal stresses
0,..solid wgk 2, ~ 3 applied artsses (and reactions)

k~wh horizontal stress
b width Vria
A beiathtordepth sersrs

rradius -bee S het ress components in reetaticula, coorintens*
A area snam
V volume AUga~in components in rectanguilar codinates

rtime . .,shear ow.ain components in rectangular Cnoordinates
V velocity 9voi'-aie grain

awgl"r velocity E Younes modulus; modulus of cLasticity
Z 1pavitaional alno E-

X1I Periodic and Vlsted Piesomms4 a., 43 principanl grains
C ~shear modulus; modulus or rigdity

T periodic time G - /
f fequency ccobcso

ifangula frequency agcof ftictoon between solid bodies
w_-Ve length afl or shwa reskstnce (a11gle1 Of internal frctmno)

XIJ Stat"c a&W Dynamics h hydraulic head
I hydraulicgradiew

m ~j sev~force per unit volume of snqm pecssire per
densty --- ensty)unit length

wa qecic trit-y k CO&Sifeien of perumebility
$pqeiac grawiy of solidsVicst

G.. qiocifi gravit ofwater plasnticty vsoiyo iga oy

T tu~mial Aroc rtardation time
T tangehtia relaxaion time

uni Weight T sulfcenso
'r dy nit wti~it quantity rate of flow. rate of discharp

duateihtQ quantity of lflow
,.unlit W6t Siof wte S reylUc
7 ~buoyant unit wtaght
7,Unit orBolick X1.5 Heat

T torque T temperature
I moment of netapcoefficient of volume expansion

W enryXIA Elecoliciy

XiA Applied Mechanics Ielectric cui~n~t
Q electric charg

'r void ratio c capacitance
Aporosity L self-.nductance
w ~water cotenlt R rssac

S, delpee of saturation reitvy
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I. Scope C 125 Terminology Relating to Concrete and Concrete

I. I This descriptive nomenclature provides brief descrip- Aggregates 2

tions of some of the more common, or more important, C 289 Test Method for Potential Reactivity of Aggregates
natural materials of which mineral aggregates are composed (Chemical Method)2

(Note I). The descriptions provide a basis for understanding C 330 Specification for Lightweight Aggregates for Struc-

these terms as used to designate aggregate constituents. Many tural Concrete2

of the materials described frequently occur in particles that C 331 Specification for lightweight Aggregates for Con-
do not display all the characteristics given in the descriptions. crete Masonry Units'

and most of these rocks grade from varieties meeting one C 332 Specification for Lightweight Aggregates for Insu-

description to varieties meeting another with all intermediate lating Concrete 2

stages being found. 3. Classes and Types

NomE I--These descriptions characterize minerals and rock! as they 3.1 The materials found as constituents of natural mineral
occur in nature and do not include blast-furnace slag or lightweight aggregates are rocks and minerals. Minerals are naturally

* aggregates that are prepared by the alteration of the structure and occurring inorganic substances of more or le.s definite
composition of natural material. Blast-furnace slag is defined in Dcfini-

tions C 125. Information about lightweight aggregates is given in chemical composition and usually of a specific crystalline

Specifications C 330, C 331, and C 332. structure. Most rocks are composed of several minerals but
some are composed of only one mineral. Certain examples of

1.2 The accurate identification of rocks and minerals can. the rock quartzite are composed exclusively of the mineral
in many cases, be made only by a qualified geologist, quartz, and certain limestones are composed exclusively of
mineralogist, or petrographer using the apparatus and proce- the mineral calcite. Individual sand grains frequently are
dures of these sciences. Reference to these descriptions may, composed of particles of rock, but they may be composed of
however, serve to indicate or prevent gross errors in identifi- a single mineral, particularly in the finer sizes.
cation. Identification of the constituent materials in an 3.2 Rocks are classified according to origin into three
aggregate may assist in recognizing its properties, but identi- major divisions: igneous, sedimentary, and metamorphic
fication alone cannot provide a basis for predicting the These three major groups are subdivided into types ac-
behavior of aggregates in service. Mineral aggregates com- cording to mineral and chemical composition, texture, and
posed of any type or combination of types of rocks and internal structure. Igneous rocks form from molten rock
minerals may perform well or poorly in service depending matter either above or below the earth's surface. Sedrnen-
upon the exposure to which they are subjected, the physical tary rocks form at the earth's surface by the accumulation
and chemical properties of the matrix in which they are and consolidation of the products of weathering and erosion
embedded, their physical condition at the time they are used, of existing rocks. Metainorphic rocks form from pre-existing
and other factors. Small amounts of minerals or rocks that rocks by the action of heat, pressure, or shearing forces in the
may occur only as contaminants or accessories in the earth's crust. It is obvious that not only igneous but also
aggregate may decisively influence its quality, sedimentary and metamorphic rocks may be weathered and

eroded to form new sedimentary rocks. Similarly.

2. Referenced Documents metanmorphic rocks may again be metamorphosed

2 1 A.TAt Standards DE-SCRII'TIONS OF MINFRAIl'm

4. General

* this descipuve nomi(Ilature is under the junsdiction of AS I M ( ommiltre 4. I [o; the purpose of indicating stgnificant relationships,
('-9 on Con(tole and Coon rete Aggregates and is the dire i rc; 1 vn',hli of the descriptions of minerals arc presented in gpoups in the
s uhi ornnitic ('09 02 06 on Petrography of Concretc and 'on( rot AyJtCralr¶ f!Alw ing sections.
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5. Silica Minerals feldvpars. The plagioclase feldspars include those that are
5.1 quartz-a very common hard mineral composed of sodium aluminum silicates and calcium aluminum silicates,

silica (Si0 2). It will scratch glass and is not scratched by a or both sodium and calcium aluminum silicates. This group,
knife. When pure it is colorless with a glassy (vitreous) luster frequently referred to as the "soda-lime" group, includes a
and a shell-like (conchoidal) fracture. It lacks a .,isiblc continuous series, of varying chemical composition and
cleavage (the ability to break in definite dircctions along even optical properties, from albit, the sodium aluminum
planes) and, when present in massive rocks such as granite, it feldspar, to anorilite, the calcium aluminum feldspar, with
usually has no characteristic shape. It is resistant to weath- intermediate members of the series designated oligoclase,
ering and is therefore an important constituent of many sand andesine, labradorite, and bytownite. Potassium feldspars
and gravel deposits and many sandstones. It is also abundant and sodium-rich plagioclase feldspars occur typically in
in many light-colored igneous and metamorphic rocks. Some igneous rocks such as granites and rhyolites, whereas,
strained or intensely fractured (granulated) quartz may be plagioclase feldspars of higher calcium content are found in
deleteriously reactive with alkalies in concrete. igneous rocks of lower silica content such as diorite, gabbro,

5.2 opal-a hydrous form of silica (SiO 2 -nH 2O) which andesite, and basalt.
occurs without characteristic external form or internal crys-
talline arrangement as determined by ordinary visible light Ferromagnesian Minerals
methods. When X-ray diffraction methods are used, opal 7.1 Many igneous and metamorphic rocks contain dark
may show some evidences of internal crystalline arrange- green to black minerals that are generally silicates of iron or
ment. Opal has a variable water content, generally ranging magnesium, or of both. They include the minerals of the
from 3 to 9 %. The specific gravity and hardness are always amphibole, pyroxene, and olivine groups. The most
less than those of quartz. The color is variable and the luster common amphibole mineral is hornblende; the most
is resinous to glassy. It is usually found in sedimentary rocks, common pyroxene mineral is augite; and the most common
especially some cherts, and is the principal constituent of olivine mineral is olivine. Dark mica, such as biotite and
diatomite. It is also found as a secondary material filling phlogopite, are also considered ferromagnesian minerals.
cavities and fissures in igneous rocks and may occur as a The amphibole and pyroxene minerals are brown to green to
coating on gravel and sand. The recognitiori of opal in black and generally occur as prismatic units. Olivine is
aggregates is important because it reacts ,i:a the alkalies in usually olive green, glassy in appearance, and usually altered.
portland-cement paste, or with _... -,alies from other Biotite has excellent cleavage and can be easily cleaved into
sources, such as aggregates con, :r'., zeolites, and ground thin flakes and plates. These minerals can be found as
water, components of a variety of rocks, and in sands and gravels.

5.3 chalcedony--chalced- ny has been considered both as Olivine is found only in dark igneous rocks where quartz is
a distinct mineral and :, variety of quartz. It is frequently not present, and in sands and gravels close to the olivine
composed of a mixture of microscopic fibers of quartz with a source.
large number of stmicroscopic pores filled with water and
air. The properties of chalcedony are intermediate between 8. Micaceous Minerals
those of opal and quartz, from which it can sometimes be 8.1 Micaceous minerals have perfect cleavage in one
distinguished only by laboratory tests. It frequently occurs as direction and can be easily split into thin flakes. The mica
a constituent of the rock chert and is reactive with the minerals of the muscovite group are colorless to light green;
alkalies in portland-cement paste. of the biotite group, dark brown to black or dark green; of

5.4 tridymite and cristobalite-crystalline forms of silica the lepidolite group, white to pink and red or yellow; and of
(Si0 2) sometimes found in volcanic rocks. They are meta- the chlorite group, shades of green. Another mica,
stable at ordinary temperatures and pressures. They are rare phlogopite, is similar to biotite, commonly has a pearl-like
minerals in aggregates except in areas where volcanic rocks luster and bronze color, and less commonly is brownish red,
:,,e abundant. A type of cristobalite is a common constituent green, or yellow. The mica minerals are common and occur
Af opal. Tridymite and cristobalite are reactive with the in igneous, sedimentary, and metamorphic rocks, and are
alkalies in portland-cement paste. common as minor to trace components in many sands and

gravels. The muscovite, biotite, lepidolite, and phlogopite
6. Feldspars minerals cleave into flakes and plates that are elastic; the

6.1 The minerals of the feldspar group are the most chlorite minerals, by comparison, form in elastic flakes and
abundant rock-forming minerals in the crust of the earth, plates. Vermiculite (a mica-like mineral) forms by the
They are important constituents of all three major rock alteration of other micas and is brown and has a bronze
groups, igneous, sedimentary, and metamorphic. Since all luster.
feldspars have good cleavages in two directions, particles of
feldspar usually show several smooth surfaces. Frequently, 9. Clay Minerals
the smooth cleavage surfaces show fine parallel lines. All 9.1 The term "clay" refers to natural material composed
feldspars are slightly less hard than, and can be scratched by, of particles in a specific size range, generally less than 2 pm
quartz and will, when fresh, easily scratch a penny. The (0.002 mm). Mineralogically, clay refers to a group of layered
various members of the group are differentiated by chemical silicate minerals includiig the clay-micas (illites), the kaolin
composition and crystallographic properties. The feldspars group, very finely divided chlorites, and the swelling clays-
orthoclase, sanidine, and microcline are potassium alu- montmorillonites (smectites). Members of several groups,
minum silicates, and are frequently referred to as potasstiu particularly micas, chlorites, and vermiculites, occur both in

2
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the clay-size range and in larger sizes. Some clays are made chloric acid; dolomite is soluble with slow effervescence in
up of alternating layers of two or more clay groups. Random, cold dilute hydrochloric acid and with vigorous effervescence
regular, or both types of interlayering are known. If smectite if the acid or the sample is heated or if the sample is
is a significant constituent in such mixtures, then fairly large pulverized.
volume changes may occur with wetting and drying.

9.2 Clay minerals are hydrous aluminum, magnesium, 12. Sulfate Minerals
and iron silicates that may contain calcium, magnesium, 12.1 Carbonate rocks and shales may contain sulfates as
potassium, sodium and other exchangeable cations. They are impurities. The most abundant sulfate mineral is gypsum
formed by alteration and weathering of other silicates and (hydrous calcium sulfate; CaSO,.2H 20); anhi'drite (anhy-
volcanic glass. The clay minerals are major constituents of drous calcium sulfate, CaSOJ) is less common. Gypsum is
clays and shales. They are found disseminated in carbonate usually white or colorless and characterized by a perfect
rocks as seams and pockets and in altered and weathered cleavage along one plane and by its softness, representing
igneous and metamorphic rocks. Clays may also be found as hardness of 2 on the Mohs scale; it is readily scratched by the
matrix, void fillings, and cementing material in sandstones fingernail. Gypsum may form a whitish pulverulent or
and other sedimentary rocks. crystalline coating on sand and gravel. It is slightly soluble in

9.3 Most aggregate particles composed of, or containing water.
large proportions of clay minerals are soft and, because of the 12.2 Anhydrite resembles dolomite in hand specimen but
large internal surface area of the constituents, they are has three cleavages at right angles; it is less soluble in
porous. Some of these aggregates will disintegrate when hydrochloric acid than dolomite, does not effervesce and is
wetted. Rocks in which the cementing matrix is principally slightly soluble in water. Anhydrite is harder than gypsum.
day, such as day-bonded sandstones, and rocks in which Gypsum and anhydrite occurring in-aggregates offer risks of
montmorillonite is present as a continuous phase or matrix, sulfate attack in concrete and mortar.
such as some altered volcanics, may slake in water or may
disintegrate in the concrete mixer. Rocks of this type are 13. Iron Sulfide Minerals
unsuitable for use as aggregates. Rocks having these proper- 13.1 The sulfides of iron, pyrite. marcasite, and pyrrhotite
ties less well developed will abrade considerably during are frequently found in, natural aggregates. Pyrite is found in
mixing, releasing clay, and raising the water requirement of igneous, sedimentary, and metamorphic rocks; marcasite is
the concrete containing them. When such rocks are present much less common and is found mainly in sedimentary
in hardened concrete, the concrete will manifest greater rocks; pyrrhotite is less common but may be found in many
volume change on wetting and drying than similar concrete types of igneous and metamorphic rocks. Pyrite is brass
containing non-swelling aggregate. yellow, and pyrrhotite bronze brown, and both have a

metallic luster. Marcasite is also metallic but lighter in color
10. Zeolites and finely divided iron sulfides are soot black. Pyrite is often

10.1 The zeolite minerals are a large group of hydrated found in cubic crystals. Marcasite readily oxidizes with the
aluminum silicates of the alkali and alkaline earth elements liberation of sulfuric acid and formation of iron oxides,
which are soft and usually white or light colored. They are hydroxides, and, to a much smaller extent, sulfates; pyrite
formed as a secondary filling in cavities or fissures in igneous and pyrrhotite do so less readily. Marcasite and certain forms
rocks, or within the rock itself as a product of hydrothermal of pyrite and pyrrhotite are reactive in mortar and concrete,
alteration of original minerals, especially feldspars. Some producing a brown stain accompanied by a volume increase
zeolites, particularly heulandite, natrolite, and taumontite, that has been reported as one source of popouts in concrete.
reportedly produce deleterious effects in concrete, the first Reactive forms of iron sulfides may be recognized by
two having been reported to augment the alkali content in immersion in saturated lime water (calcium hydroxide
concrete by releasing alkalies through cation exchange and solution); upon exposure to air the reactive varieties produce
thus increasing alkali reactivity when certain siliceous aggre- a brown coating within a few minutes.
gates are present. Laumontite and its partially dehydrated
variety leonhardite are notable for their substantial volume 14. Iron Oxide Minerals, Anhydrous and Hydrous
change with wetting and drying. Both are found in rocks 14.1 There are two common iron oxide minerals: (1)
such as quartz diorites and some sandstones. Black, magnetic: inagnelite (Fe 30 4), and (2) red or reddish

when powdered: hematite (Fe,0 3); and one common
1i. Carbonate Minerals hydrous oxide mineral, brown or yellowish: goethit,,

1 1.1 The most common carbonatc mineral is cuIaift (FcO(OH)). Another common iron-bearing mineral is black.
(calcium carbonate, CaCO,). The mineral dolomite consists weakly magnetic, ilnenite (FeTiO3). Magnetite and ilmenite
of calcium carbonate and magnesium carbonate are important accessory minerals in many dark igneous
(CaCO,-MgCO, or CaMg(CO3 )2) in equivalent molecular rocks and are com'mon detrital minerals in sediments
amounts, which are 54.27 and 45.73 by mass %, respectively. lHematite is frequently found as an accessory mincra ;;
Both calcite and dolomite are relatively soft, the hardness of reddish rocks. Limonite, the brown weathering product of

* calcite being 3 and that of dolomite 3'I/ to 4 on the Mohs iron-bearing minerals, is a field name for a variety of hydrous
scale, and are readily scratched by a knife blade. They have iron oxide minerals including goethite; it frequently contains
rhombohedral cleavage, which results in their breaking into adsorbed water, and various impurities such as colloidal or
fragments with smooth parallelogram shaped sides. Calcite is crystalline silica, clay minerals, and organic matter. The
soluble with vigorous effervescence in cold dilute hydro- presence of substantial amounts of soft iron-oxide minerals
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in concrete aggregate can color concrete various shades of bvtownite, or anorthite. Ferromagnesian minerals are usu-
yvllow or brown. Very minor amounts of iron minerals color ally more abundant than feldspar. Diabase (in European
many rocks, such as ferruginous sandstones, shales. clay- usage dolerite) is a rock of similar composition to gabbro and
ironstones, and granites. Magnetite, ilmenite, and hematite basalt but is intermediate in mode of origin, usually occur-
ores are used as heavy aggregates. nng in smaller intrusions than gabbro, and having a medium

to fine-grained texture. The terms "trap" or "trap rock" are
DESCRIPTIONS OF IGNEOUS ROCKS collective terms for dark-colored, medium- to fine-grained

igneous rocks especially diabase and basalt.
15. General 16.5 peridotite-peridotite is composed of olivine and

15.1 Igneous rocks are those formed by cooling from a pyroxene. Rocks composed almost entirely of pyroxene are

molten rock mass (magma). They may be divided into two known as pyroxenites, and those composed of olivine as

classes: (1) plutonic, or intrusive, that have cooled slowly dunites. Rocks of these types are relatively rare but their
within the earth; and (2) volcanic, or extrusive, that formed metamorphosed equivalent, serpentinite, is more common.
from quickly cooled lavas. Plutonic rocks have grain sizes 16.6 pegmatite-extremely coarse-grained varieties of ig-
greater than approximately I mm, and are classified as neous rocks are known as pegmatites. These are usually
coarse- or medium-grained. Volcanic rocks have grain sizes light-colored and are most frequently equivalent to granite or
less than approximately I mm, and are classified as fine- syenite in mineral composition.
grained. Volcanic rocks frequently contain glass. Both
plutonic and volcanic rocks may consist of porphyries, that 17. Fine-Grained and Glassy Extrusive Igneous Rocks
are characterized by the presence of large mineral grains in a 17.1 volcanic rock-volcanic or extrusive rocks are the
fine-grained or glassy groundmass. This is the result of sharp fine-grained equivalents of the coarse-and-medium-grained
changes in rate of cooling or other physico-chemical condi- plutonic rocks described in Section 16. Equivalent types have
tions during solidification of the melt. similar chemical compositions and may contain the same

15.2 Igneous rocks are usually classified and named on minerals. Volcanic rocks commonly are so fine-grained that
the basis of their texture, internal structure, and their mineral the individual mineral grains usually are not visible to the
composition which in turn depends to a large extent on their naked eye. Porphyritic textures are common, and the rocks
chemical composition. Rocks in the plutonic class generally may be partially or wholly glassy or non-crystalline. The
have chemical equivalents in the volcanic class, glassy portion of a partially glassy rock usually has a higher

silica content than the crystalline portion. Some volcanic or
16. Plutonic Rocks extrusive rocks may not be distinguishable in texture and

16.1 granite--granite is a medium- to coarse-grained, structure from plutonic or intrusive rocks that originated at
light-colored rock characterized by the presence of potassium shallow depth.
feldspar with lesser amounts of plagioclase feldspars and 17.2 felsite-light-colored, very fine-grained igneous
quartz. The characteristic potassium feldspars are orthoclase rocks are collectively known as felsites. The felsite group
or microcline, or both; the common plagioclase feldspars are includes rhyolite, dacite, andesite, and trachyte, which are
albite and oligoclase. Feldspars are more abundant than the equivalents of granite, quartz diorite, diorite, and syenite,
quartz. Dark-colored mica (biotite) is usually present, and respectively. These rocks are usually light colored but they
light-colored mica (muscovite) is frequently present. Other may be gray, green, dark red, or black. When they are dark
dark-colored ferromagnesian minerals, especially horn- they may incorrectly be classed as "trap" (see 16.4). When
blende, may be present in amounts less than those of the thcy are microcrystalline or contain natural glass, rhyolites,
light-colored constituents. Quartz-monzonite and grano- dacites, and andesites are reactive with the alkalies in
diorite are rocks similar to granite, but they contain more portland-cement concrete.
plagioclase feldspar than potassium feldspar. 17.3 basalt-fine-grained extrusive equivalent of gabbro

16.2 syenite-syenite is a medium- to coarse-grained, and diabase. When basalt contains natural glass., the glass i
light-colored rock composed essentially of alkali feldspars, generally lower in silica content than that of the lighter-
namely microcline, orthoclase, or albite. Quartz is generally colored extrusive rocks and hence is not deleteriously reac-
absent. Dark ferromagnesian minerals such as hornblende, tive with the alkalies in portland-cement paste; however,
biotite, or pyroxene are usually present. exceptions have been noted in the literature with respect to

16.3 diorite--diorite is a medium- to coarse-grained rock the alkali reactivity of basaltic glasses.
composed essentially of plagioclase feldspar and one or more 17.4 volcanic glass-igneous rocks composed wholly of
ferromagnesian minerals such as hornblende, biotite, or glass are named on the basis of their texture and internal
py'roxene. The plagioclase is intermediate in composition. structure. A dense dark natural glass of high silica content is
usually of the variety andesine, and is more abundant than called obsidian, while lighter colored finely vesicular glass%
the ferromagnesian minerals Diorite usually is darker in froth filled with elongated, tubular bubbles is called pumtct"
color than granite or syenite and lighter than gabbro. If Dark-colored coarsely vesicular types containing more or less'.
quartz is present, the rock is called quartz diorite spherical bubbles are called scoria. Pumices are usualh

16.4 gabbro-gabbro is a medium- to coarse-grained. silica-rich (corresponding to rhyolites or dacites), whereas
dark-colored rock consisting essentially of ferromagnesian scorias usually are more basic (corresponding to basalts). A
minerals and plagioclase feldspar. The ferromagnesian min- high-silica glassy lava with an onion-like structure and a
erals may be pyroxenes, amphiboles, or both. The plagioclase pearly luster, containing 2 to 5 % water, is called perht,
is one of the calcium-rich varieties, namely labradorite, When heated quickly to the softening temperature, perlite
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puffs to become an artificial pumice. Glass with up to 10 % intermediate rocks between claystones and sandstones.
water and with a dull resinous luster is called pitchstone When the claystones are harder and platy or fissile, they are

O Glassy rocks, particularly the more siliceous ones, are inown as shales. Claystones and shales may be gray, black,
reactive with the alkalies in portland-cement paste. reddish, or green and may contain some carbonate minerals

(calcareous shales). A massive, firmly indurated fine-grained
DESCRIPTIONS OF SEDIMENTARY R)CKS argillaceous rock consisting of quartz, feldspar, and

micaceous minerals is known as argillite. Argillites do not
18. General slake in water as some shales c_'. As an aid in distinguishing

18.1 Sedimentary rocks are stratified rocks laid down for these fine-grained sediments from fine-grained, foliated
the most part under water, although wind and glacial action metamorphic rocks such as slates and phyllites, it may be
occasionally are important. Sediments may be composed of noted that the cleavage surfaces of shales are generally dull
particles of preexisting rocks derived by mechanical agencies and earthy while those of slates are more lustrous. Phyllite

or they may be of chemical or organic origin. The sediments has a glossier luster resembling a silky sheen.
are usually indurated by cementation or compaction during 20.2 Aggregates containing abundant shale are detri-
geologic time, although the degree of consolidation may vary mental to concrete because they can produce high shrinkage,
widely. but not all shales are harmful. Some argillites are alkali-silica

18.2 Gravel, sand, silt, and clay form the group of reactive.
unconsolidated sediments. Although the distinction between 20.3 Although aggregates which are volumetrically un-
these four members is made on the basis of their particle size, stable in wetting and drying are not confined to any class of
a general trend in the composition occurs. Gravel and, to a rock, they do share some common characteristics. If there is
lesser degree, coarse sands usually consist of rock fragments; a matrix or continuous phase, it is-usually physically weak
fine sands and silt consist predominantly of mineral grains; and consists of material of high specific surface, frequently
and clay exclusively of mineral grains, largely of the group of including clay. However, no general relation has been
clay minerals. All types of rocks and minerals may be demonstrated between clay content or type of clay and large
represented in unconsolidated sediments. volume change upon wetting and drying. Volumetrically

unstable aggregates do not have mineral grains of high
19. Conglomerates, Sandstones, and Quartzites modulus interlocked in a continuous rigid structure capable

19.1 These rocks consist of particles of sand or gravel, or of resisting volume change.

both, with or without interstitial and cementing material. If 20.4 Aggregates having high elastic modulus and low

the particles include a considerable proportion of gravel, the volume change from the wet to the dry condition contribute

rock is a conglomerate. If the particles are in the sand sizes, to the volume stability of concrete by restraining the volume

that is, less than 2 mm but more than 0.06 mm in major change of the cement paste. In a relatively few cases,

diameter, the rock is a sandstone or a quartzite. If the rock aggregates have been demonstrated to contribute to unsatis-

breaks around the sand grains, it is a sandstone; if the grains factory performance of concrete because they have relatively

are largely quartz and the rock breaks through the grains, it is large volume change from the wet to the dry condition

quartzite. Conglomerates, and sandstones are sedimentary combined with relatively low modulus of elasticity. On

rocks but quartzites may be sedimentary (orthoquartzites) or drying, such aggregates shrink away from the surrounding

metamorphic (metaquartzites). The cementing or interstitial cement paste and consequently fail to restrain its volume

materials of sandstones may be quartz, opal, calcite, dolo- change with change in moisture content.

mite, clay, iron oxides, or other materials. These may
influence the quality of a sandstone as concrete aggregate. If 21. Carbonate Rocks
the nature of the cementing material is known, the rock 21.1 Limestones are the most widespread of carbonate
name may include a reference to it, such as opal-bonded rocks. They range from pure limestones consisting of the
sandstone orferruginous conglomerate, mineral calcite to pure dolomites (dolostones) c, nsisting of

19.2 graywackes and subgraywackes-gray to greenish the mineral dolomite. Usually they contain both minerals in
gray sandstones containing angular quartz and feldspar various proportions. If 50 to 90 % is the mineral dolomite,
grains, and sand-sized rock fragments in an abundant matrix the rock is called calcitic dolomite. Magnesium limestone is
resembling claystone, shale, argillite, or slate. Graywackes sometimes applied to dolomitic limestones and calcitic
grade into subgraywackes, the most common sandstones of dolomites but it is ambiguous and its use should be avoided.
the geologic column. Most carbonate rocks contain some noncarbonate impurities

19.3 arkose-coarse-grained sandstone derived from such as quartz, chert, clay minerals, organic matter, gypsum.
granite, containing conspicuous amounts of feldspar. and sulfides. Carbonate rocks containing 10 to 50 % sand are

arenaceous (or sandy) limestones (or dolomites); those con-
20. Claystones, Shales, Argillites, and Siltstones taining 10 to 50 % clay are argillaceous (or clayey or shaly)

20.1 These very fine-grained rocks are composed of, or limestones (or dolomites). Marl is a clayey limestone which is

derived by erosion of sedimentary silts and clay~s, or of any fine-grained and commonly soft. Chalk is fine-textured, very
type of rock that contained clay. When relatively s ,t and soft, porous, and somewhat friable limestone, composed
massive, they are known as clav.wnh., or v.tsione.s, de- chiefly of paricles of microorganisms- Micrite is very fine-
pending on the size of the majority of the particles of which textured chemically precipitated carlxbnate or a mechanical
they are composed. Siltstones consist predominantly of ooze of carbonate parwýcies, usually 0.001 to 0003 mm in
silt-sized particles (0.0625 to 0.002 mm in diameter) and are size. I-he term "limetock" is not recommended
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21.2 The reaction of the dolomite in certain carbonate DESCRITI-ONS OF METAMORP1I1C ROCKS

rocks with alkalies in portland cement paste has been found
to be associated with deleterious expansion of concrete 23. General
containing such rocks as coarse aggregate. Carbonate rocks 23.1 Metamorphic rocks form from igneous, sedimentary,
capable of such reaction possess a characteristic texture and or pre-existing metamorphic rocks in response to changes in
composition. The characteristic microscopic texture is that chtmical and physical conditions occurring within the
in which relatively large crystals of duiomite (rhombs) are earth's crust after formation of the original rock. The
scattered in a finer-grained matrix of micritic calcite anJ changes may be textural, structural, or mineralogic and may
ciay. The characteristic composition is that in which the be accompanied by changes in chemical compo.'tion. The
carbonate portion consists of substantial amounts of both rocks are dense and may be massive but are more frequently
dolomite and calcite, and the acid-insoluble residue contains foliated (laminated or layered) and tend to break into platy
a significant amount of clay. Except in certain areas, such particles. Rocks formed from argillaceous rocks by dynamic
rocks are of relatively infrequent occurrence and seldom metamorphism usuaiiy split easily along one plane indepen-
make up a significakt proportion of the material present in a dent of original bedding; this feature is designated -platy
deposit of rock being considered for use in making aggregate cleavage." The mineral composition is very variable de-
for concrete. pending in part on the degree of metamorphism and in part

on the composition of the original rock.
23.2 Most of the metamorphic rocks may derive either

22. Chert from igneous or sedimentary rocks but a few, such as
22.1 chert-the general term for a group of variously marbles and slates, originate only from sediments.

colored, very fine-grained (aphanitic), siliceous rocks com- 23.3 Certain phyllites, slates, and metaquartzites con-
posed of microcrystalline or cryptocrystalline quartz, chalce- taining low-temperature silica and silicate minerals or highly
dony, or opal, either singly or in combinations of varying strained quartz may be deleteriously reactive when used with
proportions. Identification of the form or forms of silica cements of high alkali contents.
requires -areful determination of optical properties, absolute
specific gravity, loss on ignition, or a combination of these 24. Metamorphic Rocks
characteristics. Dense cherts are very tough, with a waxy to 24.1 marble-a recrystallized medium- to coarse-grained
greasy luster, and are usually gray, brown, white, or red, and carbonate rock composed of calcite or dolomite, or calcite
less frequently, green, black or blue. Porous varieties are and dolomite. The original impurities are present in the form
usually lighter in color, frequently off-white, or stained of new minerals, such as micas, amphiboles, pyroxenes, and
yellowish, brownish, or reddish, firm to very weak, and grade graphite. W
to tripoli. Ferruginous, dense, red, and in some cases, dense, 24.2 metaquartzite-a granular rock consisting essentially
yellow, brown, or green chert is sometimes called jatsper. of recrystallized quartz. Its strength and resistance to weath-
Dense black or gray chert is sometimes called flint. A very ering derive from the interlocking of the quartz grains.
dense, even textured, light gray to white chert, composed 24.3 slate-a fine-grained metamorphic rock that is dis-
mostly of microcrystalline to cryptocrystalline quartz, is tinctly laminated and tends to split into thin parallel layers.
called novaculite. Chert is hard (scratches glass, but is not The mineral composition usually cannot be determined with
scratched by a knife blade) and has a conchoidal (shell-like) the unaided eye.
fracture in the dense varieties, and a more splintery fracture 24.4 phyllite-a fine-grained thinly layered rock. Min-
in the poious varieties. Chert occurs most frequently as erals, such as micas and chlorite, are noticeable and impart a
nodules, lenses, or interstitial material, in limestone and silky sheen to the surface ofschistosity. Phyllites are interme-
dolomite formations, as extensively bedded deposits, and as diate between slates and schists in grain size and mineral
components of sand and gravel. Most cherts have been found composition. They derive from argillaceous sedimentary
to be alkali-silica reactive to some degree when tested with rocks or fine-grained extrusive igneous rocks, such as felsites.
high-alkali cement, or in the quick chemical test (Test 24.5 schist-a highly layered rock tending to split into
Method C 289). However, the degree of the alkali-silicz nearly parallel planes (schistose) in which the grain is coarse
reactivity and whether a given chert will produce a delete- enough to permit identification of the principal minerals.
rious degree of expansion in concrete are complex functions Schists are subdivided into varieties on the basis of the most
of several factors. Among them are: the mineralogic compo- prominent mineral present in addition to quartz or to quartz
sition and internal structure of the chert; the amount of the and feldspars; for instance, mica schis/t Greenschist is a green
chert as a proportioin of the aggregates; the particle-size schistose rock whose color is due to abundance of one or
distribution; the alkali content of the cement; and the more of the green minerals, chlorite or amphibole, and is
cement content of the concrete. In the absence of informa- commonly derived from altered volcanic rock.
tion to the contrary, all chert should be regarded as poten- 24.6 amphibolite-a medium- to coarse-grained dark-
tially alkali-silica reactive if combined with high-alkali ce- colored rock composed mainly of hornblende and
ment. However, opaline cherts may produce deleterious plagioclase feldspar. Its schistosity, which is due to parallel
expansion of mortar or concrete when present in very small alignment of hornblende grains, is commonly less obvious
proportions (less than 5 % by mass of the aggregate). Cherts than in typical schists.
that are porous may be susceptible to freezing and thawing 24.7 hornfels---equigranular, massive, and usually tough
deterioration in concrete and may cause popouts or cracking rock produced by complete recrystallization of sedimentary,
of the concrete surface above the chert particle, igneous, or metamorphic rocks through thermal metamot-

(I
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phism sometimes with the addition of components of molten 24.9 serpentinite-a relatively soft, light to dark green to
rock. Their mineral compositions vary widely, almost black rock formed usually from silica-poor igneous
r 24.8 gneiss-one of the most common metamorphic rocks, such as pyroxenites, peridotites, and dunites. It may
rocks, usually formed from igneous or sedimentary rocks by contain some of the original pyroxene or olivine but is
a higher degree of metamorphism than the schists. It is largely composed of softer hydrous ferromagnesian minerals
characteriz, d by a layered or foliated structure resulting from of the serpentine group. Very soft talc-like material is often

approximately parallel lenses and bands of platy minerals, present in serpentinite.

usually micas, or prisms, usually amphiboles; and of granular 25. Keywords
minerals, usually quartz and feldspars. All intermediate 25.1 aggregates; carbonates; clajs; concrete; feldspars:
varieties between gneiss and schist, and between gneiss and ferromagnesian minerals; igneous rocks; iron oxides; iron
granite are often found in the same areas in which well- sulfides; metamorphic rocks; micas; minerals; nomenclature:
defined gneisses occur. rocks; sedimentary rocks; siaica; sulfates; zeolites

The American Society tor Testing and Materials takes no .oosAron respecting the validity of any patent rights asserted in connection
with any item mertioned in this standard. Users of this standard are eWessty advised that determination of the validity ot any such
patent rights, and the risk of in•ringement of such rights. are enwtrely their own responsibility.

This standard Is subject to revision at any time by the responsibl technical committee and nust be reviewed every fiv" years and
If not revised, either reaproved or withdrawn. Your coamerts are kivited ether for revision of this standard or for additional standards
and should be addressed to ASTM Headquarters. Your comments will receive careful consideration at a meeting of the responsible
techvncal comnittee, which you may attend. it you feel that your cwments have not received a fair hearing you should make your
views known to the ASTM Committee on Standards. 1916 Race St.. Philadelphia, PA 19703.
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RECOMMENDED.PRACTICE FOR
PETROGRAPHIC EXAMINATION OF ROCK CORES

1. Scope

1.1 This recommended practice outlines procedures for the petrographic

examination of rock cores whose engineering properties can be determined by

selected tests. The specific procedures employed in the petrographic examina-

tion of any sample will depend to a large extent on the purpose of the

examination* and the nature of the sample. Complete petrographic examination

may require use of such procedures as light microscopy, X-ray diffraction

analysis, differential thermal analysis, infrared spectroscopy, or others; in

some instances, such procedures are more rapid and more definitive than are

microscopicalmethods. Petrographic examinations are made for the following

purposes:

(a) To determine the physical and chemical properties of a material,

by petrographic methods, that have a bearing on the quality of the material

for its intended use.

(b) To describe and classify the constituents of the sample.

(Note 1)

(c) To determine the relative amounts of the constituents of the

sample, which is essential for proper evaluation of the sample, when the

constituents differ significantly in properties that have a bearing on the

quality of the material for its intended use.

NOTE 1--It is recommended that the rock and mineral names in "Descriptive

Nomenclature of Constituents of Natural Mineral Aggregates" (ASTM Designation:

C 294) be used insofar as they are appropriate in reports prepared according

to this recommended practice.

"The practices described herein are applicable to the examination of rock
cores from rock used as foundation or other similar purposes. However, if
the cores are from rock proposed to-be quarried for use as concrete
aggregate or erosion control, reference should be made to ASTM C 295 or

O D 4992, respectively.
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1.2 Detection of structural features and identification of the

constituents of a sample are usually necessary steps toward recognition of the

properties that may be expected to influence the behavior of the material in

its intended use. However, the value of any petrographic examination will

depend to a large extent on the representativeness of the samples examined,

the completeness and accuracy of the information provided to the petrographer

concerning the source and proposed use of the material, and the petrographer's

ability to correlate these data with the findings of the examination.

1.3 This recommended practice does not attempt to outline the techniques

of petrographic work since it is assumed that the method will be used by per-

sons who are qualified by education and/or experience to employ such tech-

niques for the recognition of the characteristic properties of rocks and

minerals and to describe and classify the constituents of a sample. It is

intended to outline the extent to which such techniques should be used, the

selection of properties that should be looked for, and the manner in which

such techniques may best be employed in the examination. These objectives

will have been attained if engineers responsible for the application of the

results of petrographic examinations have reasonable assurance that such

results, wherever and whenever obtained, may confidently be compared.

2. Sampling and Examination Procedure

2.1 The purpose in specifying a sampling procedure is to ensure the

selection of an adequate group of test specimens from each mechanically dif-

ferent rock type that forms an essential part of the core or cores that will

be tested. The sampling procedure should also be guided by the project objec-

tives and directed at obtaining the properties of the rock that eventually

will comprise the roof, side walls, foundation, or other specific parts of the

project structure. Samples for petrographic examination should be taken by or

under the direct supervision of a geologist familiar with the requirements of

the project. The exact location from which the sample was taken, the geology

of the site, and other pertinent data should be submitted with the sample.

The amount of material actually studied in the petrographic examination will

be determined by the nature of the material to be examined. Areas to be stud-

ied should be sampled by means of cores drilled through the entire depth

2
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required for project investigation. Drilling of such cores should be in a

direction that is essentially normal to the dominant structural feature of the

rock. Massive material may be sampled by "NX"(2-1/8-in.-diam) (54-mm-diam)

cores. Thinly bedded or complex material should be represented by cores not

less than 4 in. (100 mm) in diameter, preferably 6 in. (150 mm). There should

be an adequate number of cores to cover the limits of the rock mass under

consideration.

2.2 The following is considered a preferable but not a mandatory proce-

dure. A petrographer should inspect all of the rock core before any tests are

made. Each core should be logged to show footage of core recovered, core

loss, and location; location and spacing of fractures and parting planes;

lithologic type or types; alternation of types; physical conditions and varia-

tions in conditions; toughness, hardness, coherence; obvious porosity; grain

size, texture, variations in grain size and texture; type or types of break-

age. If the surface of the core being examined is wetted, it is usually

S easier to recognize significant features and changes in lithology. Most of

the information usually required can be obtained by careful visual examina-

tion, scratch and acid tests, and hitting the core with a hammer. A prelimi-

nary analysis of the test results may indicate that the results from one or

another of the subdivisions are not significantly different and the groups may

be combined. On the other hand, the analysis may disclose significant

differences within a given group of specimens and a further subdivision may be

required. Most rock is anisotropic and, if the core stock and sample proce-

dure permit, a group of specimens should be obtained from the three mutually

perpendicular directions. Usually these directions are oriented with respect

to some petrographic property of the rocks such as bedding, schistosity,

cleavage, or fabric. In bedded rock the greatest difference in properties

occurs in specimens taken perpendicular and parallel to the bedding, and gen-

erally this type of rock is sampled only in these two directions. The petro-

graphic examination may disclose mineral components that are soluble or that

expand or soften in water, as for example, bentonites or other clays. The

intent of this inspection is to provide a basis for the selection of samples. for engineering tests. This basis will he rock types, amounts of rock types,

3
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differences within a rock type, etc. At this point, the petrographer, in

conjunction with the project leader, should select the sections of core(s)

that will be subjected to engineering tests. The detailed petrographic exami-

nation will usually be made on unused portions of some or all of the test

pieces so that the petrographic data can be matched to the engineering data.

This matching should mean that, in addition to petrographic characterization,

the petrographic data should serve as a basis for understanding the physical

test data within and between sample groups.

3. Apparatus and Supplies

3.1 The apparatus and supplies listed in the following subparagraphs (a)

and (b) comprise a recommended selection which will permit the use of all of

the procedures described in this recommended practice. All specific items

have been used in connection with the performance of petrographic examinations

by the procedures described herein; it is not, however, intended to imply that

other items cannot be substituted to serve similar functions. Whenever possi-

ble the selection of particular apparatus and supplies should be left to the

judgment of the petrographer who is to perform the work so that items obtained

will be those with which he has the greatest experience and familiarity. The

minimum equipment regarded as essential to the making of petrographic examina-

tions are those items, or equivalent apparatus or supplies that will serve the

same purpose, that are indicated by asterisks in the lists in subpara-

graphs (a) and (b).

(a) Apparatus and Supplies for Preparation of Specimens:

(1) Rock-Cutting Saw,* preferably with a 20-in. (508-mm) diame-

ter blade or larger.

(2) Horizontal Grinding Wheel,* preferably 16 in. (400 mm) in

diameter.

(3) Polishing Wheel, preferably 8 to 12 in. (200 to 300 mm) in

diameter.

(4) Abrasives:* silicon carbide grit Nos. 100. 220, 320, 600,

and 800; optical finishing alunina.

(5) Geologist's pick or hammer.

4
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(6) Microscope Slides,* clear, noncorrosive, 25 by 45 mm in

size.

(7) Canada Balsam,* neutral in xylene or other material to

cement cover slips.

(8) Xylene.*

(9) Mounting Medium,* suitable for mounting rock slices for

thin sections.

(10) Laboratory Oven.*

(11) Plate-Glass Squares,* about 12 in. (300 mm) on an edge for

thin-section grinding.

(12) Micro Cover Glasses,* No. 1 noncorrosive, square, 12 to

12 mm, 25 mm, etc.

(13) Plattner mortar.

(b) Apparatus and Supplies for Examination of Specimens:

(1) Polarizing Microscope* with mechanical stage; low-,

O medium-, and high-power objectives, and objective centering devices; eyepieces

of various powers; full- and quarter-wave compensators; quartz wedge.

(2) Microscope Lamps* (preferably including a sodium arc lamp).

(3) Stereoscopic Microscope* with objectives and oculars to

give final magnifications from about 7X to about 140X.

(4) Magnet,* preferably Alnico, or an electromagnet.

(5) Needleholder and Points.*

(6) Dropping Bottles, 60-ml capacity.

(7) Forceps, smooth straight-pointed.

(8) Lens Paper.*

(9) Immersion Media,* n - 1.410 to n - 1.785 in steps of 0.005.

(Note 2)

(10) Counter.

(11) Photomicrographic Camera and accessories. (Note 3)

(12) X-ray diffractometer.

(13) Differential thermal analysis system.

(14) Infrared absorption spectrometel

0
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NOTE 2--It is necessary that facilities be available to the

petrographer to check the index of refraction of the immersion media. If

accurate identification of materials is to be attempted, as for example the

differentiation of quartz and chalcedony or the differentiation of basic from

intermediate volcanic glass, the indices of refraction of the media need to be

known with precision. Media will not be stable for very long periods of time

and are subject to considerable variation due to temperature change. In

laboratories not provided with close temperature control, it is often

necessary to recalibrate immersion media several times during the course of a

single day when accurate identifications are required. The equipment needed

for checking immersion media consists of an Abbe Refractometer. The

refractometer should be equipped with compensating prisms to read indices for

sodium light from white light, or it should be used with a sodium arc lamp.

NOTE 3--It is believed that a laboratory that undertakes any

considerable amount of petrographic work should be provided with facilities to

make photomicrographic records of such features as cannot adequately be

described in words. Photomicrographs can be taken using standard microscope

lamps for illumination; however, it is recommended that whenever possible a

zirconium arc lamp be provided for this purpose. For illustrations of typical

apparatus, reference may be made to the paper by Mather and Mather.'

4. Report

4.1 First and foremost the report should be clear and useful to the engi-

neer for whom it is intended. It should identify samples, give their source

as appropriate, describe test procedures and equipment used as appropriate,

describe the samples, and list the petrographic findings. Tabulations of data

and photographs should be included as needed. Results that may bear on the

engineering test data and the potential performance of the material should be

clearly stated and their significance should be emphasized. It may also be

appropriate to mention past performance records of the same or similar mate-

'This recommended practice is modified from the "Method of Petrographic

Examination of Aggregates for Concrete," by Katharine Mather and Bryant

Mather. Proceedinps, American Society for Testing Materials, ASTM,

Vol 50, 1950, pp 1288-1312. -

6
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rials if such information is available. In general, the report should be an

objective statement. If any opinion is presented it should be clearly indi-

cated to be an opinion. Finally, the petrographic report should make recom

mendations if and as appropriate.

5. References

5.1 ASTM Standards

C 294 (RTH 116) Descriptive Nomenclature for Constituents of Natural

Mineral Aggregate

C 295 Guide for Petrographic Examination of Aggregates for Concrete

D 4992 Practice for Evaluation of Rock to be Used for Erosion
Control

0/
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PREPARATION OF TEST SPECIMENS

1. Scope

1.1 In order to obtain valid results from tests on brittle materials,

careful and precise specimen preparation is required. This method outlines

preparatory procedures recommended for normal rock mechanics test progress.

2. Collection and Storage

2.1 Test material is normally collected from the field in the form of

drilled cores. Field sampling procedures should be rational and systematic,

and the material should be marked to indicate its original position and orien-

tation relative to identifiable boundaries of the parent rock mass. Ideally,

samples should be moistureproofed immediately after collection either by wax-

ing, spraying, or packing in polyethylene bags or sheet. (Example: For mois-

tureproofing by waxing, the following procedure can be used for core that will

not fail apart in handling.

(a) Wrap core in a clear thin polyethylene such as CLAD WRAP or

SARAN WRAP,

(b) Wrap in cheese cloth,

(c) Coat wrapped core with a lukewarm wax mixture to an approximate

1/4-in. (6.4-mm) thickness. The wax should consist of a 1 to I mixture of

paraffin and microcrystalline wax, such as Sacony Vacuum Mobile Wax No. 2300

and 2305, Gulf Oil Corporation Petrowax A, and Humble Oil Company Microvan

.No. 1650.

Cores that could easily be broken by handling should be prepared using the

soil sampling technique described on pages 4-20 and 4-21 of EM 1110-2-1907,

31 March 19729.). They should be transported as a fragile material and pro-

tected from excessive changes in humidity and temperature. The identification

markings of all samples should be verified immediately upon their receipt at

the laboratory, and an inventory of the samples received should be maintained.

Samples should be examined and tested as soon as possible after receipt;

however, it is often necessary to store samples for several days or even weeks
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to complete a large testing program. Every care must be taken to protect

stored samples against damage. Core logs of samples should be available.

3. Avoidance of Contamination

3.1 The deformation and fracture properties of rock may be influenced by

air, water, and other fluids in contact with their internal (crack and pore)

surfaces. If these internal surfaces are contaminated by oils or other sub-

stances, their properties may be altered appreciably and give misleading test

results. Of course, a cutting fluid is required with many types of specimen

preparation equipment. Clean water is the preferred fluid. Even so, one must

be cognizant of the effect of moisture on the test specimens. While it may be

impossible to exactly duplicate the in situ conditions even if they were

known, a concerted effort should be made to simulate the environment from

which the samples came. Generally, there are three conditions to be

considered:

(a) Hard, dense rock and low porosity will not normally be affected

by moisture. This type of material is normally allowed to air-dry prior to

testing to bring all samples to an equilibrium condition. Drying at tempera-

tures above 120 °F (49 °C) is not recommended as excessive heat may cause an

irreversible change in rock properties.

(b) Some shales and rocks containing clay will disintegrate if

allowed to dry. Usually the disintegration of diamond drill cores can be

prevented by wrapping the cores as they are drilled in a moistureproof mate-

rial such as aluminum foil or chlorinated rubber, or sealing them in moisture-

proof containers.

(c) Mud shales and rock containing bentonites (e.g., tuff) may

soften if the moisture content is too high. Most of the softer rocks can be

cored or cut using compressed air to clear cuttings and to cool the bit or

saw.

It is imperative to determine very early in the test program the moisture

sensitivity of all types of material to be tested and to take steps to accom-

modate the requirements throughout the test life of the selected specimens.

2
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4. Selection

4.1 Under the most favorable circumstances, a laboratory determination of

the engineering properties of a small specimen gives an approximate guide to

the behavior of an extensive, nonhomogeneous geological formation under the

complex system of induced stresses. No other aspect of laboratory rock test-

ing is as important as the selection of test specimens to best represent those

features of a foundation which influence the analysis or design of a project.

Closest teamwork of the laboratory personnel and the project

engineer/geologist must be continued throughout the testing program-since, as

quantitative data become available, changes in the initial allocation of sam-

ples or the securing of additional samples may be necessary. Second in impor-

tance only to the selection of the most representative undisturbed material is

the preparation and handling of the test specimens to preserve in every way

possible the natural structure of the material. Indifferent handling of

undisturbed rock can result in erroneous test data.

5. Coring

5.1 Virtually all laboratory coring is done with thin-wall diamond rotary

bits, which may be detachable or integral to the core barrel. The usual size

range for laboratory core drills is from 6-in.-diam (152.4-mm) down to 1-in.

(25.4-mm) outside diameter. Typical sample diameters for uniaxial testing are

2.125 in. (54 mm). Drilling machines range from small quarry drills to modi-

fied machine shop drill presses. Almost any kind can be adapted for rock work

by fitting a water swivel, but a heavy, rigid machine is desirable in order to

assure consistent production of high quality core. The work block must be

clamped tightly to a strong base or .table so as to prevent any tilting, oscil-

lation, or other shifting. To avoid unnecessary unclamping and rearrangement

of the work block, it is desirable to have provision for traversing the drill

head or the work block. Traversing devices must lock securely to eliminate

any play between drill and work. The drill travel should be sufficient to

permit continuous runs of at least 10 to 12 in. (254 to 304.8 mm), without

need for stopping the machine. Optimum drilling speeds vary with bit size and

rock type, and to some extent with condition of the bit and the characteris-

O tics of the machine. The general trend is that drill speed increases as drill

3
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diameter decreases; also, higher drill speeds are sometimes used on softer

rocks. The broad range of drill speeds lies mainly between 200 and 2,000 rpm.

No hard-and-fast rules can be given, but an experienced operator can easily

choose a suitable speed by trial. Some core drills are hand-fed, but it is

desirable to have some provision for automatic feed. The ideal feed arrange-

ment is a constant-force hydraulic feed which can be set for each bit size and

rock type, but such machines are quite rare. Constant-force feed can be

improvised by means of a weight and pulley arrangement. On adapted metal-

working drill presses, the automatic feed rate for a given drill size and rock

type can be determined; however, since there is a danger of damaging the

machine or the core barrel if too high a feed rate is used, an electrical

overload breaker should be provided.

6. Sawing

6.1 For heavy sawing, a slabbing saw is adequate for most purposes. For

exact sawing, a precision cutoff machine, with a diamond abrasive wheel about

10 in. (254 mm) in diameter, and a table with two-way screw traversing and

provision for rotation are recommended. The speed of the wheel is usually

fixed, but the feed rate of the wheel through the work can be controlled.

Clean water, either direct from house supply or recirculated through a

settling tank, is the standard cutting and cooling fluid. For crosscutting,

core should be clamped in a vee-block slotted to permit passage of the wheel.

By supporting the core on both sides of the cut, the problem of spalling and

lip formation at the end of the cut is largely avoided. Saw cuts should be

relatively smooth and perpendicular to the core axis in order to minimize the

grinding or lapping needed to produce end conditions required for the various

tests.

7. End Preparation

7.1 Due to the rather large degree of flatness required on bearing sur-

faces for many tests, end grinding or lapping is required. Conventional

surface grinders provided the most practical means of preparing flat surfaces,

especially on core samples with diameters greater than approximately 2 in.

(50.8 mm). Procedures are essentially comparable to metal working. Quite

often a special jig is constructed to hold one or more specimens in the

4
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grinding operation. The lathe can also be used for end-grindinv P ylindý:ical

samples. A sample is held directly-in the chuck, rotated at ou Lo 300 rpm,

and the grinding wheel, its axis inclined some 15 deg (0.26 radian) to the

sample axis, is passed across end of the sample with rotating at 6,030 to

8,000 rpm. The "bite" ranges from about 0.003 in. (0.0762-mm) maximum to less

than 0.001 in. (0.0254 mm) for finishing, and the grinding wheel is passed

across the sample at about 0.5 in. (12.7 mm) per minute. For core diameters

of 2-1/8 in. (54 mm) or less, a lap can be used for grinding flat end surfaces

on specimens, although producing a sufficiently flat surface by this method is

an art. To end-grind on the lap, a cylindrical specimen is placed in a steel-

carrying tube which is machined to accept core with a clearance of about

0.002 in. (0.0508 mm). At the lower end of this tube is a steel collar which

rests on the lapping wheel. The method requires use of grinding compounds

and, hence, is not recommended where other methods are available.

8. Specimen Check

8.1 In general terms, test specimens should be straight, their diameter

should be constant, and the ends should be flat, parallel, and normal to the

long axis. Sample dimensions should be checked during machining with a

micrometer or vernier caliper; final dimensions are normally measured with a

micrometer and reported to the nearest 0.01 in. (0.254 mm). Tolerances are

best checked on a comparator fitted with a dial micrometer reading to

0.0001 in. (0.00254 mm). There is a technique for revealing the roughness and

planes qualitatively. Impressions are made by sandwiching a sheet of carbon

paper and a sheet of white paper between the sample end and a smooth surface.

The upper end of the sample is given a light blow with a rubber or plastic

hammer, and an imprint is formed on the white paper. Areas where no impres-

sions are made indicate dished or uneven surfaces. The importance of proper

specimen preparation cannot be overemphasized. Specimens should not be tested

which do not meet the dimensional tolerances specified in the respective test

methods.

9. References

9.1 Department of the Army, Office, Chief of Engineers, "Soil Sampling,". EM 1110-2-1907, Washington, D.C., 1972.
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STATISTICAL CONSIDERATIONS

1. Scope

1.1 The purpose of this recommended practice is to outline some general

statistical concepts which may be applied to small sample sizes typical of

rock test data. It is not the intent to deal with accuracy or precision con-

siderations, but rather to assess the results from the assumed point that the

test has been conducted as specified in the respective test methods.

2. Variation and Sample Size

2.1 Most physical tests involve tabulation of a series of readings, with

computation of an average said to be representative of the whole. The ques-

tion arises as to how representative this average is as the measure of the

characteristic under test. Three important factors introduce uncertainties in

the result:

(a) Instrument and procedural errors.

(b) Variations in the sample being tested.

(c) Variations between the sample and the other samples that might

have been drawn from the some source.

If a number of identical specimens were available for tests, or if the tests

were nondestructive and could be repeated a number of times on the same speci-

mens, determination of the procedural and instrument errors would be compara-

tively simple, because in such a test the sample variation would be zero.

Periodic tests on this specimen or group of specimens could be used to check

the performance of the test procedure and equipment. However, as most of the

tests used in determining the mechanical properties of rock are destructive,

the instrument and sample variations cannot be separated. Nevertheless, we

may apply some elementary statistical concepts and still have confidence in

the test results. Of course, the more test data available the more reliable

the results. Due to the expense of testing occasionally the shortage of test

specimens, rock test data almost always require treatment as groups of smnall

samples. As a general rule at least 10 tests are recommended for any one

condition of each individual test with an absolute minimum of 5.01
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3. Measures of Central Tendency and Deviation

3.1 The most commonly used measure of the central tendency of a sample

of n specimens is the arithmetic mean or average, x . The standard devia-

tion, s , is a measure of the sample variability. It is calculated as

follows:

n-1

where xi's are the individual observations. Most calculators have a built-in

program that calculates standard deviation. Some have two programs, one that

calculates s based on n-l degrees of freedom and one that calculates s

based on n degrees of freedom. The one that uses n-i degrees of freedom

is correct for most applications.

4. The Normal Distribution

4.1 A series of tests for any one property will, of course, have some

variation in the individual determinations. The distribution of these bits of

data quite often follows a pattern of normal distributions, i.e., a large

portion of the data bits will be closely grouped to the mean on either side

with progressively fewer bits distributed farther from the mean. The normal

distribution is usually portrayed graphically as shown below.

S S

-4 -3 -2 -1 0 I 2 3 4
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Methods are available to check the normality of the distribution and to deal

with those which are not normal (skewed). 7
.- 7 3 Use of many statistical tech-

niques requires the assumption that the data be normally distributed, but mild

cases of skewness do not normally cause severe errors and can be ignored. A

more important assumption is that the samples be taken at random from the

population, as discussed in paragraph 5.

5. Sampling

5.1 It is extremely important that samples from a parent population be

taken at random. Probably the most frequent cause of incorrect conclusions

being drawn about a population from a sample is non-random sampling. Some-

times it is impossible to draw random samples because of physical or cost

limitations on a project. When this happens, interpretations of results

should be made with caution.

5.2 A study of sampling distributions of statistics for small samples

(n < 30) is called small sampling theory. Statistical tables are available

O for use with the proper relationship to develop confidence in test data. 7 "1

For small samples the confidence limits for a mean are given by:

s

x, n , and s are determined as given in paragraph 3.1. t, is from and

depends on the level of confidence desired and the sample size. Values of

tc for 90, 95, and 99 percent confidence limits are given below for n from

3 to 12.

tc, X

n DF* 90 95 99

3 2 2.92 4.30 9.92
4 3 2.35 3.18 5.84
5 4 2.13 2.78 4.60
6 5 2.02 2.57 4.03
7 6 1.94 2.45 3.71
8 7 1.90 2.36 3.50
9 8 1.86 2.31 3.36
1 9 1.83 2.26 3.25
11 10 1.81 2.23 3.17
12 11 1.80 2.20 3.11

Degrees of freedom

3
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Using this calculation and given an estimate of the standard deviation of a

population, one can estimate the number of samples needed to get a desired

level of confidence on the mean. See paragraph 7.2 for an example.

6. Dealing with Outliers

6.1 An outlying observation or "outlier" is one that appears to deviate

markedly from other members of the sample in which it occurs. Outliers may be

merely unusual examples of the population extremes or they may actually be

samples taken accidentally from another population. In the former case, the

observations should not be deleted from the sample, whereas in the latter case

they should be deleted. It is often difficult to know which applies. When

some assignable cause is known, for example when one rock specimen is allowed

to dry out prior to strength testing and all others are wet, then the dry

specimen is reasonably considered to belong to a different population and

should be discarded. In the absence of an assignable cause, outliers should

not be discarded without first examining the observation in light of an objec-

tive procedure. This is particularly critical with small samples. For exam-

ple, it is quite common when samples of 3 are taken that two observations fall

quite close together and the third to be somewhat away. Without substantial

experience or an objective method, intuition often misleads one into discard-

ing the outlier. Many test methods provide guidance on handling outliers.

ASTM E 1787.5 provides a general technique for handling outliers.

7. Examples

7.1 For the purposes of illustrating a confidence limit calculation,

assume there is a normal distribution of compressive strength data 7 4 for a

particular rock type yielding the following individual specimen strengths,

taken at random: 18,000; 18,700; 19,200; 19,600; 20,000; 20,100; 20,500;

20,800; 21,100; and 22,000 psi. Find the 95 percent confidence limits for the

mean strength.

By computation:

n = 10

4
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x = 20,000 psi

s = 1183

95% confidence limits = x ± t95 (s/fn-i-1); thus

x ± 2.26 (1l83/1----) =

20,000 ± 2.26 (420) = 20,000 ± 891 psi

Thus, we can be 95 percent confident that the true mean lies between 19,109

and 20,891.

7.2 As an example of the use of confidence limit calculation to estimate

sample sizes, consider the population described in paragraph 7.1. Suppose the

objective of a sample was to estimate the mean strength of that population

O with a confidence limit on that mean of ±1,000 psi. Then confidence limit

could be calculated for a range of sample sizes, as follows:

95%
Sample Confidence
Size Interval

4 1636 psi

5 1238 psi

6 1024 psi

7 891 psi

By inspection, a sample size of about 6 should be suitable to achieve the

desired confidence limit.

8. References

8.1 Spiegel, M. R., Theory and Problems of Statistics, Schaun's Outline

Series, McGraw-Hill Company, New York, 1961.

8.2 Volk, William, Applied Statistics for Engineers, McGraw-Hill Company,

New York, 1958.
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8.3 Obert, Leonard and Duvall, W. I., Rock Mechanics and the Design of

Structures in Rock, John Wiley and Sons, Inc., New York, 1967.

8.4 "Engineering Geology; Special Issue, Uniaxial Testing in Rock

Mechanics Laboratories," Elsevier Publishing Company, Amsterdam, Vol 4, No. 3,

July 1970.

8.5 ASTM E 178. "Standard Practice for Dealing with Outlying Observa-

tions," Annual Book of ASTM Standards, Vol 14.02, ASTM, Philadelphia, PA.
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METHOD FOR DETERMINATION OF

REBOUND NUMBER OF ROCK

1. Scope

1.1 This method provides instructions for the determination of a

rebound number of rock using a spring-driven steel hammer (Fig. 1).

I Impact plunger 11
3 Housing compl.
4 RidOr with guide rod 21
S Scale (starting with serial 20

Me. 230 printed on window 23 3
No. 19) 22

6 Pushbutton compL.
7 Hammer guide bar
I Disk
9 cap

10 Two-part ring
11 Inear cover
12 Compression spring
13 Pawl
14 Hammer ma.s 4,<
15 Retaining spting 5•

16 Impact spring 19-
17 Guide sloeve
1i Feft washer
19 Plexiglass window 3

20 Trip screw 14
V Lock nut
IN Pin
23 Pewl spring

Fig. 1. Spring-driven steel hammer.
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2. Significance

2.1 The rebound number determined by this method may be used to

assess the uniformity of rock in situ, or on cored samples to indicate

hardness characteristics of the rock.

3. Apparatus

3.1 Rebound Hammer - The rebound hammer consists of a spring-loaded

steel hammier which when released strikes a steel plunger which is in

contact with the test surface. The spring-loaded hammer must travel

with a fixed and reproducible velocity. The rebound distance of the

steel hammer from the steel plunger is measured by means of a linear

scale attached to the frame of the instrument (Note 1).

NOTE I-Several types and sizes of rebound hammers are commercially

available. Hammers with an energy impact of 0.075 m-kg (0.542 ft-lb)

have been found satisfactory for rock testing.

3.2 Abrasive Stone - An abrasive stone consisting of medium grain

texture silicon carbide or equivalent material shall be provided.

4. Test Area

4.1 Selection of Test Surface - Surfaces to be tested shall be at

least 2 in. (50 mm) thick and fixed within a stratum. Specimens should

be rigidly supported. Some companies market a "rock cradle" for this

purpose. Areas exhibiting scaling, rough texture, or high porosity

should be avoided. Dry rocks give higher rebound numbers than wet.

4.2 Preparation of Test Surface - Heavily textured soft surfaces or

surfaces with loose particles shall be ground smooth with the abrasive

stone described in Section 3.2. Smooth surfaces shall be tested without

grinding. The effects of drying and carbonation can be minimized by

thoroughly wetting the surfaces for 24 hours prior to testing.

4.3 Factors Affecting Test Results - Other factors related to test

circumstances may affect the results of the test:

2
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(a) Rock at 32 0 F (0°C) or less may exhibit very high rebound

values. Rock should be tested only after it has thawed.

(b) The temperature of the rebound hammer itself may affect

the rebound number (Note 2).

NOTE 2-Rebound hammers at O°F (-18°C) may produce rebound

numbers reduced by as much as 2 or 3 units.

(c) For readings to be compared, the direction of impact--

horizontal, downward, upward, etc.--must be the same.

(d) Different hammers of the same nominal design may give

rebound numbers differing by 1 to 3 units, and therefore, to be compared,

tests should be made with a single hammer. If more than one hammer is

to be used, a sufficient number of tests must be made on typical rock

surfaces to determine the magnitude of the differences to be expected.

(Note 3)

NOTE 3-Rebound hammers require periodic servicing and veri-

fication annually for hammers in heavy use, biennially for hammers in

less frequent use, and whenever there is reason to question their proper

operation. Metal anvils are available for verification and are recom-

mended. However, verification on an anvil will not guarantee that

different hammers will yield the same results at other points on the

rebound scale. Some users compare several hammers on surfaces

encompassing the usual range of rebound values encountered in the field.

5. Test Procedure

5.1 The instrument shall be firmly held in a position which allows

the plunger to strike perpendicular to the surface tested. The pressure

on the plunger shall be gradually increased until the hammer impacts.

After impact, the rebound number should be recorded to two significant

figures. Ten readings shall be taken from each test area with no two

impact tests being closer together than 1 in. (25.4 mm). Examine the

impression made on the surface after impact and disregard the reading

If the impact crushes or breaks through the surface.

3
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6. Calculation

6.1 Readings differing from the average of 10 readings by more than

7 units are to be discarded and the average of the remaining readings

determined. If more than 2 readings differ from the average by 7 units,

the entire set of readings should be discarded.

7. Precision

7.1 The single-specimen-cperator-machine-day precision is 2.5 units

(1S) as defined in AS714 Recommended Practice E 177, "Use of the Terms

Precision and Accuracy as Applied to Measurement of a Property of a

Material."

8. Use and Interpretation of Rebound Hammer Results

8.1 Optimally, rebound numbers may be correlated with core testing

information. There is a relationship between rebound number and

strength and deformation and the relationship is normally provided by

the rebound hammer manufacturer.

9. Report

9.1 The report should include the following information for each

test area:

9.1.1 Rock identification.

9.1.2 Location of rock stratum.

9.1.3 Description and composition of rock if ýnown.

9.1.4 Average rebound number for each test area or specimen.

9.1.5 Approximate angular direction of rebound hammer impact, with

horizontal being considered 0, vertically upward being +90 deg (1.57

radians), and vertically downward being -90 deg (1.57 radians).

9.1.6 Hammer type and serial number.
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METHOD FOR DETERMINATION OF THE
WATER CONTENT OF A ROCK SAMPLE

1. Scope

1.1 This test method covers the determination of the percentage of evapo-

rable water in the pores of a rock sample as a percentage of the ovendry sam-

ple mass.

2. Apparatus

(a) An oven capable of maintaining a temperature of 110 ± 5 °C for a

period of at least 24 hr.

(b) A sample container of noncorrodible material, including an airtight

lid.

(c) A desiccator to hold sample containers during cooling.

(d) A balance of adequate capacity, capable of weighing to an accuracy of

0.01 percent of the sample mass.

. 3. Procedure

(a) The container and lid is cleaned, dried, and its mass determined.

(b) A representative sample is selected, preferably comprising at least

ten rock lumps each having a mass of at least 50 g to give a total sample mass

of at least 500 g. For in situ water content determination, sampling, stor-

age, and handling precautions should retain water content to within I percent

of its in situ value.

(c) The sample is placed in the container, the lid replaced, and the mass

of the sample plus container is determined.

(d) The lid is removed and the sample dried to constant mass. Constant

mass is achieved when the mass loss is less than 0.1 percent of the sample

mass in 4 hr of drying.

(e) The lid is replaced and the sample allowed to cool in the desiccator

for 30 minutes. The mass of sample plus container is determined.

01
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4. Calculation

Water content w = pore water weight . 100% = YZ . 100%
grain weight Z-X

4.1 Calculate the water content of the rock sample as follows:

w = (100)

where

W - water content, percent

Y - original sample mass, g

Z - dried sample mass, g, and

X - sample container and lid mass, g

5. Reporting of Results

5.1 The water content should be reported to the nearest 0.1 percent stat-

ing whether this corresponds to in situ water content, in which case precau-

tions taken to retain water during sampling and storage should be specified.

2
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Standard Test Method for
Specific Gravity and Absorption of Coarse Aggregate1

This standard is issued under the fixed designation C 127; the number immediately following the designation indicates the year of
original adoption or. in the case of revision. the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (e) indicates an editorial change since the last revision or reapproval.

This test method has been approved for use by agencies ofthe Departmren of Defense. Consltd the DoD Index of Specifications and
Standards for the specoic year ofissue which has been adopted by the Department of Defense.

1. Scope E 12 Definitions of Terms Relating to Density and Spe-
1.1 This test method covers the determination of specific cific Gravity of Solids, Liquids, and Gases'

gravity and absorption of coarse aggregate. The specific 2.2 AASHTO Standard:
gravity may be expressed as bulk specific gravity, bulk AASHTO No. T 85 Specific Gravity and Absorption of
specific gravity (SSD) (saturated-surface-dry), or apparent Coarse Aggregate 6

specific gravity. The bulk specific gravity (SSD) and absorp- 3 T
tion are based on aggregate after 24 h soaking in water. This erminology
test method is not intended to be used with lightweight 3.1 Definitions:
aggregates. 3. 1.1 absorption-the increase in the weight of aggregate

1.2 The values stated in SI units are to be regarded as the due to water in the pores of the material, but not including
standard. water adhering to the outside surface of the particles,

1.3 This standard may involve hazardous materials. oper- expressed as a percentage of the dry weight. The aggregate is
ations, and equipment. This standard does not purport to considered "dry" when it has been maintained at a temper-
address all of the sqfety problems associated with its use. It is ature of 110 * 5C for sufficient time to remove all
the responsibility of the user of this standard to establish uncombined water.
appropriate safety and health practices and determine the 3.1.2 specific gravity-the ratio of the mass (or weight in
applicability of regulatory limitations prior to use. air) of a unit volume of a material to the mass of the same

volume of water at stated temperatures. Values are dimen-
sionless.

2. Referenced Documents 3.1.2.1 apparent specific gravity-the ratio of the weight

2.1 AS7M Standards: in air of a unit volume of the impermeable portion of
C 29 Test Method for Unit Weight and Voids in aggregate at a stated temperature to the weight in air of an

Aggregate2 equal volume of gas-free distilled water at a stated tempera-
C 125 Definitions of Terms Relating to Concrete and ture.

Concrete Aggregates 2  3.1.2.2 bulk specific gravity-the ratio of the weight in air
C 128 Test Method for Specific Gravity and Absorption of of a unit volume of aggregate (including the permeable and

Frne Aggregate2  impermeable voids in the particles, but not including the
C 136 Method for Sieve Analysis of Fine and Coarse voids between particles) at a stated temperature to the weight

Aggregates2 in air of an equal volume of gas-free distilled water at a stated
C 566 Test Method for Total Moisture Content of Aggre- temperature.

gate by Drying3  3.1.2.3 bulk specific gravity (SSD)-the ratio of the weight
C 670 Practice for Preparing Precision Statements for Test in air of a unit volume of aggregate, including the weight of

Methods for Construction Materials 2  water within the voids filled to the extent achieved by
C 702 Practice for Reducing Field Samples of Aggregate to submerging in water for approximately 24 h (but not

Testing Sizel including the voids between particles) at a stated tempera-
D 75 Practice for Sampling Aggregates2  ture, compared to the weight in air of an equal volume of
D 448 Classification for Sizes of Aggregate for Road and gas-free distilled water at a stated temperature.

Bridge Construction 2  NoTE I-The terminology for specific gravity is based on terms in
E 11 Specification for Wire-Cloth Sieves for Testing Definitions E 12, and that for absorption is based on that term in

Purposes 4  Terminology C 125.

4. Summary of Test Method
fThis test method is under the jurisdiction of ASTM Committee C-9 on 4.1 A sample of aggregate is immersed in water for

ConcreteandConcreteAggregatesandisthedirectresponsibilityof Subcommirtee approximately 24 h to essentially fill the pores. It is then
C09.03.05 on MethodsofTestingand Specifications for Physical Charaweristics of removed from the water, the water dried from the surface of. Concrete Agg•regates.

Curt-nt edition atpproved Oct. 31. 1988. Published Dtcember 1988 Originally
published as C 127 - 36 T. Last previous edition C 127 - 84.

'Annual Book of ASTM Standards, Vols 04.02 and 04.03. Annual Book of ASTM Standards, Vols 04.02, 15.05ý
S Annual Book of ASTM Standards, Vol 04.02. 'Available from American Association of State Highway and Transporunton
'Annual Book ofASTM Standards, Vol 14.02. Officials 444 North Caprtol St NW. Suite 225. Washington, DC 20001
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S C 127

the particles, and weighed. Subsequently the sample is 6.2 Samph, Conlainer-A wire basket of 3.35 mm (No. 6)
weighed while submerged in water. Finally the sample is or finer mesh. or a bucket of approximately equal breadth
oven-dried and weighed a third time. Using the weights thus and height, with a capacity of 4 to 7 L for 37.5-mm (I /2-in.)
obtained and formulas in this test method, it is possible to nominal maximum size aggregate or smaller, and a larger
calculate three types of specific gravity and absorptibn. container as needed for testing larger maximum size aggre-

gate. The container shall be constructed so as to prevent
5. Significance and Use trapping air when the container is submerged.

6.3 Water Tank-A watertight tank into which the
5.1 Bulk specific gravity is the characteristic generally sample container may be placed while suspended below the

used for calculation of the volume occupied by the aggregate balance.
in various mixtures containing aggregate, including portland 6.4 Sieves-A 4.75-mm (No. 4) sieve or other sizes as
cement concrete, bituminous concrete, and other mixtures needed (see 7.2, 7.3. and 7.4), conforming to Specification
that are proportioned or analyzed on an absolute volume E 11.
basis. Bulk specific gravity is also used in the computation of
voids in aggregate in Test Method C 29. Bulk specific gravity 7. Sampling
(SSD) is used if the aggregate is wet, that is, if its absorption 7.1 Sample the aggregate in accordance with Practice
has been satisfied. Conversely, the bulk specific gravity D 75.
(oven-dry) is used for computations when the aggregate is 7.2 Thoroughly mix the sample of aggregate and reduce itdry or assumed to be dry. 72Toogl i h apeo grgt n euei

5.2 Apparent specific gravity pertains to the relative to the approximate quantity needed using the applicable
density of the solid material making up the constituent procedures in Methods C 702. Reject all-material passing a

desia it the pstilest 4.75-mm (No. 4) sieve by dry sieving and thoroughly
particles not including the pore space within the particles washing to remove dust or other coatings from the surface. If
which is accessible to water. the coarse aggregate contains a substantial quantity of

5.3 Absorption values are used to calculate the change in material finer than the 4.75-mm sieve (such as for Size No. 8
the weight of an aggregate due to water absorbed in the pore and 9 aggregates in Classification D 448), use the 2.36-mm
spaces within the constituent particles, compared to the dry (Nd 9 sieve in plassification D 448svuseAlten2.36-lm
condition, when it is deemed that the aggregate has been in (No. 8) sieve in place of the 4.75-mm sieve. Alternatively,
contact with water long enough to satis1y most of the separate the material finer than the 4.75-mm sieve and test
absorption potentiaL The laboratory standard for absorption the finer material according to Test Method C 128.
is that obtained after submerging dry aggregate for approxi- 7.3 The minimum weight of test sample to be used is

mately 24 h in water. Aggregates mined from below the given below. In many instances it may be desirable to test a

water table may have a higher absorption, when used, if not coarse aggregate in several separate size fractions; and if the

allowed to dry. Convesely, some aggregates when used may sample contains more than 15 % retained on the 37.5-mm

contain an amount of absorbed moisture less than the 24-h (1½V-in.) sieve, test the material larger than 37.5 mm in one

soaked condition. For an aggregate that has been in contact or more size fractions separately from the smaller size

with water and that has free moisture on the particle fractions. When an aggregate is tested in separate size

surfaces, the percentage of free moisture can be determined fractions, the minimum weight of test sample for each
by deducting the absorption from the total moisture content fraction shall be the difference between the weights pre-determined by Test Method C 566. scribed for the maximum and minimum sizes of the fraction.

5.4 The general procedures described in this test method Nominal Maximum Size. Minimum Weight of Test

are suitable for determining the absorption of aggregates that mm (in.) Sample, kg 0b)

have had conditioning other than the 24-h soak, such as 12.5 ('/2) or lm 2(4.4)
19.0 (V4) 3 (6.6)

boiling water or vacuum saturation. The values obtained for 25.0(i) 4(8.8)
absorption by other test methods will be different than the 37.5 (I1h) 5(11)
values obtained by the prescbed 24-h soak, as will the bulk 50(2) 80(8)

63 (21b) 12(26)specific gravity (SSD). 75(3) 1t(40)
5.5 The pores in lightweight aggregates may or may not 90 (31/2) 25(55)

become essentially filled with water after immersion for 24 h. 100 (4) 40(88)
In fact, many such aggregates can remain immersed in water 112 (4,,6) 50(110)

125 (5) 75(165)
for several days without satisfying most of the aggregates' 150 (6) 125 (276)
absorption potential. Therefore, this test method is not 7.4 If the sample is tested in two or more size fractions,
intended for use with lightweight aggregate. determine the grading of the sample in accordance with

Method C 136, including the sieves used for separating the
6. Apparatus size fractions for the determinations in this method. In

6.1 Balance-A weighing device that is sensitive, read- calculating the percentage of material in each size fraction,
able, and accurate to 0.05 % of the sample weight at any ignore the quantity of material finer than the 4.75-mm (No.
point within the range used for this test, or 0.5 g, whichever 4) sieve (or 2.36-mm (No. 8' sieve when that sieve is used in
is greater. The balance shall be equipped with suitable accordance with 7.2).
apparatus for suspending the sample container in water from
the center of the weighing platform or pan of the weighing 8. Procedure
device. 8.1 Dry the test sample to constant weight at a tempera-



RTH 107-93

4D C 127
ture of 110 t 5"C (230 ± 9°F), cool in air at room 9.1.2 Bulk Specific Gravity (Saturated-Surface-Dry)-
temperature for I to 3 h for test samples of 37.5-mm Calculate the bulk specific gravity, 23/23C (73 4/73.4"F). on
(l1/a-in.) nominal maximum size, or longer for larger sizes the basis of weight of saturated-surface-dry aggregate as
until the aggregate has cooled to a temperature that is follows:
comfortable to handle (approximately 50"C). 'Subsequently Bulk sp gr (saturated-surface-dry) = BI(B - C)
immerse the aggregate in water at r3om temperature for aperiod of 24 ±+ 4 h. 9.1.3 Apparent Specific Gravity--Calculate the apparent

specific gravity, 23/23'C (73.4/73.4"F), as follows:
NOTE 2-When testing coarse aggregate of large nominal maximum = A/(A - Q

size requiring large test samples, it may be more convenient to perform Apparent sp gr
the test on two or more subsamples, and the values obtained combined 9.2 Average Specific Gravity Values-When the sample is
for the computations described in Section 9. tested in separate size fractions the average value for bulk

8.2 Where the absorption and specific gravity values are specific gravity, bulk specific gravity (SSD), or apparent
to be used in proportioning concrete mixtures in which the specific gravity can be computed as the weighted average of
aggregates will be in their naturally moist condition, the the values as computed in accordance with 9.1 using the
requirement for initial drying to constant weight may be following equation:
eliminated, and, if the surfaces of the particles in the sample G =
have been kept continuously wet until test, the 24-h soaking pP (sC Appendix Xi)
may also be eliminated. - + +...

100 G, 100 G2  100 G.
NomE 3-Values for absorption and bulk specific gravity (SSD) may

be significantly higher for aggregate not oven dried before soaking than where:
for the same aggregate treated in accordance with 8.1. This is especially G = average specific gravity. All forms of ex-
true of particles larger than 75 mm (3 in.) since the water may not be pression of specific gravity can be aver-
able to penetrate the pores to the center of the particle in the prescribed aged in this manner.
soaking period. GI, G2 ... G, = appropriate specific gravity values for each

8.3 Remove the test sample from the water and roll it in a size fraction depending on the type of
large absorbent cloth until all visible films of water are specific gravity being averaged.
removed. Wipe the larger particles individually. A moving PI, P2, ... P, - weight percentages of each size fraction
stream of air may be used to assist in the drying operation. present in the original sample.

*. Take care to avoid evaporation of water from aggregate pores
during the operation of surface-drying. Weigh the test sample NoTE 5-Some users of this test method may wish to express the
in the saturated surface-dry condition. Record this and all results in terms of density. Density may be determined by multiplying
subsequent weights to the nearest 0.5 g or 0.05 % of the the bulk specific gravity, bulk specific gravity (SSD), or apparent specific

amwhichever is greater, gravity by the weight of water (997.5 kgi/m3 or 0.9975 Mg/m3 or 62.27sample weight, wlb/ft 3 at 23C). Some authorities recommend using the density of water
8.4 After weighing, immediately place the saturated-sur- at 4C (1000 kg/m 3 or 1.000 Mg/m 3 or 62.43 lb/ft') as being sufficiently

face-dry test sample in the sample container and determine accurate. Results should be expressed to three significant figures. The
its weight :a water at 23 ± 1.7C (73.4 ± 3"F), having a density terminology correspcding to bulk specific gravity, bulk specific
density of 997 ± 2 kg/m 3. Take care to remove all entrapped gravity (SSD), and apparent specific gravity has not been standardized
air before weighing by shaking the container while im- 9.3 Absorption-Calculate the percentage of absorption,
mersed. as follows:

Non 4-The container should be immersed to a depth sufficient to Absorption, % = [(B - A)/A1 X 100
cover it and the test sample during weighing. Wire suspending the
container should be of the smallest practical size to minimize any . Average Absorption Value-When the sample is tested
possible effects of a variable immersed length. in separate size fractions, the average absorption value is the

average of the values as computed in 9.3, weighted in
8.5 Dry the test sample to constant weight at a tempera- proportion to the weight percentages of the size fractions in

ture of 110 ± 5C (230 :t 9"F), cool in air at room the original sample as folows:
temperature I to 3 h, or until the aggregate has cooled to a
temperature that is comfortable to handle (approximately A = (PA,/I00) +' ,A2100)+... (P .4,/100)
50"C), and weigh. where:

A = average absorption. %,
9. Calculations A). A 2 .... ., = absorption percentages for each size frac-

9,1 Specific Gravity. tion, and
9.1.1 Bulk Specific Gravity-Calculate the bulk specific ,2 , - weight percentages of each size fraction

gravity, 23/23"C ('/3.4/73.4"), as follows: present in the onginal sample.

Bulk sp gr - 41(B - 0)

where: 10. Report
A = weight of o'.cn-dry test sample in air, g, 10.1 Repoti 'pcit a'. It\ results ,to the nearest 00I.
B = weight of saturated-surface-dry test sample in air, g, and indicate the type of specific gravity. whether bulk, hulk

and (sat rated-surface-dry), or apparent.
C = weight of saturated test sample in water, g. 10.2 Report the absorption resuth to the ne(rest 0 I1
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10.3 If the specific gravity and absorption values were TABLE 1 Precision
determined without first drying the aggregate, as permitted in Stanxdd Deviation A,-epta~e Rarge ot
8.2. it shall be noted in the report. P(s)A Two Resuis (D2S), S

Bulk specific gravity (dry) 0.009 0025
Buk specific gravity (SS)) 0 007 0 020

11. Precision and Bias Apparent specft gravity 0007 0.020
Absorpbto,, % 0 088 025

11. 1 The estimates of precision of this test method listed Puttnaborator, Precision:
in Table I are based on results from the AASHTO Materials Bulk specific gravity (dry) 0.013 0 038
Reference Laboratory Reference Sample Program, with 8uk specrk gravity (S.St) 0.011 0032

Aparent spe-fic gravity 0.011 0.032
testing conducted by this test method and AASHTO Method A1,ý8. % 0.145 0.41
T 85. The significant difference between the methods is that A These numbers represent. respectve. the (1S) and (02S) ki*M as descibed
Test Method C 127 requires a saturation period of 24 ± 4 h, in Pradce C 670. The Precision estimates were oaed from "u oaiysis of
while Method T 85 requires a saturation period of 15 h comned ASWSO Materials Reference Laboratory reerence same "ata fm
minimum. This difference has been found to have an latxories usg 15 h minimum saturation Wms and ol laboraloues Uig 24-± 4 h saurtion tims. Tes*Vm was pefrte an nom•oih aggragaitim am
insignificant effect on the precision indices. The data are starat taen aggregates inteov-d.

based on the analyses of more than 100 paired test results 8 Presion est•mates ae based on aggregates with absorptins ot ss thai

from 40 to 100 laboratories. 2 %.
11.1 Bias-Since there is no accepted reference material

for determining the bias for the procedure in this test
method, no statement on bias is being made.

APPENDIXES

(Nonmandatory Information)

X1. DEVELOPMENT OF EQUATIONS

XI.I The derivation ofthe equation is apparent from the G - I
following simplified cases using two solids. Solid I has a W, ( i .. +._ ..
weight W, in grams and a volume V, in millilitres; its W, + W2  W,) W1 + W2 W2
specific gravity (GI) is therefore W,/V,. Solid 2 has a weight However, the weight fractions of the two solids are-.
W2 and volume V2, and G2 = W2/V7. If the two solids are
considered together, the specific gravity of the combination w 1/(w, + w 2) P/lO0 and W21(W1 + W2) =
is the total weight in grams divided by the total volume in and,
milfilitres G, = VI/W and I/G2 = V2/W2

G - (W, + W2) / (VI + V2) Therefore,
Manipulation of this equation yields the following: G = I/[(Pj1I00Xl/G) + (P2 /l00Xl/G 2)1

G - I I An example of the computation is given in Table X 1. 1.G=V,+V, = V __
I ~ ~ + 2W1"+W 2  V,+W 2  W1

TABLE X1.1 Example of Calculation of Average Values of
Specific Gravity and Absorption for a Coarse Aggregate

Tested In Separate Sizes
Sze Samre Weight Buk Specifi Abrt,,on,

Fatnmm.Or in Test, g Gravity (SSD)
sampie

4.75 to 12.5 44 22130 2.72 O04
(No. 4 to ½/2)

12.5 to 37.5 35 5462.5 2.56 25
('/ to 1 '/)

37.5 to 63 21 125930 254 30
:1.½ to 2½/)

Average Specifkc Gravity (SSD)

Gsw- 262
044 035 021

2 72 256 254

Average Absorption

A - (0.44) (0 4) + (0 35) (2 5) + (021 (3.0) - 1.7 %

4
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X2. INTERRELATIONSHIPS BETWEEN SPECIFIC GRAVITIES AND ABSORPTION AS DEFINED IN
TEST METHIODS C 127 AND C 128

X2.1 Let: S = (2a)
Sa = bulk specific gravity (dry basis). _+ /_A_1_
S, = bulk specific gravity (SSD basis), S, too -100
S. = apparent specific gravity, and
A = absorption in %.

X2.2 Then, , =(3 )
Sý =(I + Al )S () A 100 (4)1 sd (2 kSý(S - 0)(4

S",= -A = A 2)

Sd 100 100

The Amnrican Society tor Testing and Materials takes no position respecting the validity of any patent rights asserted in co•nrncfon
with any Rem mentioned in this standard. Users of this stw'dard are expressly advzise that determina•ion of the validity of any such
patent V*t. and the risk of k*rnement of such rgts. are entirety thei own responsbity.

This standard is subject to ravmsin st any time by the responsible technocal committee and must be reviewed every frye years and
if not revised, ether reapproved or withdrawn. Your comments are invied either for revision of this standard or for additional standards
and should be addressed to ASTM Headquartfers. Your comments wiol receive carefut consideration at a meeting of the responr, le
techndcal commttee, which you may attend if you teel mt your comments have not received a lair heating you should make your
views known to the ASTTM Committee on Standards. 1916 Race St., Philadelphia, PA 19103.
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Standard Test Method for
Specific Gravity and Absorption of Fine Aggregate1

This standard is issued under the fixed designation C 128; the number immediately following the designation indicates the year of
original adoption or, in the case o revisio. the year oflast revision. A number in parentheses indicates the year of last reapprovaL A

superscript epsilon (o) indicates an editorial change since the last revision or reapproval.

This standard has been approved *or use by agencies of die Department of Defense. Consult the DoD Index of Specifications and
Standadsfor the sped/ic year of sue W has been adopted by the Department of Defetse.

1. Scope E 12 Definitions of Terms Relating to Density and Spe-
1. 1 This test method covers the determination of bulk and cific Gravity of Solids, Liquids, and Gases5

apparent specific gravity, 23/2YC (73.4/73.4"F), and absorp- E 380 Metric Practice'
tion of fine aggregate. 2.2 AASHTO Standard:

1.2 This test method determines (after 24"h in water) the AASHTO No. T 84 Specific Gravity and Absorption of
bulk specific gravity and the apparent specific gravity as Fine Aggregates"
defined in Definitions E 12, the bulk specific gravity on the
basis of weight of saturated surface-dry aggregate, and the 3absorption as defined in Definitions C 125.3.SgfincadUs

3.1 Bulk specific gravity is the characteristic generally
NoTm I-The subcommittee is considering smvising Test Methods used for calculation of the volume occupied by the aggregate

C 127 and C 128 to use the term 'density" instead of'Specfic gravity" in various mixtures containing aggregate including portland
for coare and fine aggepte, respectively. cement concrete, bituminous concrete, and other mixtures

1.3 The values stated in S1 units are to be regarded as the that are proportioned or analyzed on an absolute volume
standard. basis. Bulk specific gravity is also used in the computation of

1.4 This standard may involve hazardous materials, oper- voids in aggregate in Test Method C 29 and the determina-
ations, and equipment. This standard does not purport to tion of moisture in aggregate by displacement in water in
address all of the safety problems associated with its use. Itis Test Method C70. Bulk specific gravity determined on the
the responsibility of whoever uses this standard to consult and saturated surface-dry basis is used if the aggregate is wet, that
establish appropriate safety and health practices and deter- is, if its absorption has been satisfied. Conversely, the bulk
mine the applicability of regudatory limitations prior to use. specific gravity determined on the oven-dry basis is used for

computations when the aggregate is dry or assumed to be

2. Referenced Documents dry.
3.2 Apparent specific gravity pertains to the relative

2.1 ASTM Standards: density of the solid material making up the constituent
C 29/C 29M Test Method for Unit Weight and Voids in particles not including the pore space within the particles

Aggregate2  that is accessible to water. This value is not widely used in
C 70 Test Method for Surface Moisture in Fine Aggregate 2  construction aggregate technology.
C 125 Terminology Relating to Concrete and Concrete 3.3 Absorption values are used to calculate the change in

Aggregates2  the weight of an aggregate due to water absorbed in the pore
C 127 Test Method for Specific Gravity and Absorption of spaces within the constituent particles, compared to the dry

Coarse Aggregate 2  condition, when it is deemed that the aggregate has been in
C 188 Test Method for Density of Hydraulic Cement3  contact with water long enough to satisfy most of the
C 566 Test Method for Total Moisture Content of Aggre- absorption potential. The laboratory standard for absorption

gate by Drying2  is that obtained after submerging dry aggregate for approxi-
C 670 Practice for Preparing Precision and Bias State- mately 24 h in water. Aggregates mined from below the

ments for Test Methods for Construction Materials2-34  water table may have a higher absorption when used, if not
C 702 Practice for Reducing Field Samrn s of Aggregate to allowed to dry. Conversely, some aggregates when used may

Testing Size 2  contain an amount of absorbed moisture less than the 24
D75 Practice for Sampling AggregateS2•'4  h-soaked condition. For an aggregate that has been in

contact with water and that has free moisture on the particle
surfaces, the percentage of free moisture can be determined

This test method is under the jurisdiction of ASTM Committee C-9 on by deducting the absorption from the total moisture content
Concrete and Concrete Aggregates and is the direct responsibihtyolfSubcommitte determined by Test Method C 566 by drying.
C09.03.01 on Methods of Testing and Specifications for Physical Charactertsucs of
Concrete Aggregates

Current edition approved Nov. 25, 1988. Published January 1989. Originally
published as C 128 - 36. Last previous edition C 128 - 84. 'Annual Book ofASIAt Siandards, Vol 15.05.

1 Annual Book of AST4 Standards. Vol 04.02- 'Annual Book of ASTM Standards, Vol 14 02. Excerpts in all volumem.
ArAnual Book of ASTM Standards. Vol 04.01. ' Available from American Association of State itighway and Transporuti.o

4Annual Book of ASTM Standards, Vol 04.03. Ofikials, 444 North Capitol St. NW., Suite 225. Washington, DC 20001.
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4. Apparatus has reached a surface-dry condition. If the first trial of the

4.1 Balance-A balance or scale having a capacity of I kg surface moisture test indicates that moisture is not present

or more, sensitive to 0.1 g or less, and accurate within 0.1 % on the surface, it has been dried past the saturated surface-

of the test load at any point within the range of use for this dry condition. In this case thoroughly mix a few millilitres of W
test. Within any 100-g range of test load, a difference water with the fine aggregate and permit the specimen-to

between readings shall be accurate within 0.1 g. stand in a covered container for 30 min. Then resume the

4.2 Pycnometer-A flask or other suitable container into process of drying and testing at frequent intervals for the

which the fine aggregate test sample can be readily intro- onset of the surface-dry condition.

duced and in which the volume content can be repro-'_,ued 6.2.1 Cone Test for Surface Moisture-Hold the mold

within +±0.1 cm 3. The volume of the container fille, to mark firmly on a smooth nonabsorbent surface with the large

shall be at least 50 % greater than the space required to diameter down. Place a portion of the partially dried fine

accommodate the test sample. A volumetric flask of 500 cm .3aggregate loosely in the mold by filling it to overflowing and

capacity or a fruit jar fitted with a pycnometer top is h-aping additional material above the top of the mold by

satisfactory for a 500-g test sample of most fine aggregates. A holding it with the cupped fingers of the hand holding the

Le Chatelier flask as described in Test Method C 188 is mold. Lightly tamp the fine aggregate into the mold with 25

satisfactory for an approximately 55-g test sample. light drops of the tamper. Each drop should start about 5

4,3 Mold-A metal mold in the form of a frustum of a mm (0.2 in.) above the top surface of the fine aggregate.

cone with dimensions as follows: 40 ± 3 mm inside diameter Permit the tamper to fall freely under gravitational attraction

at the top, 90 ± 3 mm inside diameter at the bottom, and 75 on each drop. Adjust the starting height to the new surface

± 3 mm in height, with the metal having a minimum elevation after each drop and distribute -he drops over the

thickness of 0.8 mm. surface. Remove loose sand from the base and lift the mold
4.4 Tamper-A metal tamper weighing 340 ± 15 g and vertically. If surface moisture is still present, the fine aggre-

having a flat circular tamping face 25 ± 3 mm in diameter. gate will retain the molded shape. When the fine aggregate
slumps slightly it indicates that it has reached a surface-dry

5. Sampling condition. Some angular fine aggregate or material with a
5.1 Sampling shall be accomplished in general accordance high proportion of fines may not slump in the cone test upon

with Practice D 75. reaching a surface-dry condition. This may be the case if
fines become airborne upon dropping a handful of the sand

6. Prepsration of Test Specimen from the cone test 100 to 150 mm onto a surface. For these
6.1 Obtain approximately I kg of the fine aggregate from materials, the saturated surface-dry condition should be

the sample using the applicable procedures described in considered as the point that one side of the fine aggregate
Methods C 702. slumps slightly upon removing the mold.

6.1.1 Dry it in a suitable pan or vessel to constant weight NoTE 3-The following criteria have also been used on materials that
at a temperature of I 10 ± 5C (230 ± 9"F). Allow it to cool to do not readily slump:
comfortable handling temperature, cover with water, either (I) Provisional Cone Test-Fill the cone mold as described in 6.2.1
by immersion or by the addition of at least 6 % moisture to except only use 10 drops of the tamper. Add more fine aggregate and use

ostand for 24 ±4 h. 10 drops of the tamper again. Then add material two more times using
the fine aggregate, and permit to 3 and 2 drops of the tamper, respectively. Level off the material even

6.1.2 As an alternative to 6.1.1, where the absorption and with the top of the mold, remove loose material from the base; and lift
specific gravity values are to be used in proportioning the mold vertically.
concrete mixtures with aggregates used in their naturally (2) Provisional Surface Test-if airborne fines are noted when the
moist condition, the requirement for initial drying to con- fine aggregate is such that it will not slump when it is at a moisture

stant weight may be eliminated and, if the surfaces of the condition, add more moisture to the sand, and at the onset of the
particles have been kept wet, the 24-h soaking may also be surfacc-dry condition, with the hand lightly pat approximately 100 g of

the material on a flat, dry, clean, dark or dull nonabsorbent surface such
eliminated. as a sheet of rubber, a worn oxidized, galvanized, or steel surface, or a

NoTE 2-Values for absorption and for specific gravity in the black-painted metal surface. After I to 3 s remove the fine aggregate. If
saturated surface-dry condition may be significantly higher for aggregate noticeable moisture shows on the test surface for more than I to 2 s then
not oven dried before soaking than for the same aggregate treated in surface moisture is considered to be present on the fine aggregate.
accordance with 6. 1.1. (3) Colorimetric procedures described by Kandhal and Lee, Highway

Research Record No. 307, p. 44.
6.2 Decant excess water with care to avoid loss of fines, (4) For reaching the saturated surface-dry condition on a single size

spread the sample on a flat nonabsorbent surface exposed to material that slumps when wet. hard-finish paper towels can be used lo
a gently moving current of warm air, and stir frequently to surface dry the material until the point is just reached where the paper
secure homogeneous drying. If desired, mechanical aids such towel does not appear to be picking up moisture from the surfaces of the
as tumbling or stirring may be employed to assist in fine aggregate particles.
achieving the saturated surface-dry condition. Continue this
operation until the test specimen approaches a free-flowing 7. Procedure
condition. Follow the procedure in 6.2.1 to determine 7.1 Make and record all weight determinations to 0.1 g.
whether or not surface moisture is present on the constituent 7.2 Partially fill the pycnometer with water. Immediately
fine aggregate particles. It is intended that the first trial of the introduce into the pycnometer 500 ± 10 g of saturatedW
cone test will be made with some surface water in the surface-dry fine aggregate prepared as described in Section 6,
specimen. Continue drying with constant stirring and test at and fill with additional water to approximately 90 % of
frequent intervals until the test indicates that the specimen capacity. Roll, invert, and agitate the pycnometer to elimi-

2
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nate all air bubbles. Adjust its temperature to 23 ± 1.7C where:
(73.4 ± 3"1), if necessary by immersion in circulating water, A = weight of oven-dry specimen in air, g,
and bring the water level in the pycnometer to its calibrated B = weight of pycnometer filled with water, g,
capacity. Determine the total weight of the pycnometer, S = weight of the saturated surface-dry specimen, and
specimen, and water. C = weight of pycnometer with specimen and water to

calibration mark, g.
NOTE 4-It normally takes about 15 to 20 mi to eliminate air 8.1.1 If the Le Chatelier flask method was used, calculate

bubbles. the bulk specific gravity, 23/23"C, as follows:

7.2.1 Alternative to Weighing in 7.2-The quantity of
added water necessary to fill the pycnometer at the required Bulk sp gr -S - ((S - A)/A)0.9975 (R, - R1 )
temperature may be determined volumetrically using a buret
accurate to 0.15 mL Compute the total weight of the where:pcoerspecimen, and water as follows:S = weight of saturated surface-dry specimen used in L~e
pycnometer, s:Chatelier flask, g,

C = 0.9975 V. + S + W R, = initial reading of water level in Le Chatelier flask, and

where: R2 - final reading of water level in Le Chatelier flask.

C = weight of pycnometer with specimen and water to
calibration mark, g, 9. Bulk Specific Gravity (Saturated Surface-Dry Basis)

V. = volume of water added to pycnometer, ml, 9.1 Calculate the bulk specific gravity, 23/23"C (73.4/
S = weight of the saturated surface-dry specimen, and 73.4'F), on the basis of weight of saturated surface-dry
W = weight of the empty pycnometer, g. aggregate as follows:

7.2.2 Alternative to the Procedure in 7.2-Use a Le aggregtteas sb
Chatelier flask initially filled with water to a point on the Bulk sp gr (saturated surface-dry basi) - S/(B + S - C)
stem between the 0 and the 1-mL mark. Record this initial 9. 1.1 If the Le Chatelier flask method was used, calculate
reading with the flask and contents within the temperature the bulk specific gravity, 23/23"C, on the basis of saturated
range of 23 ± 1.7"C (73.4 ± 3"F). Add 55 ± 5 g of fine surface-dry aggregate as follows:
aggregate in the saturated surface-dry condition (or other
weight as necessary to result in raising the water level to some Bulk sp g" (saturated surface-dry basis) - S 1

point on the upper series of gradation). After all fine 0.9975 (R,-R,)
aggregate has been introduced, place the stopper in the flask 10. Apparent Specific Gravity
and roll the flask in an inclined position, or gently whirl it in
a horizontal circle so as to dislodge all entrapped air, 10.1 Calculate the apparent specific gravity, 23/23"C

continuing until no further bubbles rise to the surface. Take (73.4/73.47), as defined in Definitions E 12, as follows:

a final reading with the flask and contents within I'C (1.8"F) Apparent sp gr - A/(B + A - C)
of the original temperature.

7.3 Remove the fine aggregate from the pycnometer, dry 11. Absorption
to constant weight at a temperature of 110 ± 5"C (230 ± 11. 1 Calculate the percentage of absorption., as defined in
97), cool in air at room temperature for I ± V/2 h, and weigh. Definitions C 125, as follows:

7.3.1 If the Le Chatelier flask method is used, a separate Absorption, % = [(S- A)/AJ X 100
sample portion is needed for the determination of absorp-
tion. Weigh a separate 500 ± 10-g portion of the saturated 12. Report
surface-dry fine aggregate, dry to constant weight, and 12.1 Report specific gravity results to the nearest 0.01 and
reweigh. absorption to the nearest 0.1 %. The Appendix gives mathe-

7.4 Determine the weight of the pycnometer filled to its matical interrelationships among the three types of specific
calibration capacity with water at 23 ± 1.7"C (73.4 ± 3'F). gravities and absorption. These may be useful in checking

7.4.1 Alternative to Weighing in 7.4-The quantity of the consistency of reported data or calculating a value that
water necessary to fill the empty pycnometer at the required wae cot reported data or c atavtempratre ay e deermnedvolmeticaly uinga bret was not reported by using other reported data.
temperature may be determined volumetrically using a buret 12.2 If the fine aggregate was tested in a naturally moist
accurate to 0.15 mL. Calculate the weight of the pycnometer condition other than the oven dried and 24 h-soaked
filled with water as follows: condition, report the source of the sample and the proce-

B = 0.9975 V + W dures uscd to prevent drying prior to testing-

where: 13. Precision and Bias
B = weight of flask filled with water, g, 13.1 Precision-The estimates of precision of this test
V = volume of flask, mL, and method (listed in Table 1) are based on results from the
W = weight of the flask empty, g. AASHTO Materials Reference Laboratory Reference

8. Bulk Specific Gravity Sample Program, with testing conducted by this test method
8.1 Calculate the bulk specific gravity, 23/23'C (and AASHTO Method T 84. The significant difference

I. Cbbetween the methods is that Test Method C 128 requires a
73.4"1), as defined in Definitions E 12, as follows: saturation period of 24 ± 4 h, and Method T 84 requires a

13,1lk sp gr = A/(B + S - (C) saturation period of 15 to 19 h. This difference has been
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TABLE 1 Precision
Standard Acceptable Range
Deviation of Two Results

(1S)A (D2S)A

Single-Operator Precision: ,
Buk specfic gravity (dry) 0.011 0.032
Bulk specific gravity (SSD) 0,0095 0.027
Apparent specific gravity 0.0095 0.027
Absorption". % 0.11 0.31

Multilaboratcry Precision:
Bulk specific gravity (dry) 0.023 0.066
Bulk specific gravity (SSD) 0.020 0.056
Apparent specfic gravity 0.020 0.056
Absorption". 0.23 0-66

A These numbers represent, respectively. the (IS) and (02S) lmits as described
in Practice C 670. The precision estimates were obtained from the analysis of
combined AASHTO Materials Research Laboratory reference sarnlpe data from
laboratories using 15 to 19 h saturation times and other laboratories using 24 ± 4
h saturation time. Testing was performed on normal weight aggregates. and
started with aggregates in the oven-dry .onditio.

8 Precision estimates are based on aggregates with absorptions of less than
1 % and may differ for marnufactured fine aggregates and fine aggregates having
absorption values greater than 1 %.

found to have an insignificant effect on the precision indices. 13.2 Bias-Since there is no accepted reference material
The data are based on the analyses of more than 100 paired suitable for determining the bias for this test method, no
test results from 40 to 100 laboratories, statement on bias is being made.

APPENDIX

(Nonmandatory Information)

XI. INTERREL4ATiONSHIPS BETWEEN SPECIFIC GRAVITIES AND ABSORPTION AS DEFINED IN TEST
METHODS C 127 AND C 128

Xl.l Let: (2a) orS0 = +A/I0 A
Sd = bulk specific gravity (dry-basis), I 1

S, = bulk specific gravity (SSL)-basis), S 0
Sa = apparent specifi. gravity, and S,
A =absorption in% A

Then: 
10s -1

(1) f =(I + A/IOO)Sd (3) A =(U -, ) 100

(2) s ____ s S
A _ ASd (4) A S(S,- I) 100

ý d 100 100

The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted in connection
with any ieam mentioned in this standard. Users of this standard are expressly advised th(t determination of the validity of any such
patent rights, and the risk of Infringement of such rights, are entirety their own responsibility

This standard Is subject to revision at any time by the responsible technical committee and must be reviewed every fwe years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for edditional standards
and should be addressed to ASTM Headquarters. Your comments wil receive careful consideration at a meeting of the responsible
technical committee, which you may attend. If you feel that your comments have not received a fair hearng you should make your
views known to the ASTM Commitloe on Standards. 1916 Race St. Philadelphia. PA 19103
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METHOD OF DETERMINING DENSITY OF SOLIDS

1. Scope and Definition

1 This method covers procedures for determining the density of solids.

The density of solids is the ratio of the mass in air of a given volume of

crushed solids to the total volume of solids.

2. Apparatus

1 The apparatus shall consist of the following:

(a) Volumetric flask, 500-mL capacity.

(b) Vacuum pump or aspirator connected to vacuum line.

(c) Oven of the forced draft type, automatically controlled to main-

tain a unifo-m temperature of 110 ± 5 °C throughout the oven.

(d) Balance, sensitive and accurate to 0.01 g, capacity 500 g or

more.

(e) Thermometer, range 0 to 50 CC, graduated in 0.1 *C.

(f) Evaporating dish.

(g) Water dish.

(h) Sieves, U.S. Standard 4.75-mm (No. 41 and 600-Am (No. 30) con-

forming to ASTM Designation E 11, "Specifications for Wire-Cloth Sieves for

Testing Purposes."

(i) Sample splitter suitable for splitting material passing 4.75-mm

(No. 4) and 600-jAn (No. 30) sieves.

3. Calibration of Volumetric Flask

1 The volumetric flask shall be calibrated for the mass of the flask and

water at various temperatures. The flask and water are calibrated by direct

determination of mass at the range of temperatures likely to be encountered in

the laboratory. The calibration procedure is as follows.

2 Fill the flask with de-aired, distilled, and demineralized water to

slightly below the calibration mark and place in a water bath which is at a

temperature between 30 and 35 *C. Allow the flask to remain in the bath until

the water in the flask reaches the temperature of the water bath. This may

take several hours. Remove the flask from the water bath and adjust the water



RTH 108-93

level in the flask so that the bottom of meniscus is even with the calibration

mark on the neck of the flask. Thoroughly dry the outside of the flask and

remove any water adhering to the inside of the neck above the graduation, then

determine the mass of the flask and water to the nearest 0.01 g. Immediately

after determination of mass, shake the flask gently and determine the tempera-

ture of the water to the nearest 0.1 *C by immersing a thermometer to the

middepth of the flask. Repeat the procedure outlined above at approximately

the same temperature, than make two more determinations, one at room tempera-

ture and the other at approximately 5 0C less than room temperature. Draw a

calibration curve showing the relation between temperature and corresponding

values of mass of the flask plus water. Prepare a calibration curve for each

flask used for density determination and maintain the curves as a permanent

record. A typical calibration curve is shown in Fig. 1.

-JV64- -CALIBRATION CURVE OF -

--VOLUMERIC FLASK NO. 8

<- - CAUBRATED 15 DEC 1959

<Z653 •

x 6520
15 20 2.5 30 3

TDAPERATURE. DEG1REES CELSIUS

Fig. 1. Typical calibration curve of volumetric flask.

4. Sml

1 Crush the sample until it all passes a 4.75-mm (No. 4) sieve. With a

sample splitter, separate out 120 to 150 g of representative crushed material.

Pulverize this material to pass a 600-;Lm (No. 30) sieve. Oven-dry the crushed

material to constant mass, determine the mass of the material to the nearest

0.01 9, and record the mass.

2
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5. Procedure

1 After determination of mass, transfer the crushed material to a volu-

metric flask, taking care not to lose any material during this operation. To

reduce possible error due to loss of material of known mass, the sample may

have its mass determined after transfer to the flask. Fill the flask approxi-

mately half full with de-aired, distilled water. Shake the mixture well and

allow it to stand overnight.

2 Then connect the flask to the vacuum line and apply a vacuum of

approximately 99.99 Pa (750 mm of mercury) for approximately 4 to 6 h,

agitating the flask at intervals during the evacuation process. Again, allow

the flask to stand overnight. Finally, fill the flask with de-aired,

distilled water to about 3/4 in. (19 mm) below the 500-mL graduation and again

apply a vacuum to the flask until the suspension is de-aired, slowly and care-

fully remove the stopper from the flask, and observe the lowering of the water

surface in the neck. If the water surface is lowered less than 1/8 in.. (3.2 mm), the suspension can be considered sufficiently de-aired. Fill the

flask until the bottom of the meniscus is coincident with the calibration line

of the neck of the flask. Thoroughly dry the outside of the flask and remove

the moisture on the inside of the neck by wiping with a paper towel. Deter-

mine the mass of the flask and contents to the nearest 0.01 g. Immediately

after determination of mass, stir the suspension to assure uniform tempera-

ture, and determine the temperature of the suspension to the nearest 0.1 0 C by

immersing a thermometer to the middepth of the flask. Record the mass and

temperature.

3 Compute the density of the solid,P, , from the following formula:

Ps =

Ws + Wfw - Wfws

where

Ws = the ovendry mass of the crushed rock sample, g

O 7w = density of water at test temperature, g/cc

3
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Wfw = mass of flask plus water at test temperature, g
(from calibration curve, Fig. 1)

Wfý mass of flask plus water plus solids at test
temperature, g

6. Report

1 The report shall include the following:

(a) The density of the solid.

(b) Ovendry mass of test sample.

(c) Water temperature during test.

4



RTH 109-93

METHOD OF DETERMINING EFFECTIVE (AS RECEIVED) AND)

DRY UNIT WEIGHTS AND TOTAL POROSITY OF ROCK CORES

1. Scope and Definition

1.1 This method covers the procedure for determining the effective unit

weight, dry unit weight, and porosity of rock cores as defined in RTH 101.

(This method covers determination of "total" porosity of a rock sample.

Porosity calculated from the bulk volume and grain volume using the pulveriza-

tion method is termed "total" since the pore volume obtained includes that of

all closed pores. Other techniques give "effective" porosity since they mea-

sure the volume of interconnected pores only.)

2. Apparatus

2.1 The apparatus shall consist of the following:

(a) Balance having a capacity of 5 kg or more and sensitive and. accurate to 0.5 g or 0.05 percent of the sample mass. Balances with capaci-

ties less than 5-kg shall be sensitive and accurate to 0.1 g.

(b) Wire basket of 4.75-mm (No. 4) mesh, diameter at least 50.8 mm

(2 in.) greater than that of the core to be tested, walls at least one-half

the height of the cylinder, and bail clearing the top the core by at least

25.4 mm (1 in.) at all points.

(c) Watertight container in which the wire basket may be suspended

with a constant-level overflow spout at such a height that the wire basket,

when suspended below the spout, will be at least 25.4 mm (1 in.) from the

bottom of the container.

(d) Suspending apparatus suitable for suspending the wire basket in

the container from the center of the balance platform or pan so that the bas-

ket will hanq completely below the overflow spout and not be less than 25.4 mm

(I in.) from the bottom of the container.

(e) Thermometce, range 0 to 50 OC, graduated to 0.1 °C.

(f) Caliper or suitable measuring device capable of measuring

lengths and diameters of te:;t cores to the nearest 0.1 mm.

0I
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(g) Oven of the forced draft type, automatically controlled to main-

tain a uniform temperature 110 ± 5 OC throughout.

3. Sample

3.1 Select representative samples from the population and identify each

sample. Individual sample mass should not exceed 5 kg.

4. Effective Unit Weight (As Received)

4.1 The test procedure for determining the effective unit weight of rock

cores shall consist of the following steps:

(a) Determine the mass of the core (as received) to the nearest gram

(0.1 g for 76.2-mm (3-in.) and smaller cores) (Wa) and the temperature in the

working area near the core surface.

(b) Determine the bulk volume of the core in cubic centimetres by

one of the following two methods:

(1) Determine the average length and diameter of the core from

measurements of each of these dimensions at -evenly spaced intervals covering

the surface of the specimen. These measurements should be made to the nearest

0.1 mm. Calculate the volume using the formula V = 1 d 2 L , where V = volume,
4

d = diameter of the core, and L = length of the core. (Note 1)

NOTE 1--If this method is used, the specimen should be sawed and

machined to conform closely to the shape of a right cylinder or prism prior to

determining its mass as in 4.1(a) above.

(2) Coat the surface of the core with wax or other suitable

coating until it is watertight, making sure that the coating material does not

measurably penetrate the pores of the core. Determine the mass of the speci-

men, after coating, to the nearest gram (or 0.1 g) . The density of the coat-

ing material shall be determined. The volume of the coating on the core shall

be determined by dividing the mass of coating by the density of the coating.

Determine the volume of the coated core in cubic centimetres by liquid dis-

placement. Subtract the volume of the coating material from the volume of the

coated core to obtain the volume of the core (V) in c:ubic -01ntimetres.

2
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(c) Calculate the effective unit weight of the core from the follow-

ing formula:

Wa
Ye = -

where

Ye = effective unit weight of the core, as received

Wa = mass of the core, in grams, as received

V = volume of the core, in cubic centrimetres

5. Dry Unit Weight

5.1 The test procedure for determining the dry unit weight of rock cores

shall consist of the following steps:

(a) If a coating was utilized to waterproof the specimen as in

4.1(b) (2), remove it and, if applicable, brush to remove dust or elements of

the coating. Then determine the mass of the core. (Note 2)

NOTE 2--If there is no mass loss in stripping or loss or gain in

moisture, this mass should equal Wa.

(b) Crush the sample until it all passes a No. 4 sieve, taking care

not to lose any material.

(c) Oven-dry the crushed material to constant mass Wb (constant

mass is achieved when the mass loss is less than 0.1 percent of the sample

mass during any 4-hour drying period), cool to room temperature, then record

the mass and room temperature in the area of the test on the data sheet.

(d) Calculate the dry unit weight of the core from the following

formula:

Wb
Yd

where-

Yd •dry unit weight of the core

Wb mass of the crushed, dried core, in grams

3
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V = volume of the core, in cubic centrimetres

6. Porosity

6.1 The total porosity, n , may be determined from the dry unit weight

and the gram unit weight of a sample. Determine the density of the solids,

PS , according to RTH 108.

Determine the total porosity by the expression:

n 1 - Wb, 100

PV

where

n = total porosity, %

Wb = mass of crushed, dried core, g

V = volume of the core, cc

PS = density of the solids, g/cc

as determined by RTH - 108)

4
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Fte~xined i•om th Ar•JaA Book of ASTM• Stwrdatds. Cotpyrigm A.STM

O StadardTest etho forIf not hoed in tf C~le~rd cotfrlb-ned idex. Wil appeal hn the neA.J edition

is Standard Test Method for
Laboratory Determination of Pulse Velocities and Ultrasonic
Elastic Constants of Rock1

This vAadard is issued under the fixed designation D 2845; the number immediately foliowing the designation indicates the year of

original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapprovaL A
super-script epsilon (t) indicates an editorial chang since the lasi revision or reapprovaL

"NorE-Section 10 was changed editorially in Decembe 1i.

1. Scope 3. Significance and Use
1.1 This test method describes equipment and procedures ?.1 The primary advantages of ultrasonic testing are that

for laboratory measurements of the pulse velocities of it yields compression and shear wave velocities, and ultra-
compression waves and shear waves in rock (1)2 (Note 1) and sonic values for the elastic constants of intact homogeneous
the determination of ultrasonic elastic constants (Note 2) of isotropic rock specimens (3). Elastic constants are not to be
an isotropic rock or one exhibiting slight anisotropy. calculated for rocks having pronounced anisotropy by proce-

NoTE I-The compression wave velocity as defined here is the dures described in this test method. The values of elastic

dilatational wave velocity. It is the propagation velocity of a longitudinal constants often do not agree with those determined by static
wave in a medium which is effectively inf -.ite in lateral extent. It should laboratory methods or the in situ methods. Measured wave
not be confused with the bar or rod veloaty. velocities likewise may not agree with seismic velocities, but

Nom 2-The elastic constants determined by this test method are offer good approximations. The ultrasonic evaluation of rock
termed ultrasonic since the puls frequencies used'are above the audible properties is useful for preliminary prediction of static
range. The teams sonic and dynamic are sometimes applied to these properties. The test method is useful for evaluating the
constants but do not describe them precisel (2,. It is possibe that the
ultrasonic elastic constants may differ from those determined by other effects of uniaxial stress and water saturation on pulse
dynamic methods. velocity. These properties are in turn useful in engineering

1.2 This test method is valid for 'wave velocity measure- design.
ment inbot ansotrpicandisoropc roks lthughthe 3.2 The test method as described hereio, is not adequatemecnts in both anisotropic and isotropic rocks although the for measurement of stress-wave attenuation. Also, whilevelocities obtained in grossly anisotropic rocks may be pusveotiscnb emlydodtrieth eatc

influenced by such factors as direction, travel distance, and pulse velocities can be employed to determine the elastic
diamter f trnsduers.constants of materials having a high degree of anisotropy,

diameterthese procedures are not treated herein.
1.3 The ultrasonic elastic constants are calculated from

the measured wave velocities and the bulk density. The 4. App*ratus
limiting degree of anisotropy for which calculations of elastic
constants are allowed and proccdures for determining the 4.1 General-The testing ar:aratus (Fig. I) should have
degree of anisotrophy are specified. impedance matched electronic components and shielded

1.4 The values stated in U.S. customary units are to be leads to ensure efficient energy transfer. To prevent damage
regarded as the standard. The metric equivalents of U.S. to the apparatus allowable voltage inputs should not be
customary units may be approximate. exceeded.

4.2 Pulse Generator Unit-This unit shall consist of an
2. Summary of Test Method electronic pulse generator and ext.ernal voltage or power

2.1 Details of essential procedures for the determination amplifiers if needed. A voltage output in the form of either

of the ultrasonic velocity, r'easured in terms of travel time rectangular pulse or a gated sine wave is satisfactory. The

and distance, of compression , id sheL- wave, ini rock generator shall have a voltage output with a maximum value
specims disncle, ofomprequirement d ristrhmenataion, s- after amplification of at least 50 V into a 50-f0 impedance
specimens include requirements of pnstrumentauon, sug- load. A variable pulse width, with a range of I to 10 Its isgested types of transducers, methods of preparation, and desirable. The puLse repetition rate may be fixed at 60
effects of specimen geometry and grain size. Elastic cDnstants repetition rate a be fi20 t 60
may wc calculated for isotropic or slightly anisotropic r,.cks, repetitions per second is recommended. Th e generator
whi!e aniso-ripy is :eported in terms of the variation of waveý shall also have a trigger-pulse output to trigger the oscillo-velocity wth oirection in the rock. scope. There shall be a variable delay of the main-pulse

output with respect to the trigger-pulse output, with a

I This test method is under the jurtsdictior . STM .ommittec F>-I8 on Soil minimum range of 0 to 20 p.
and Rock and is the direct responsibility f .ý "conimittee D18.12 on Rock 4.3 Transducers-The transducers shall consist of a trans-
Mechanics. mitter which converts electrical pulses into mechanical

Current ediuon approved June 29. 1).941 Published Octobcr 199t0 Onginally pulses and a receiver which converts, mechanical pulses into
published as D 2845 - 69. Last previous edition D 2845 - 83

2 The boldface numbers in parentheses refer to the list of refer-nccs at the end electrical pulses. Environmental conditions such as ambient
of this test method, temperature, moisture, humidity, and impact should be
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Pulse Geuecl°ot F
Unit j Preomplifiea

i output 91 IouputL

Specimen

Transmitter Re d.t pu
ronsmilled

pulse

- I cr, Oscilloscope

ITime Delay I CounterI_ _ lCircuit I .s~l tooIo. _ _' "

NoI--Cotmpronets et- by dashld kns me oponal. depen on met1od of travete measuemerd mid voltage eov oe ow p.
FIG. 1 Schematic Diagram of Typical Apparatus

considered in selecting the transducer element. Piezoelectric making the face plate from a metal such as magnesium
elements are usually recommended, but magnetostrictive whose characteristic impedance is close to that of common
elements may be suitable. Thickness-expander piezoelectric rock types, (3) making the face plate as thin as practicable,
elements generate and sctaie predominately compression- and (4) coupling the transducer element to the face plate by a
wave energy-, thickness-shear piezoelectric elements are pre- thin layer of an electrically corductive adhesive, an epoxy
ferred for shear-wave measurements. Commonly.used piezo- type being suggested.
electric materials include ceramics such as lead-zirconate- 4.3.2 Pulse velocities may also be determined for sped-
titanate for either compression or shear, and crystals such as mens subjected to uniaxial states of stress. The transducer
a-c cut quartz for shear. To reduce scattering and poorly housings in this case will also serve as loading platens and
defined first arrivals at the receiver, the transmitter shall be should be designed with thick face plates to assure uniform
designed to generate wavelengths at least three times the loading over the ends of the specimen (5).
average grain size of the rock. NOTE 4-The state of sre in many rock types has a marked effect

NoTE 3-Wavelength is the wave velocity in the rock specimen on the wave velocities. Rocks In situ are usually in a stressed state and
divided by the resonance frequency of the transducer. Commonly used therefore tests under stress have practical significance.
frequencies range from 75 kHz to 3 MHz. 4.4 Preamplifier-A voltage preamplifier is required if the

4.3. 1 In laboratory testing, it may be convenient to use voltage output of the receiving transducer is relatively low or
unhoused transducer elements. But if the output voltage of if the display and timing units are relatively insensitive. To
the receiver is low, the element should be housed in metal preserve fast rise times, the frequency response of the
(grounded) to reduce stray electromagnetic pickup. If protec- preamplifier shall drop no more that 2 dB over a frequency
tion from mechanical damage is necessary, the transmitter as range from 5 kHz to 4 x the resonance frequency of the
well as the receiver may be housed in metal This also allows receiver. The internal noise and gain must also be considered
special backings for the transducer element to alter its in selecting a preamplifier. Oscilloscopes having a vertical-
sensitivity or reduce ringing (4). Mhe basic features of a signal output can be used to amplify the signal for an
housed element are illustrated in Fig. 2. Energy transmission electronic counter.
between the transduver element and test specimen can be 4.5 Display and Timing Unit--The voltage pulse applied
improved by (1) machin.'!, or lapping the surfaces of the to the transmitting transducer and the voltage output from
face plates to make them smooth, flat, and parallel, (2) the receiving transducer shall be displayed on a cathode-my

oscilloscope for visual observation of the waveforms. The
CYi,,do.Co ,, oscilloscope shall have an essentially flat response between a

frequency of 5 kHz and 4 x the resonance frequency of the
bc ,ltransducers. It shall have dual beams or dual traces so that
Pl ot the two waveforms may be displayed simultaneously and

"Me their amplitudes separately controlled. The oscilloscope shall

be triggered by a triggering pulse from the pulse generator.
,The timing unit shall be capable of measuring intervals

"'""_, between 2 lis and 5 ms to an accuracy of I part in 100. Two
alternative classes of timing units are suggested, the respec-

FIG. 2 Basic Fe,,tures of a Housed Transmitter or Receiver tive positions of each being shown as dotted outlines in the

2
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block diagram in Fig. 1: (1) an electronic counter with dimension not exceed 5. Reliable pulse velocities may not be. provisions for time interval measurements, or (2) a time- measurable for high values of this ratio. The travel distance
delay circuit such as a continuously variable-delay generator, of the pulse through the rock shall be at least 10 x the
or a delayed-sweep feature on the oscilloscope. The travel- average grain size so that an accurate average propagation
time measuring circuit shall be calibrated periodically with velocity may be determined. The grain size of the -rock
respect to its accuracy and linearity over the range of the sample, the natural resonance frequency of the transducers,
instrument. The calibration shall be checked against signals and the minimum lateral dimension of the specimen are
transmitted by the National Institute of Standards and interrelated factors which affect test results. The wavelength
Technology radio station WWV, or aginst a crystal con- corresponding to the dominant frequency of the pulse train
trolled time-mark or frequency generator which can be in the rock is approximately related to the natural resonance
referenced back to the signals from WWV periodically. It is frequency of the transducer and the pulse-propagation ve-
recommended that the calibration of the time measuring locity, (compression or shear) as follows:
circuit be checked at least once a month and after any severe A = Vlf,()
impact which the instrument may receive. where:

5. Test Specimens A = dominant wavelength of pulse train, in. (or m),
V = pulse propagation velocity (compression or shear), in./s

5.1 Preparaion-Exercise care in ore drlling, a ig, (or m/s), and
sawing, grinding, and lapping the test specimen to imininize f - natural resonance frequency of transducers, Hz.
the mechanical damage caused by stress and heat. It is The minimum lateral dimension of the test specimen shall
recommended that liquids other than water be prevented be at least 5 x the wavelength of the compression wave so
from contacting the specimen, except when necessary as a that the true dilational wave velocity is measured (Note 5),
coupling medium between specimen and transducer during that is,
the test. The surface area under each transducer shall be
sufficiently plane that a feeler gage 0.001 in. (0.025 mm) D o 5A, (2)
thick will not pass under a straightedge placed on the surface. where:
The two opposite surfaces on which the transducers will be D = minimum lateral dimension of test specimen, in. (or
placed shall be parallel towithin 0.005 in./in. (0.1 mm/20 m).
mm) of lateral dimension (Fig. 3). If the pulse velocity The wavelength shall be at least 3 x the average grain size
measurements are to be made along a diameter of a core, the
above tolerance then refers to the parallelism of the lines of (S 4.3) so that

Scontact between the trahsducers and curved surface of the A ;, 3d, (3)
"rock core. Moisture content of the test specimen can affect where:
the measured pulse velocities (see 6.2). Pulse velocities may d = average grain size, in. (or m).
be determined on the velocity test specimen for rocks in the Equations 1, 2, and 3 can be combined to yield the
oven-dry state (0 % saturation), in a saturated condition euationshi 2 and 3 can e com eo ye t
(100 % saturation), or in any intermediate state. If the pulse relationship for compression waves as follows:
velocities are to be determined with the rock in the same D ; 5(V,/J) 2 15 d, (4)
moisture condition as received or as exists underground, care where:
must be exercised during the preparation procedure so that V pulse propagation velocity (compression), in./s (or
the moisture content does not change. In this case it is P =pses
suggested that both the sample and test specimen be stored in m/s).
moisture-proof bags or coated with wax and that dry
surface-preparation procedures be employed. If results are Sw.cm., L.enth. L (in.)
desired for specimens in the oven-dried condition, the oven 5 ,0 15 20

temperature shall not exceed 150"F (66C). The specimen 4 -
shall remain submerged in water up to the time of testing 0.25
when results are desired for the saturated state.

5.2 Limitation on Dimensions-It is recommended that i s 0.20

the ratio of the pulse-travel distance to the minimum lateral a

2
Tronsducetri- 6
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S Te$1 Sptcrmen PCO'vaagaiot n VelocIlI , Vp (in.)
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0 lIn. - 0,02 54 .)
"p-"---- (A )- i FIG. 4 Graph Showing Allowable Values of Specimen Diameter

NOTE--(A) must be within 0.1 mm of (8) for each 20 mm of width (C) and Grain Size Versus the Ratio of Propagation Velocity to Reso-
FIG. 3 Specification for Parallelism nance Frequency
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Since V, and d are inherent properties of the material, f and applied to the transmitter and is triggered to stop by the first
D shall be selected to satisfy Eq 4 (Fig. 4) for each test arrival of the pulse reaching the receiver. Because a voltage
specimen. For any particular value of V/f the permissible change is needed to trigger the counter, it can not accurately
values of specimen diameter D lie above the diagonal line in detect the first break of a pulse. To make the most accurate
Fig. 4, while the permissible values of grain size d~lie below time interval measurements possible, increase the counter's
the diagonal line. For a particular diameter, the permissible triggering sensitivity to an optimum without causing spu-
values for specimen length L hie to the left of the diagonal rious triggering by extraneous electrical noise.
fine. 6.3.2 Determine the zero time of the circuit including

NOTE 5-Silaeva and Shamina (6) found the limiting ratio of both transducers and the travel-time measuring device and
diameter to wavelength to be about 2 for metal rods. Data obtained by apply the correction to the measured travel times. This factor
Cannady (3) on rock indicate the limiting ratio is at least 8 for a will remain constant for a given rock and stress level if the
specimen length-to-diameter ratio of about 8. circuit characteristics do not change. Determine the zero
6. Procedure time accordingly to detect any changes. Determine it by (1)

placing the transducers in direct contact with each other and
6.1 Determination of Travel Distance and Density-Mark measuring the delay time directly, or (2) measuring the

off the positions of the transducers on the specimen so that apparent travel time of some uniform material (such as steel)
the line connecting the centers of the transducer contact as a function of length, and then using the zero-length
areas is not inclined more than 2" (approximately 0.1 in. in 3 intercept of the line through the data points as the correction
in. (1 mm in 30 mm)) with a line perpendicular to either factor.
surface. Then measure the pulse-travel distance from center 6.3.3 Since the first transmitted arrival is that of the
to center of the transducer contact area to within 0.1 %. The compression wave, its detection is relatively easy. The
density of the test specimen is required in the calculation of shear-wave arrival, however, may be obscured by vibrations
the ultrasonic elastic constants (see 7.2). Determine the due to ringing of the transducers and reflections of the
density of the test specimen from measurements of its mass compression wave. The amplitude of the shear wave relative
and its volume calculated from the average external dimen- to the compression wave may be increased and its arrival
sions. Determine the mass and average dimensions within time determined more accurately by means of thickness
0. 1 %. Calculate the density as follows: shear-transducer elements. This type of element generates

p-re/V some compressional energy, so that both waves may be
where- detected. Energy transmission between the specimen and
p = density, lb sec2/in.' (or kg/rn 3), each transducer may be improved by using a thin layer of a
m = mass of test specimen, lb sec 2/386.4 in. (or kg), and coupling medium such as phenyl salicylate, high-vacuum
V = volume of test specimen, in 3 (or M 3). grease, or resin, and by pressing the transducer against the

6.2 Moisture Condition-The moisture condition of the specimen with a small seating force.
sample shall be noted and reported as 8.1.3. 6.3.4 For specimens subjected to uniaxial stress fields, first

6.3 Determination of Pulse-Travel Time: arrivals of compression waves are usually well defined.
6.3.1 Increase the voltage output of the pulse generator, However, the accurate determination of shear-wave first

the gain of the amplifier, and the sensitivity of the oscillo- arrivals for specimens under stress is complicated by mode
scope and counter to an optimum level, giving a steeper conversions at the interfaces on either side of the face plate
pulse front to permit more accurate time measurements. The and at the free boundary of the specimen (4). Shear-wave
cptimum level is just below that at which electromagnetic arrivals are therefore difficult to determine and experience is
noise reaches an intolerable magnitude or triggers the required for accurate readings.
counter at its lowest triggering sensitivity. The noise level 6.4 Ultrasonic Elastic Constants-The rock must be iso-
shall not be greater than one tenth of the'amplitude of the tropic or possess only a slight degree of anisotropy if the
first peak of the signal from the receiver. Measure the travel ultrasonic elastic constants are to be calculated (Section 7).
time to a precision and accuracy of I part in 100 for In order to estimate the degree of anisotropy of the rock,
compression waves and I part in 50 for shear waves by (1) measure the compression-wavc velocity in three orthogonal
using the delaying circuits in conjunction with the oscillo- directions, and in a fourth direction oriented at 45" from any
scope (see 6.1.1) or (2) setting the counter to its highest one of the former three directions if required as a check.
usable precision, (see 6.3.2). Make these measurements with the same geometry, that is,

6.3. 1.1 The oscilloscope is used with the time-delay circuit all between parallel flat surfaces or all across diameters. The
to display both the direct pulse and the first arrival of the equations in 7.2 for an isotropic medium shall not be applied
transmitted pulse, and to measure the travel time. Character- if any of the three compression-wave velocities var-ies by
istically, the first arrival displayed on the oscilloscope con- more than 2 % from their average value. The error in E and
sists of a curved transition from the horizontal zero-voltage G (see 7.2) due to both anisotropy and experimental error
trace followed by a steep, more or less linear, trace. Select the will then normally not exceed 6 %. The maximum possible
first break in a consistent manner for both the test measure- error in gt, X, and K depends markedly upon the relative
ment and the zero-time determination. Select it either at the values of V,, and V, as well as upon testing errors and
beginning of the curved transition region or at the zero- anisotropy. In common rock types the respective percent of
voltage intercept of the straight line portion of the first errors for p, X, and K may be large as or even higher than 24,
arrival. 36, and 6. For greater anisotropy, the possible percent of

6.3.1.2 The counter is triggered to start by the direct pulse error in the elastic constants would be still greater.

4



RTH 110-93

Q D 2845

7. Calculation 8.1.1 Identification of the test specimen including rock
e 7.1 Calculate the propagation velocities of the compres- type and location,

sion and shear waves, V. and V, respectively, as follows: 8.1.2 Density of test specimen,
8.1.3 General indication of moisture condition of sample

Vp = L1/TP at time of test such as as-received, saturated, laboratory air
V, = L,/T, dry, or oven dry. It is recommended that the moisture

where: condition be more precisely determined when possible and
V = pulse-propagation velocity, in./s (or m/s), reported as either water content or degree of saturation.
L = pulse-travel distance, in. (or in), 8.1.4 Degree of anisotropy expressed as the maximum
T = effective pulse-travel time (measured time minus zero percent deviation of compression-pulse velocity from the

time correction), s, average velocity determined from measurements in three
and subscripts P and s denote the compression wave and directions,
shear wave, respectively. 8.1.5 Stress level of specimens,

7.2 If the degree of velocity anisotropy is 2 % or less, as 8.1.6 Calculated pulse velocities for compression and
specified in 6.4, calculate the ultrasonic elastic constants as shear waves with direction of measurement,
follows- 8.1.7 Calculated ultrasonic elastic constants (if desired

E - [pV,1(3 V, - 4 V1)l(V," - V,1) and if degree of anisotropy is not greater than specified
where: limit),

8.1.8 Coupling medium between transducers and spec-
E = Young's modulus of elasticity, psi (or Pa), and imen, and
p = density, lb/in.3 (or kg/m 3); 8.1.9 Other data such as physical properties, composition,

G - pV,2 petrography, etc., if determined.
where: 9. Precision and Bias
G = modulus of rigidity or shear modulus, psi (or Pa); 9.1 Precision-Due to the nature of rock materials tested

It = (V, 2 - 2V.2)/[2(V,2 - V,•)] by this test method, it is either not feasible or too costly at

where: this time to produce multiple specimens which have uniform
I = Poisson's ratio; physical properties. Any variation observed in the data is just

X = p(VP2 - 2 V,2) as likely to be due to specimen variation as to operator or

where: laboratory testing variation. Subcommittee D18.12 wel-
where =ccomes proposals that would allow for development of a valid

X = Larn•'s onstant, psi (or Pa); and precision statement
K = p(3 V,2 - 4 V2)/3 9.2 Bias-There is no accepted reference value for this

where: test method; therefore, bias cannot be determined.
K = bulk modulus, psi (or Pa). 10. Keywords
8. Report 10.1 compression testing; isotrophy, ultrasonic testing-

8.1 The report shall include the following: velocity-pulse
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Standard Test Method for

UNCONFINED COMPRESSIVE STRENGTH OF INTACT ROCK

CORE SPECIMENS 1

This standard is issued under the fixed designation D -2938: the number immediately following the designation indicates the year of

onginal adoption or. in the case of revision, the year of Last revision- A number in parentheses indicates the %car of lasm rrapproval.
A superscnpt epsilon (e) indicates an editorial change since the last revision or reapproval.

I. Scope 58 (Note 1). One of the blocks shall be spherically

I. I This test method covers the determination seated and the other a plain rigid block. The

of the unconfined compressive strength of intact bearing faces shall not depart from a plane by

cylindrical rock specimens. more thin 0.0005 in. (0.013 mm) when the

1.2 The values stated in inch-pound units are blocks are new and shall be maintained within a

to be regarded as the standard. permissible variation of 0.001 in. (0.025 mm).

1.3 This standard inay involve hazardous ma- The diameter of the spherically seated bearing

terials. ol),rations. and equipment. This standard face shall be at least as large as that of the test

does not purport to address all fl'the sqakwer prob- specimen but shall not exceed twice the diameter

lems asso'iated with its use. It is the responsibil- of the test specimen. The center of the sphere for

itY of*the user ofthis standard io establish appro- the spherically seated block shall coincide with

pria.e salte'o and health practices and determine the bearing face of the specimen. The movable

the applicabiliiy (of regulatory limitations prior Io portion of the bearing block shall be held closely
use. in the spherical seat. but the design shall be such

that the bearing face can be rotated and tilted
2. Referenced Documents through small angles in any direction.

2.1 ASTif Standards: NoTm I -False platens. with plane bearing faces

D4543 Practice for Preparing Rock Core Spec- conforming to the requirements of this method may be
used. These shall consist of disks about 'Vz to '/ in. (12.7

imens and Determining Dimensional and to 19.05 mm) thick, oil-hardened to more than HRC
Shape Tolerances- 58. and surface ground. With abrasive rocks, these

E 4 Practices for Load Verification of Testing platens tend to roughen after a number of specimens

Machines' have been tested, and hence need to be resurfaced from

E 122 Recommended Practice for Choice of tune to time.

Sample Size to Estimate the Average Quality 4. Test Specimens
of a Lot or Process' 4.1 Prepare test specimens in accordance with

3. Apparatus Practice D 4543.
4.2 The moisture condition of the specimen

3.1 Loading Device, to apply and measure
axial load on the specimens, of sufficient capacity
to apply load at a rate conforming to the require- 'This method under the junsdiction ofASTM Committee

ments set forth in 5.3. It shall be verified at D-18 on Soil and Rock and is the direct responsibility of

suitable time intervals in accordance with the SubcommiiteeDII 12on Rock Mechanics.

procedures given in Practices E 4. and comply Currenteditonlapproved Ocd 31.1986 Published[e•eDs•.-r

with the requirements prescribed therein. D_ 98 - ar

3.2 Bearing Sura'ces-The testing machine 4nnital 8,, # 4S STt/ Standards. %,ol 4 08
4nnual Bfii& ni 4STAI tSandardt. Vols 03 01. 04 01. 07 ILI!

shall be equipped with two steel beanng blocks and 08 03
having a Rockwell hardness of not less than HRC 4ninua/ 8,,.l, 4STAt Standads, o •4 02
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at time of test can have a significant effect upon 7 1.1 Source ol sample including project
the indicated strength of the rock. Good practice name and location, and. if known, storage envi-
generally dictates that laboratory tests be made ronment. The location is frequently specified in
upon specimens representative of field condi- terms of the borehole number and depth of spec-
tions. Thus it follows that the field moisture imen from collar of hole.
condition of the specimen should be preserved 7.1.2 Physical description of sample including
until time of test. On the other hand. there may rock type: location and orientation of apparent
be reasons for testing specimens at other moisture weakness planes, bedding planes. and schisotos-
contents including zero. In any case. tailor the ity: large inclusions or inhomogeneities. if any.
moisture content of the test specimen to the 7.1.3 Date of sampling and testing.
problem at hand and report it in accordance with 7.1.4 Specimen diameter and length, con-
7.1.7. formance with dimensional requirements (see

Note 4).
5. Procedure 7.1.5 Rate of loading or deformation rate.

7.1.6 General indication of moisture condi-
5.1 Check the ability of the spherical seat to tion of sample at time of test such as as-received.

rotate freely in its socket before each test. saturated, laboratory air dry. or oven dry. It is
5.2 Wipe clean the bearing faces of the upper recommended that the moisture condition be

and lower bearing blocksand of the test specimen more precisely determined when possible and
and place the test specimen on the lower bearing reported as either water content or degree of
block. As the load is gradually brought to bear saturation.
on the specimen, adjust the movable portion of 7.1.7 Unconfined compressive strength for
the spherically seated block so that uniform seat- each specimen as calculated average unconfined
ing is obtained, compressive strength of all specimens tested.

5.3 Many rock types fail in a violent manner standard deviation or coefficient of variation.
when loaded to failure in compression. A protec- 7.1.8 Type and location of failure. A sketch
tive shield should be placed around the test spec- of the fractured sample is recommended.
imen to prevent injury from flying rock frag- 7.1.9 Other available physical data.
ments. NOTE 3-If only cores with a length-to-diameter

5.4 Apply the load continuously and without ratio (L/D) of less than 2 are available, these may be
shock to produce an approximately constant rate used for the test and this fact noted in the report.
of load or deformation such that failure will occur However. a length-to-diameter ratio (L/D) as close to

2 as possible should be used. This apparent compressivewithin 5 to 15 min of loading. strength may then be corrected in accordance with the
following equation:

NOTE 2-Results of tests by several investigators C + (O.24h/hfl
have shown that strain rates within this range will
provide strength values that are reasonably free of rapid where:
loading effects and reproducible within acceptable tol- (C = computed compressive strength of an equiva-
erances. lent L/D = 2 specimen.

(. = measured compressive strength of the specimen
tested.

6. Calculation h - test core diameter, and
h = test core height.

6.1 Calculate the unconfined compressive6.1 alclat th unonfnedcomresive Note 4--The number of specimens tested may de-
strength of the specimen by dividing the maxi- non availabit of specimens buitnormay d

pend upon availability of specimens. but normally a
mum load camed by the specimen during the minimum often is preferred. The number of specimens
test by the cross-sectional area calculated and tested should be indicated. The statistical basis of relat-
express the result to the nearest 10 psi (68.9 kPa). mg the required number of specimens to the variability

of measurements is given in Recommended Practice
L 122.

7. Report

7.1 The r.-port should include the follow- 8. Precision and Bias

ing: 8.1 The variability of rock and resultant in-

2
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ability to determine a true reference value pre- precision of this test method. In addition, the
vent development of a meaningful statement of subcommittee is seeking pertinent data from
bias. Data are being evaluated to determine the users of the method.

The" .4mern an S.4 wt- Itw Twtring and A.faterial% ia n,••,w;,mot r'ip••i int•ih" validi i" ait ur pat'ent rtehti u • ws td toitto ,. I, lt

trth an" item mrnittmned in this .tandard. Users tit this vtandard artd -'prcNlt adi-u'd that dt'erininatton (, the witdttl ait ant ii
patent rights. and the risk ti inltringernent 'i• isich right . ure entiril/ their on. roptinwtihiht

Thi% standard is subjeti it) revimmsti at an," tire hr the reiptcn shb" ticihnuaI ci'nmnhitee and tins bhe r(evtsed•i•o tit ft ," tdatr ar d
it nft revised. either reapprovrd iwr withdrawn Your o'unma'nti urt" invtied o'lther Itor ,tiiton Iti this standard ar tr addiltlo'al
standards and should he addre.sse'd tit .ST.AI Ilhadqaianers )'our umment' mtll reteive (ureful onswderatian ti a ,it'twitr t flitth

respitbhle" get hnr'cal -oamittee. which isqi mar attend II vum feel that ictir taminent% hav' nit re'eird a lair heartne tis, , tSld

make rmr viw'.w knw'n tec the ..S[IC itounmittre tin Standards. 1916 Rati- St, Philadlphia. P4 19103
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Standard Test Method for
Direct Tensile Strength of Intact Rock Core Specimens1

This standard is issued under the fixed designation D 2936; the number immediately following the deignation indicates the year of
original adoption or. in the case ore'vision, the year of last revision. A number in pmreenthese indicates the year of lat reapproval. A

tiperscript epsilon (t) indicates an editorial change since the last revision or rcapproval.

"Nom-Section 9 was changed editorially in July 1939.0
NoTF-Section 10 was added editorially in December 1991.

1. Scope for load transfer from the loading device to the test specimen.
1. 1 This test method covers the determination of the The linkage system shall be so designed that the load will be

direct tensile strength of intact cylindrical rock specimens. transmitted through the axis of the test specimen without the
1.2 The values stated in inch-pound units are to be application of bending ortorsional stresses. The length of the

regarded as the standard. linkages at each end shall be at least two times the diameter
1.3 This standard may involve hazardous materials, oper- of the metal end caps. One such system is shown in Fig. !.

ations, and equipment. This standard does not purport to NOTE I-Roller or link chain ofsuitable capacity has been found to
address all of the safety problems associated with its use. It is perform quite weHl in this appfication. Because roller chain flexes in one
the responsibility of the user of this standard to establish plane only, the upper and lower segments should be positioned at right
appropriate safety and health practices and determine the angles to each other to effectively reduce bending in the specimen.

applicability of regulatory limitations prior to use. Ball-and-socket, cable, or similar arrangements have been found to be
generally unsuitable as their tendency for bending and twisting makes

2. Referenced Documents the assembly unable to transmit a purely direct tensile stress to the test
specimen.

2.1 ASTM Standards:
E 4 Practices for Load Verification of Testing Machines 2  5. Test Specimens

* E 122 Practice for Choice of Sample Size to Estimate the 5.1 Test specimens shall be right circular cylinders within
Average Quality of a Lot or Process3 the following tolerances:

3. Significance and Use 5.1.1 The sides of the specimen shall be generally smooth

3.1 Rock is much weaker in tension than in compression. and free of abrupt irregularities with all the elements straight
to within 0.020 in. (0.50 mm) over the full length of the

Thus, in determining the failure condition for a rock specimen. The deviation from straightness of the elements
structure, many investigators employ the tensile strength of shall be determined by either Method A or Method B as
the component rock as the failure strength for the structure. follows:
Direct tensile stressing of rock is the most basic test for 5.1.1.1 Method A-Roll the cylindrical specimen on a
determining the tensile strength of rock. smooth flat surface and measure the height of the maximum

4. Apparatus gap between the specimen and the flat surface with a feelergage. If the maximum gap exceeds 0.020 in. (0.50 mam), the
4.1 Loading Device, to apply and measure axial load on gage. doe meet 0.2 in. toler ),te

the specimen, of sufficient capacity to apply the load at a rate specimen does not meet the required tolerance for

conforming to the requirements of 6.2. The device shall be straightness of the elements. The flat test surface on which
veonforied at stahe teiremeintervals in a.2. rdace witha te the specimen is rolled shall not depart from a plane by more
verified at suitable time intervals in accordance with the than 0.0005 in. (15 Am).procedures given in Practices E 4 and shall comply with the 5.1.1.2 Method B:
requirements prescribed therein. 5.1.1.2.1 Place the cylindrical surface of the specimen on

4.2 Caps-Cylindrical metal caps that, when cemented to a V-block that is laid flat on a surface. The smoothness of the
the specimen ends, provide a means through which the direct surface shall not depart from a plane by more than 0.0005 in.
tensile load can be applied. The diameter of the metal caps (15 pm).
shall not be less than that of the test specimen, nor shall it 5.1.1.2.2 Place a dial indicator in contact with the top of
exceed the test specimen diameter by more than 0.0625 in. the specimen as shown in Fig. 2, and observe the dial reading
(1.6 mm). Caps shall have a thickness of at least 11/4 in. (32 as the specimen is moved from one end of the V-block to the
mm). Caps shall be provided with a suitable linkage system other along a straight line.

5.1.1.2.3 Record the maximum and minimum readings

' This test method is under the junisdtcion of ASTM Committee D-18onS on the dial gge and calculate the difference, oi. Repeat the
and Rock and is the direct responsibility of Subcommittee D!8.12 on Rock same operations by rotating the specimen for every 90'. and
Mechanics. obtain the differences, A%, Also, and A27o. The maximum

Current edition approved Sept. 28. 1984. Published November 1984. Originally value of these four differences shall be less than 0.020 in.
published as D 2936 - 71. Last previous edition D 2936 - 71.

Annual Book ofASTM Standards. Vols 03.01. 04.02 and 08.03 (0.50 mm).
,Annual Book ofASTM Siandards. Vol 1402. 5.1.2 Cut the ends of the specimen parallel to each other,
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Dial Gage

Specimen

V- block

FIG. 2 Assembly for Determining the Stralghtness of the
Cylindrical Surface

Oial Gage Specimen

FIG. I Direct Tensfe.Strongth Test Assembly

generally smooth (Note 2), and at right angles to the V-block
longitudinal axis. The ends shall not depart from perpendic- F. 3 A for Determining the Perpenclarity of End
ularity to the axis of the specimen by more than 0.25', ASufae Dto the pei end En
approximately 0.01 in. (0.3 mm) in 2 in. (50.0 mm). The
perpendicularity of the end surfaces to the longitudinal axis D = diameter.
shall be determined by the similar setup as for the cyfindrical T smeter.surface ('Fig. 3), except that the dial gage is mounted near the The smoothness of the end surfaces can be determined by
suroface (Fig.3),except that thedialgageis mountin a d h ntay o taking dial gage readings for every Ws in. (3.2 mm) during theend of the V-block. Move the mounting pad horizontaly so perpendicularity measurements. The closeness of the read-
that the dial gage runs across the end surface of the specimen ings are expected to provide a smooth curve of the end
along a diametral direction. Take care to ensure that one end surface along the specific diametral plane. The smoothness
of the mounting pad maintains intimate contact with the end requirement is met when the slope along any part of the
surface of the V-block during moving. Record the dial gage curve is less than 0.25'.
readings and calculate the difference between the maximum
and the minimum values, A,. Rotate the specimen 90' and NOTE 2-In this test method, the condition of the specimen ends
repeat the sameni opevatns, and calate the dperience 9" a with regard to the degree of flatness and smoothness is not as critical asrepeat the same operations and calculate the difference, A2. it is, for example, in compression tests where good bearing is aTurn the specimen around and repeat the same measure- prerequisite. In direct.tension tests it is more important that the ends be
ment procedures for the other end surface and obtain the parallel to each other and perpendicular to the longitudinal axis of the
difference values A', and A'2. The perpendicularity will be specimen in order to facilitate the application of a direct tensile load.
considered to have been met when: End surfaces, such as result from sawing with a diamond cut-off wheel,

are entirely adequate. Grinding, lapping, or polishing beyond this point

- and 1-: 0.005 serves no useful purpose. and in fact. may adversely affect the adhesion
D D of the cementing medium.

where: 5.1.3 The specimen shall have a length-to-diameter ratio
I = I or 2, and (L/D) of 2.0 to 2.5 (Note 3) and a diameter of not less than

2
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NX wireline core size, approximately I7/s in. (48 mm) (Note than 5 nor more than 15 min. Note and record the
4). maximum load carried by the specimen during the test.

NOTE 3-In direct-tension tests, the specimen should be free to select NOTE 6-In this test arrangement failure often oocmrs near one of the
and fail on the weakest plane within its length. This degree of freedom capped ends. Discard the results for those tests in which failure occurs
becomes less as the specimen length diminishes. When coies of shorter either partly or wholly within the cementing medium.
than standard length must be tested, make suitable notation of this fact
in the test report. 7. Calculation

NOTE 4-It is desirable that the diameter of rock tension specimens
be at least ten times greater than the diameter of the la•gest mineral 7.1 Calculate the tensile strength of the rock by dividing
grain. It is considered that the specified minimum specimen diameter of the maximum load carried by the specimen during test by
approximately 1% in. (48 mm) will satisfy this criterion in the majority the cross-sectional area computed in accordance with 5.3;
of cases. It may be necessary in some instances to test specimens that do express the result to the nearest 5 psi (35.0 kPa).
not comply with this criterion. In this case, and particularly when cores
of diameter smaller than the specified minimum must be tested because 8. Report
of the unavailability of larger size specimens (as is often the case in the
mining industry) make suitable notation of these facts in the test report. 8.1 The report shall include the following:
and mention the grain size. 8.1.1 Source of sample including project name and loca-

5.1.4 Determine the diameter of the test specimen to the tion, and, if known, storage environment (the location is
nearest 0.01 in. (0.25 mm) by averaging two diameters frequently specified in terms of the borehole number and
measured at right angles to each other at about midlength of depth of specimen from collar of hole),
the specimen. Use this average diameter for calculating the 8.1.2 Physical description of sample including: rock type,
cross-sectional area. Determine the length of the test spec- location and orientation of apparent planes, bedding planes,
imen to the nearest 0.01 in. by averaging two height and schisotosity; and large inclusions or inhomogeneities, if
measurements along the diameter. any,

5.1.5 The moisture condition of the specimen at the time 8.1.3 Date of sampling and testing,
of test can have a significant effect upon the indicated 8.1.4 Specimen length and diameter, also conformance
strength of the rock. Good practice generally dictates that with dimensional requirements as stated in Notes 3 and 4,
laboratory tests be made upon specimens representative of 8.1.5 Rate of loading or deformation rate,
field conditions or conditions expected under the operating 8.1.6 General indication of moisture condition of sample
environment. However, consider also that there may be at time of test, such as as-received, saturated, laboratory air

* reasons for testing specimens at other moisture contents, or dry, or oven dry (It is recommended that the moisture
with none. In any case, relate the moisture content of the test condition be more precisely determined when possible and
specimen to the problem at hand and report the content in reported as either water content or degree of saturation),
accordance with 8.1.6. 8.1.7 Direct tensile strength for each specimen as calcu-

lated, average direct tensile strength of all specimens, stan-
6. Procedure dard deviation or coefficient of variation,

6.1 Cement the metal caps to the test specimen to ensure 8.1.8 Type and location of failure (A sketch of the
alignment of the cap axes with the longitudinal axis of the fractured sample is recommended), and
specimen (Note 5). The thickness of the cement layer should 8.1.9 Other available physical data.
noi exceed '1/6 in. (1.6 mm) at each end. The cement layer NOTE 7-The number of specimens tested may depend upon the
must be of uniform thickness to ensure parallelism between availability of specimens, but normally a minimum of ten is preferred.
the top surfaces of the metal caps attached to both ends of The number of specimens tested should be indicated. The statistical
the specimens. This should be checked before the cement is basis for relating the required number of specimens to the variability of
hardened (Note 5) by measuring the length of the specimen measurements is given in Recommended Practice E 122.

and end-cap assembly at three locations 12i apart and near 9. Precision and Bias
the edge. The maximum difference between these measure- 9. 1 Precision-Due to the nature of rock materials tested
ments should be less than 0.005 in. (0.13 mm) for each 1.0 by this test method, it is, at this time, either not feasible or
in. (25.0 mm) of specimen diameter. After the cement has tocsl opouemlil pcmn hc aeun
hardened sufficiently to exceed the tensile strength of the form physical properties. Therefore, since specimens which
rock, place the test specimen in the testing machine, making would yield the same test results cannot be tested, Subcom-
certain that the load transfer system is properly aligned. mol itee d th8 e sanno dtermiesuthe variato be twe testsd ucmcertin hattheloadtrasfe sytemis popely liged, mittee Di18.12 cannot determine the variation between tests

NOTE 5-In cementing the metal caps to the test specimens, use jigs since any variation observed is just as likely to be due to
and fixtures of suitable design to hold the caps and specimens in proper specimen variation as to operator or laboratory testing
alignment until the cement has hardened. The chucking arrangement of variation. Subcommittee D18.12 welcomes proposals to
a machine lathe or drill press is ai.o suitable. The cement used should be
one that sets at room temperature. Epoxy resin formulations of rather resolve this problem that would allow for development of a
stiff consistency and similar to those used as a patching and filling valid precision statement.
compound in automobile body repair work hzve been found to be a 9.2 Bias-There is no accepted reference value for this
suitable cementing medium, test method; therefore, bias cannot be determined.

6.2 Apply the tensile load continuously and without shock
to failure. Apply the load or deformation at an approxi- 10. Ke-'rords
mately constant rate such that failure will occur in not less 10.1 leadig tests; rock; tension (tensile) properties/tests

3
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Th, American Society for Tes&kVg and Materaias takes no position respecting the valdity of any patent rights asserted in connection
patent rights, and the risk of infringement of such rights, are entirely their own responsibility.

This standard is subject to revWsio at any tkne by the responsible technical comnmitee and must be reviewed every five years and
If not revised, either reapproved or withdrawn. Your conunents are invited either for revision of this standard or for additional standards
and should be addressed to ASTM Headquarters. Your comments will receive carefu considerat~on at a meeting of the responsible
technical committee, which you may attend. if you feel that your comments have not received a fair hearing you should make your
views known to the ASTM Committee on Standards, 1916 Race St., Phladelphia, PA 19103.
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iit or isted in the cufrent corfsned index. wil appeaw sn the nest edit.ro

Standard Test Method for
Splitting Tensile Strength of Intact Rock Core Specimens1

Tuis sandard is issued under the fixed desgnation D 3967; thc number immediately following the designation indicates the ycar of
ordnal adoption or, in the case ofmrvisi the year of lat revision. A number in parenthescs indicates the year of last reapproval. A
superscpt epsilon (q) indicates an editorial dange since the last revision or reapprovaL

"NotE--Section 10 was corrected editorially November 1992-

I. Scope the specimen, of sufficient capacity to apply the load at a rate

1.1 This test method covers testing apparatus, specimen conforming to the requirements in 7.3. It shall be verified at
preparation, and testing procedures for determining the suitable time intervals in accordance with Practices E 4 and
splitting tensile strength of rock by diametral line compres- shall comply with the requirements prescribed therein.
sion of a disk. 4.2 Bearing Surfaces-The testing machine shall be

SIn e r r tequipped with two steel bearing blocks having a Rockwell
Note il-The tensile strength of andk .by t o hardness of not less than 58 HRC (Note 2). One of the blocksthe Staight pufl test is designated as the "indirect" tensile strength and, shall be spherically seated and the other- a plain rigid block.

specifically, the value obtained in Section 8 of this test is termed the

"slitting" tensile s . The bearing faces shall not depart from a plane by more than

1.2 The values stated in inch-pound units are to be re- 0.0005 in. (0.0127 mm) when the blocks are new and shall be
gardThed ashes standrd. nmaintained within a permissible variation of 0.001 in. (0.025

garded as the s mm). The diameter of the spherically seated bearing face
1.3 This tpandard does not purport to address all of the shall be at least as large as that of the test specimen but shall

safety problems, o f any. associated with its use. It is the not exceed twice the diameter of the test specimen. The
responsibility of the user of this standard to establish appro- movable portion of the bearing block shall be held dosely in
priate safety and health pratices and determine the appoca- the spherical seat, but the design shall be such that the. bility of regulatory limitations prior to use. bearing face can be rotated and tilted through small angles in

2. Referenced Document any direction.

NomT 2-False platens, with plane bearing faces conforming to the
2.1 ASTcStandard i nes2  requirements of this standard, may be used. These shall consist of disks
E 4 Practices for Load Verification of Testing Machins about 1/2 to V4 in. (12.7 to 19.05 mm) thick, oil hardened to more than

58 HRC, and surface ground. With abrasive rocks these platens tend to
3. Significance and Use roughen after a number of specimens have been tested, and hence need

3.1 By definition the tensile strength is obtained by the to be resurfaced from time to time.

direct uniaxial tensile test. But the tensile test is difficult and 4.2.1 During testing the specimen can be placed in direct
expensive for routine application. The splitting tensile test contact with the machine bearing plates (or false platens, if
appears to offer a desirable alternative, because it is much used) (Fig. 1). Otherwise, curved supplementary bearing
simpler and inexpensive. Furthermore, engineers involved in plates or bearing strips should be placed between the
rock mechanics design usually deal with complicated stress specimen and the machine bearing plates to reduce high
fields, including various combinations of compressive and stress concentration.
tensile stress fields. Under such conditions, the tensile 4.2.2 Curved supplementary bearing plates with the same
strength should be obtained with the presence of compressive specifications as described in 4.2 may be used to reduce the
stresses to be representative of the field conditions. The contact stresses. The radius of curvature of the supplemen-
splitting tensile strength test is one of the simplest tests in tary bearing plates shall be so designed that their arc of
which such stress fields occur. Since it is widely used in contact with the specimen will in no case exceed 15" or that
practice, a uniform test method is needed for data to be the width of contact is less than D/6, where D is the diameter
comparable. A uniform test is also needed to insure posi- of the specimen.
tively that the disk specimens break diametrally due to Nom 3-Since the equation used in 8.1 for splitting tensile strength

tensde pulling along the loading diameter, is derived based on a line load, the applied load shall be confined to a
very narrow strip if the splitting tensile strength test is to be valid. But a

4. Apparatus line load creates extremely high contact stresses which cause premature

4.1 Loading Device, to apply and measure axial load on cracking, A wider contact stip can reduce the problem significantly.
Investigations show that an arc of contact smaller than 15" causes no
more than 2 % of error in pnncipal tensile strcss while reduLing t`e

T "his tesl method is under the jurisdiction of AS I M Committee D,-18 on incidence of premature cracking greatly.

and Rock and is the dirtci responsibility of Subcommittee DI8.12.on.Rock 4.3 Bearing Strips (0.0 1 D thick cardboard cushion, where
Mechanics. 1) is the specimen diameter, or up to 0.25 in. thick plywooid

Current edition approved May 15, 1992 Puhhished July 1992 Originally
published as D 3967 - 81. Last prevmous edition 1) 3967 - 86". cushion arc recommended to place between the machine

Anualn Book ofA.S1MStandardt, Vols 03 01, 04.02, and 08.03 bearing surfaces (or supplementary bearing plates: if used)
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I D 3967
so that the orientation of the loading diameter relative to anisotropic
features can be determined precisely. Notation of this orientation shall
be made in the test reportU

6.2 Number ofspecimens-At least ten specimens shall be
tested to obtain a meaningful average value. If the reproduc-
ibility of the test results is good (coefficient of variation less
than 5 %), a smaller number of specimens is acceptable.

6.3 The circumferential surface of the specimen shall be
smooth and straight to 0.020 in. (0.50 mm).

6.4 Cut the ends of the specimen parallel to each other
"fs and at right angles to the longitudinal axis. The ends of the
platen specimen shall not deviate from perpendicular to the core

axis by more than 0.5'. This requirement can be generally
met by cutting the specimen with a precision diamond saw.

6.5 Determine the diameter of the specimen to the nearest
0.01 in. (0.25 mm) by taking the average of at least three

false measurements, one of which shall be along the loading
platen diameter.

6.6 Determine the thickness of the specimen to the
nearest 0.01 in. (0.25 mmn) by taking the average of at least
three measurements, one of which shall be at the center of
the disk.

6.7 The moisture conditions of the specimen at the time
of test can have a significant effect upon the indicated
strength of the rock. The field moisture condition for the
specimen shall be preserved until the time of test. On the
other hand, there may be reasons for testing specimens at
other moisture contents, including zero, and preconditioning
of specimen when moisture control is needed. In any case,
tailor the moisture content of the test specimen to the

FIG. 1 One of the Proposed Testing Setup for Splitting Tensile problm at hand and report it in accordance with 9.1.6.
Strength

7. Procedure
and the specimen to reduce high stress concentration. 7.1 Marking-The desired vertical orientation of the

NoTE 4-Experiences have indicated that test results using the specimen shall be indicated by marking a diametral line on
curved supplementary bearing plates and bearing strips, as specified in each end of the specimen. These lines shall be used in
4.2.2 and 4.3, respectively, do not significantly differ from each other, centering the specimen in the testing machine to ensure
but there may be some consistent difference from the results of tests in proper orientation, and they are also used as the reference
which direct contact between the specimen and the machine platen is lines for thickness and diameter measurements.
Used.

NoTE 7-If the specimen is anisotropic, take care to ensure that the

5. Sampling marked lines in each specimen refer to the same orientation.

5.1 The specimen shall be selected from the core to
represent a true average of the type of rock under consider- 7.2 Positioning-Poition th e w test specimen to ensure that
ation. This can be achieved by visual observations of mineral the diametral plane of the two lines marked on the ends of
constituents, grain sizes and shape, partings, and defects such specise d l ine upwtte to th rs of the
as pores and fissures. spherically seated bearing surface to within 0.05 in. (0.013

mam).

6. Test Specimens NoTE 8-A good line loading can often be attained by rotating the
6.1 Dimensions-The test specimen shall be a circular specimen about its axis until there is no light visible between the

disk with a thickness-to-diameter ratio (LID) between 0.5 specimen and the loading platens- Back lighting helps in making this

and 0.75. The diameter of the specimen shall be at least 10 observation.
times greater than the largest mineral grain constituent. A 7.3 Loading-Apply a continuously increasing compres-
diameter of 1-1S/16 in. (wireline core) will generally satisfy this sive load to produce an approximately constant rate of
criterion, loading or deformation such that failure will occur within I

NOTE 5-When cores smaller than the specified minimum must be to 10 min of loading, which should fall between 500 and
tested because of the unavailability of material, notation of the fact shall 3000 psi/min of loading rate, depending on the rock type.
be made in the test report.

NOTE 6-If the specimen shows apparent anisotropic features such as NOTE 9-Results of tests by several investigators indicate that rates of
bedding or schistosity, care shall be exercised in preparing the specimen loading at this range are reasonably free from rapid loading effects,

2
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8. Calculation dimensional requirements, direction of loading if anisotropy. 8.A The splitting tensile strength of the specimen shall be exists. Type of contact between the specimen and the loading
calculated as follows: platens.

2PILD 9. 1.5 Rate of loading or deformation rate.
9.1.6 General indication of moisture condition of the

and the result shall be expressed to the appropriate number specimen at time of test such as as-received, saturated,
of significant figures (usually 3), where: laboratory air dry, or oven dry. It is recommended that the
a, = splitting tensile strength, psi or Pa, moisture condition be more precisely determined when
P = maximum applied load indicated by the testing ma- possible and reported as either water content or degree of

chine, lbf (or N), saturation.
L = thickness of the specimen, in. (or m), and 9.1.7 Splitting tensile strength of each specimen as calcu-
D = diameter of the specimen, in. (or m). Wated, average splitting tensile strength of all specimens,

standard deviation or coefficient of variation.

9. Report 9.1.8 Type and location of failure. A sketch of the

9.1 The report shall include as much of the following as fractured specimen is recommended.

possible:
9.1.1 Sources of the specimen induding project name and 10. Precision and Bias

location, and if known, storage environment. The location is 10. 1 Data are being evaluated via an interlaboratory test
frequently specified in terms of the borehole number and program for rock properties to determine the precision of
depth of specimen from collar of hole. this test method. There is no accepted reference value of rock

9.1.2 Physical description of the specimen including rock for this test method, therefore, bias cannot be determined.
type; location and orientation of apparent weakness planes,
bedding planes, and schistosity; large inclusions or inhomo-
geneities, if any. 11. Keywords

9.1.3 Dates of sampling and testing. 11.1 indirect tensile strength; rock; splitting tensile
9.1.4 Specimen diameter and length, conformance with strength

The Anidcn Socey for TemsO and Matwi•* lake no poslon respedte vatheay of &VypWt rigt asserted In connection
with any tem mentiond in t/h stanrd. Uws of a ast&wdana we exrsssy advised that detwmhation of the varliy & a such
patent rghts, and the risk of khkrgeme of such rigts, we en&*r' ther own responsbility.

This standard is subaect to revsin any &time by the reWone technical committee and mut be reviewed @my flve yean an
I not revised, efther reapproved or wfhdrawnL You' onmeits are 6wited either or revision of thi stixWrd or for additional stadards
and shold be addrewed to ASTA Headquwte. Your oommwts wtiu receive careful comndertwon at a meeting of the responsibl
technica ommittee, which ~ you may atd. i r feou l at yo cma vs twv not recea~ a A•a hearIng you shoud make your
views known to the ASTM Committee on Standards. 1916 Race St. Philadelphia, PA 19103.

3



RTH 114-93

PROPOSED METHOD OF TEST FOR
GAS PERMEABILITY OF ROCK CORE SAMPLES

1. Scoe

1.1 This method describes procedures for determining gas permeabilities

of rock core samples. Test procedures are described for both large-diameter

cores (NX size--5.4 cm and larger) and small-diameter cores which include

plugs taken from larger diameter cores. Samples are normally right cylinders

although cube samples may be used with a suitably modified sample holder.

1.2 The permeability measurement will be made according to standard pro-

cedures with dry air as the permeant. The value obtained with this fluid may

then be corrected to a corresponding value for a nonreacting liquid using a

standard table of Klinkenberg corrections.' The use of such corrections

should be specifically noted in reporting results. Determination of perme-

ability of rock specimens may be made with other gases or with a liquid as the

permeant. However, measurements of liquid permeability are difficult to stan-

dardize because of potential interaction between rock constituents and the

liquid.

1.3 Permeability measurements made parallel to the bedding planes of

sedimentary rocks shall be reported as horizontal permeability while those

measured perpendicular to the bedding shall be reported as vertical permeabil-

ity. Structural features other than bedding may be used to describe the

direction of flow during measurement. These shall be specifically noted in

reporting results.

1.4 Samples of hard, consolidated rock may be cut to shape and tested

without artificial support. Friable, soft, shaly, or otherwise weak rock may

require additional support to resist deformation or alteration during testing.

Deformation or alteration will affect test results. Such samples shall be

supported by mounting in a suitable potting material (i.e. cement slurry)

exercising care not to alter the surfaces through which fluid flow will occur.

""Recommended Practice for Determining Permeability of Porous Media," 3rd ed.,. American Petroleum Institute RP 27 (1952).

1
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Testing procedures are the same for both unsupported and artificially sup-

ported samples.

1.5 The conventional direction of permeability measurement for small

cylindrical samples is parallel to the axis of the cylinder. Large-diameter

core samples are conventionally measured by one of two methods. In one

method, referred to as the "linear permeability measurement," gas flow is

either across the core perpendicular to a plane formed by a diameter of the

core and the vertical axis or parallel to the core axis as with the small-

diameter samples. When flow is across the sample, screens are used over dia-

metrically opposite quadrants of the core circumference to uniformly

distribute the gas flow. The second method is referred as a "radial perme-

ability measurement" in which gas flows from the outside surface of the core

radially through the core to a small-diameter hole drilled concentric with the

axis of the core sample.

1.6 The permeability test is applicable to a wide range of rock types

with a correspondingly wide range of permeabilities. With proper selection of

test equipment components, permeabilities as low as 0.01 millidarcys and as

high as 10 darcys can be measured accurately.

2. Summary of Method

2.1 The method for small samples consists of (a) placing the prepared

sample in a Hassler- or Fancher-type core holder, Figs. I and 2, (b) applying

the air pressure required to seal the sleeve around the core for the Hassler-

type holder or loading the rubber compression ring for the Fancher holder, and

(c) initiating dry gas flow through the sample. Because of the sensitivity of

permeability to minor changes in lithology, no prescribed number of samples

can be recommended to define the permeability of a given rock stratum.

Reproducibility of approximately ±2 percent for samples of 0.1 millidarcy or

greater permeability should be obtained for a given sample.

2.2 The method used to measure permeability for large-diameter cylindri-

cal samples with vertical gas flow is the same as that described in 2.1.

2.3 The method for large-diameter samples with horizontal flow consists

of (a) positioning appropriate-size screens diametrically opposite each other,

(b) attaching the screens to the sample by light rubber bands, (c) placing the

2



RTH 114-93

RUSBER OIAPNRAM

AIR VOR LIUI

END view O
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Fig. 2. Fancher-type core holder.
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prepared sample in a Hassler-type or compression (ram) core holder, Figs. 3

and 4, (d) compressing the rubber gaskets which seal the ends of the samples

in the Hassler-type holder (the ends of the samples used in the compression

holder are presealed with plastic which is overlapped by the compression

halves), (e) applying the air pressure (Hassler-type) or hydraulic force (com-

pression) necessary to seal the sides of the sample except the area covered by

the screens, and (f) initiating dry gas flow through the sample. Permeability

is normally measured in two directions across the core: one is in the direc-

tion of apparent maximum permeability and the other is perpendicular to the

first.

2.4 The method for large-diameter specimens with radial flow consists of

(a) positioning the prepared sample in the radial flow core holder, Fig. 5,

(b) raising the core against the closed lid by means of a piston, and

(c) initiating dry gas flow through the sample.

3. Apparatus

3.1 Components - The apparatus used in dry air permeability testing con-

sists of the following major components:

(a) A source of dry air

(b) Pressure regulator

(c) Inlet-pressure measuring device

(d) Core holder

(e) Outlet-pressure measuring device

(f) A dry air flow-rate metering device

3.2 Source of Air - The source of air for permeability measurements can

be either the normal laboratory air supply or cylinders. Provisions should be

made to filter particulate matter, absorb oil vapor, and remove water vapor.

These devices should be periodically checked to insure proper operation.

3.3 Pressure Regulator - A suitable pressure regulator should be provided

for the source of dry air. This regulator should apply air at a constant

pressure and should be capable of doing so over a range of pressures between 1

and 80 cm of mercury (Note 1) which will produce the desired flow rate

5
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Fig. 3. Hassler-type permeameter.
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Fig. 4. Compression (RAM) permeameter.
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(Note 1) of approximately 1 cu cm per second. Regulators of the pneumatic

type are suitable for this purpose.

NOTE 1--The pressures required to produce the desired flow rate jl cu cm

per second) depend on the permeability and dimensions of the rock sample.

Since the dimensions and permeability range of samples are not specified, the

range of pressures over which pressure control is required cannot be speci-

fied. Equipment in common use operates over the pressure range of 1 to 80 cm

of mercury. This pressure range is capable of producing laminar flow. This

is the flow region required for permeability measurements. It is usually

observed at flow rates up to 1 cu cm per second.

3.4 Pressure Measuring Devices - Inlet- and outlet-pressure measuring

devices are manometers. These are water-, oil-, or mercury-filled and of a

convenient length, usually 80 cm or less, with selection of length and fluid

depending upon pressures to be measured. Manometers may be used in parallel

to obtain the necessary accuracy over a range of pressures. Manometers are. either open to the atmosphere or connected across the core. Connected across

the core, they measure "differential" pressure. Where the pressure is in

excess of 80 cm of mercury, a bourbon-type gage may be employed. This type of

gage is normally only used in measuring extremely low permeabilities where

high inlet pressures are required.

3.5 Core Holders

3.5.1 Three types of core measurements are commonly made:

(a) Axial flow in both small- and large-diameter cores

(b) Diametric flow in large-diameter cores

(c) Radial flow in large-diameter cores

3.5.2 Except for radial flow, more than one type of core holder may be

used for permeability determinations. Irrespective of direction of gas flow

or type of core holder used, the core holder must be such that when pressure

is applied to one end of the system, all flow is through the sample. Care

must be taken that no fluid bypasses the sample either through an imperfect

seal between the core holder and sample or between the sample and the support-. ing material if the sample is mounted. Holders which accommodate several

9
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cores for simultaneous or sequential testing using matched pairs of inlet-

outlet valves must be designed so that no fluid can leak between samples.

3.5.3 Selection of the type of core measurement is based on both the size

of the sample available and the desired representativeness of the permeability

value. For uniform, homogeneous rock small-diameter cores taken parallel and

pirpendicular to the bedding should provide representative permeability

values. Measuring permeability of large-diameter cores is recommended for

rock which is nonhomogeneous, vugular, fractured, or laminated. The radial

method provides more representative data than the hori7ontal flow method since

the entire diameter surface area of the core rather than a concentrated sec-

tion of the diameter surface area of the core is involved in flow.

3.6 Screens to Distribute Gas Flow - When flow is across the core paral-

lel to a diameter, screens should be of a wire diameter and mesh size such

that a uniform gas distribution is obtained Care should be exercised in

positioning the screens prior to placing the sample in the holder to ensure

that they maintain their proper position while the core is being seated.

3.7 Air Flow-Rate Metering Device- Three types of dry air flow-rate

metering devices may be used:

(a) Calibrai.ed orifices (a capillary tube which is calibrated for

the conditions of testing, so that the pressure drop across the orifice is

small compared to the core)

(b) Soap bubble in a calibrated burette

(c) Water-displacement meters

The calibrated orifice is the most commonly used type of flow metering device.

Timing the movement of a soap bubble in a burette is also frequently used.

Differential pressures across the core are adjusted to minimize turbulence in

the flow of gas through the sample. Flow rates of 1 cu cm per second or less

are used.

3.8 Sample Preparation Equipment - Sample preparation equipment shall

include the following:

3.8.1 Diamond coring equipment for taking small-diameter cylinders from

larger samples. 0

10
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3.8.2 Diamond saw for trimming ends of samples. Ends should be suffi-

ciently flat and parallel for leakage seating of rubber end seals.

3.8.3 Drill press and diamond drill for drilling axial holes for radial

flow measurement samples. The holes should be concentric with the axis of the

cylindrical sample. Care should be exercised in drilling to prevent cracking

of the sample.

3.8.4 Sample cleaning to remove original fluids from the cores, external

coatings such as drilling muds, and, in the case of highly saline original

fluid, deposited salts. Where the original fluids are hydrocarbons, cleaning

may be accomplished by solvent extraction, gas-driven solvent extraction,

distillation-extraction, or other suitable method. 2 Drilling muds may be re-

moved from the surface with water washing. If the interstitial water is very

saline, several thorough freshwater washing should remove deposited salts.

3.8.5 Drying oven that can be maintained at 110 ± 5 'C.

3.8.6 Micrometer or vernier caliper for measuring length and diameter of

•. test specimen. Micrometer or caliper should be direct reading to 1/50 mm.

3.8.7 Equipment as required for mounting samples of weak rock in optical

pitch or suitable potting plastic.

3.8.8 Miscellaneous equipment such as timing devices, magnifying lenses,

etc., used in preparing the sample and measuring pressures and gas flow rates.

4. Calibration

4.1 The permeameter should be calibrated regularly by means of capillary

tubes of various known permeabilities or with standard plugs.

4.2 Orifices used to measure gas flow rates should be calibrated by

allowing air to flow from the orifice to a burette containing a soap bubble.

4.3 Micrometers or vernier calipers used to measure sample dimensions

should be checked against length standards.

5. Sample Preparation

5.1 There are no standard sample sizes. Small-diameter samples are com-

monly 1.9 to 3.8 cm in diameter. Large-diameter cores are arbitrarily 5.4 cm

2 Darcy, H., The Public Fountain of the Village of Dijon, Paris: Victor
Dalmont, 1856 (French text).

11



RTH 114-93

in diameter (equivalent to NX core) and larger. Cores as large as 15.2 cm in

diameter are commonly tested. Core holders are designed for a specific size

or sizes of cores. The core holders are designed for a specific size or sizes

of cores. The core holder may be modified to accommodate a smaller sized

sample by placing the core in a rubber sleeve whose inner diameter is that of

the core and whose outer diameter is that for which the permeameter was

designed. Thus a 1.9-cm-diam sample can be tested in a permeameter designed

for 2.54-cm samples. Sample length is also not standardized. Sample lengths

vary from 2.54 cm for small-diameter samples to 60.96 cm for largezdiameter

cores. Core holding devices are designed to accept different length samples.

Where a sleeve is used to adapt a core, differences in sleeve and sample

length may be compensated for by means of spacer rings placed on top of the

sample.

5.2 Ratio of sample length to diameter also is not standardized. A ratio

of 1:1 is recommended as a minimum for small-diameter samples. For large-

diameter samples, a minimum L/D ratio of 1:2 is recommended.

5.3 The diameter of the test specimen is measured to the nearest 0.1 mm

by averaging two diameters measured at right angles to each other at about

midlength of the specimen. This average diameter is used for calculating the

cross-sectional area. The length of the test specimen is determined to the

nearest 0.1 mm by averaging three length measurements taken at third points

around the circumference.

5.4 If the sample requires artificial support, the mounting material and

method of mounting should be such that penetration into the sample is mini-

mized, the sample does not extend beyond the surface of the mounting material,

and mounting material does not cover any surface perpendicular to the direc-

tion of flow. Specific details of the mounting procedures, as well as mount-

ing materials, are given in reference 1.

5.5 In cleaning and mounting the sample prior to testing, care should be

used to prevent any alteration of the minerals comprising the rock sample

which may produce changes in permeability. Samples containing clays or other

hydratable minerals are especially susceptible.

12
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5.6 Before measuring permeability any sample which is suspected of being

cracked should be tested by coating with a liquid while air is passing through

the sample. A row of bubbles on the downstream surface will serve to indicate

the presence of a crack parallel to the direction of flow. Such samples

should either be discarded as nonrepresentative or, if retained, note should

be made of the crack in reporting permeability values.

6. Procedure

6.1 The prepared sample is mounted in the specified core holder as

follows:

6.1.1 Hassler-type Holder - Retract rubber diaphragm or sleeve, Fig. 1,

by applying a vacuum to the space between the diaphragm and the body of the

core holder. (Note 2)

NOTE 2--A vacuum source of 5 cm of mercury is sufficient to retract the

diaphragm.

"O Remove one end of the core holder and insert the cylindrical sample. Reinsert

the end of the core holder, applying sufficient force to seat the sample.

Remove the vacuum from the space between the body and the diaphragm, thus

allowing the diaphragm to constrict around the sample. (Note 3)

NOTE 3--Fine-grained, smoothly formed samples can be effectively sealed at

690 N/m 2 pressure. Coarse-grained samples will require from 1035 to 1370 N/m2

sealing pressure.

The pressure between the diaphragm and core holder body is maintained during

the permeability measurement.

6.1.2 Fancher-type Holder - Select a rubber stopper drilled to the diam-

eter and length of the sample. Carefully push the sample plug into the

tapered stopper base until it is flush with the small end surface. Remove all

loose sand grains. Place the stopper containing the test sample inside the

tapered material core holder, Fig. 2. Turn the ram hand wheel to move the

upper ram plug down to seal tightly against the top of the holder. Compress

the tapered rubber stopper with the ram to effect a seal around the sample

* perimeter.

13
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6.1.3 Compression (Ram) Holder - Place the sample in the lower half of

the rubber cradle, Fig. 4, making certain that the screen is centered over the

air outlet and the ends of the sample are overlapped by the rubber cradle.

Lower the upper compression half by applying air or hydraulic pressure above

the piston. After seating the two halves, apply sufficient pressure to com-

press the rubber cradle with the ram to effect the seal around the sample

perimeter. (See Note 3).

6.1.4 Radial Flow Holder - Place the core on a (2.54-cm) solid rubber

gasket which is attached to the lower floating plate, Fig. 5. Raise the core

by means of the piston against the closed lid with the center hole of the core

matching that of the upper gaskets. After the core contacts the upper gasket,

increase the piston pressure slightly to adjust the lower floating plate if

the core ends are not parallel. Sufficient piston pressure is then applied to

effect a seal of the upper and lower core surfaces. (Note 4)

NOTE 4--With gas flowing through the core at a constant rate, the piston

pressure is increased. Decreased flow rate with increasing piston pressure

indicates a leak at the rubber gasket. Repeat the test until no change in the

flow rate is noted.

6.2 Connect the source of dry gas and inlet pressure measuring devices to

the inlet fitting on the core holder. Connect the outlet pressure measuring

devices and flow rate metering device to the outlet fitting on the core

holder.

6.3 Initiate dry gas flow through the sample. Control the flow rate to

minimize turbulence. Measure the flow rate through the sample intermittently

for a period of 3 to 10 minutes until the flow becomes constant. Record the

constant flow rate and pressures.

7. Calculations

7.1 The calculation of permeability is based on the empirical expression

of Darcy known as Darcy's law. 2 The coefficient, k, of proportionality is the

permeability.

7.2 The unit of the permeability coefficient, k, is the darcy. For con-

venience the subunit millidarcy may be used where I millidarcy equals

0.001 darcy. A porous medium has a permeability of one darcy when a

14
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single-phase fluid of one centipoise viscosity that completely fills the voids

of the medium will flow through it under "conditions of viscous flow" at a

rate of I cu cm per second per square centimetre of cross-sectional area under

a pressure gradient of one atmosphere per centimetre. "Conditions of viscous

flow" mean that the rate of flow is sufficiently low to be directly propor-

tional to the pressure gradient. The permeability coefficient so defined has

the units of length squared or area.

7.3 Vertical Flow Parallel to Core Axis - Darcy's law in differential

form for linear flow is

k dp

where

q - macroscopic velocity of flow, in centimetres per second

k - permeability coefficient, in darcys

14 - viscosity of the fluid that is flowing, in centipoises

dp/dL - pressure gradient in the direction of flow, in atmospheres
per centimetres

Relating the velocity of flow to the volume rate of flow through the cross-

sectional area and performing the indicated integration produces the following

working equation for permeability coefficient in millidarcys:

k = (2000 Q00 L a)/PA2 - P.2)

where

Q, - rate of flow of outlet air, in cubic centimetres per
second

P, = outlet pressure, in atmospheres (absolute)

Pi = inlet pressure, in atmospheres (absolute)

L = length of sample, in centimetres

A = cross-sectional area perpendicular to direction of flow,
in square centimetres

0 15
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Several methods of simplification exist for calculating the permeability coef-

ficient. Two such methods are given below:

7.3.1 Method 1 - For this method inlet pressure and pressuire drop across

the rate measuring orifice during the test are selected so that the outlet

pressure is essentially one atmosphere. The working equation then reduces to

k = Q CL/A

where

C - (2000 P)/(P1
2 _ 1)

p - viscosity of air under the conditions used to
calibrate the orifice

C then is a constant for each fixed inlet pressure since the fact that the

same air flows through both the core and the orifice means that any change in

air viscosity resulting from temperature changes or water vapor will have no

effect on the relative pressure readings.

7.3.2 Method 2 - For this method calibration charts or tables of

permeance (Note 5) versus outlet pressure for given inlet pressures and

orifices are prepared based on the following equation

kc = L, ['ýO . Ap=---•r
Ac~ f or APor.c

where

kc, kor = permeability of the core and the equivalent
permeability of the orifice, respectively,
in millidarcys

Lc, Lor = length of core and orifice, respectively, in
centimetres

Ac, Aor = cross-sectional area of core and orifice,
respectively, in square centimetres

APC,APor = pressure drop across the core and orifice,
respectively, in atmospheres

Q,, Qor = flow rate through the core and orifice,
respectively, in cubic centimetres per second

16
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NOTE 5--Permeance or apparent permeability is the proper term for flow

capacity. The term as used is analogous to the term conductance for the flow

of current through an electrolyte solution. Permeance and permeability,

therefore, are related in the same way as conductance and conductivity.

This working equation can be simplified to

0L Qc -L
Ac AP"

where

L - orifice constant

L may be determined directly by use of a known permeability plug. When

tables or nomographs are used to calculate the permeability coefficient from

measured outlet pressure for given inlet pressures and orifices, the working

equation reduces to

where

kca - permeance of the core

The permeance as calculated when multiplied by the L/A ratio gives the core

permeability coefficient, kc.

7.4 Horizontal Flow Parallel to Core Diameter - The same differential

form of Darcy's law and working equation as used for vertical flow are

applied. The working equation is modified by a factor for shape to the fol-

lowing form:

k =(Q u/L AP) (1000) (G)

where

k = permeability, in millidarcys

Q, =volume rate of air flow at mean core pressure, in cubic
centimetres per second

17
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A - viscosity of flowing fluid, in centipoises

L - length of sample, in centimetres

AP - pressure drop across the core, in atmospheres

G - shape factor, 3 Fig. 6

7.5 Radial Flow - The radial permeability is calculated directly from the

integrated form of Darcy's law for radial flow. The equation in terms of

permeability coefficient is

k = (pQ) (in d,/d.) (P0)/(irh) (p2 - p.2) . 1000

where

k - permeability, in millidarcys

p - viscosity of flowing fluid at test temperature, in
centipoises

Qa - measured flow rate at test temperature and pressure - Po,

in cubic centimetres per second

in - logarithm to the base e

d- outside diameter of sample, in centimetres

d,- inside diameter of inner hole, in centimetres

P, " outlet pressure, in atmospheres (absolute)

h - height of sample, in centimetres

Pi - inlet pressure, in atmospheres (absolute)

As with vertical flow, if the outlet pressure is atmospheric and the orifices

are calibrated over the range of inlet pressures, the working equation simpli-

fies to

k = uQn (In de/dw)/21rhA 1 1000

3Collins, R. E. , "Determination of the Transverse Permeabilities of Large Core
Samples from Petroleum Reservoirs," Journal of Applied Physics 23, 681-84
(1952).
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Fig. 6. Theoretical curve relating the geometric factor and the angular
segment of the core covered by the screens (Collins, 1952).
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where
Q. -volume rate of air flow at mean core pressure, in cubic

centimetres per second

AP - pressure drop across sample, in atmospheres (absolute)

8. Report

8.1 The report shall include the following:

8.1.1 A lithologic description of the rock tested.

8.1.2 Source of sample including depth and orientation, dates of sampling

and testing, and storage environment.

8.1.3 Methods used for sample cleaning.

8.1.4 Methods used for sample support, capping, or other preparation such

as sawing, grinding, or drilling.

8.1.5 Specimen length and diameter.

8.1.6 Type of core holder used.

8.1.7 Pressures used to seal core surfaces in core holder.

8.1.8 Flowing fluid used and direction flow.

8.1.9 Method used for calculating permeability coefficient.

8.1.10 Results of other physical tests, citing the method of determina-

tion for each.

8.1.11 Permeability corrections used.

8.2.12 Description of air source.

8.1.13 Calculation of permeability, with values defined for all

variables.
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Standard Test Method for
Resistance to Degradation of Large-Size Coarse Aggregate
by Abrasion and Impact in the Los Angeles Machine'

This standard is issued under the fixed designation C 535; the number immediately following the designation indicates the year of
original adoption or. in the case of revision. the year oflast revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (t) indicates an editorial change since the last revision or reapproval.

This method has been approved for use by agencies of the Department of Defense. Consult (he DoD Index of Specifications and
Standards for the specific yewa of issue which has been adopted by the Department of Defense.

1. Scope them around until they are dropped to the opposite side of
1.1 This test method covers testing sizes of coarse aggre- the drum, creating an impact-crushing effect. The contents

gate larger than 3/4 in. (19 mm) for resistance to degradation then roll within the drum with an abrading and grindingusing the Los Angeles testing machine, action until the shelf plate impacts and the cycle is repeated.
using pAfter the prescribed number of revolutions, the contents are

No. I--A procedure for teding coare aggregate smaller than i1½ removed from the drum and the aggregate portion is sieved
in. (37.5 mm) is covered in Method C 131. to measure the degradation as percent loss.

1.2 This standard may involve hazardous materials, oper-
ations, and equipment. This standard does not purport to 4. Significance and Use
address all of the safety problems associated with its use. It is 4.1 The Los Angeles test has been widely used as an
the responsibility of the user of this standard to establish indicator of the relative quality or competence of various
appropriate safety and health practices and determine the sources of aggregate having similar mineral compositions.
applicability of regulatory limitations prior to use. The results do not automatically permit valid comparisons to

be made between sources distinctly different in origin,
2. Referenced Documents composition, or structure. Specification limits based on this

S 2.1 ASTM Standards: test should be assigned with extreme care in consideration of

C 131 Test Method for Resistance to Degradation of available aggregate types and their performance history in

Small-Size Coarse Aggregate by Abrasion and Impact in specific end uses.

the Los Angeles Machine 2  5. Apparatus
C 136 Method for Sieve Analysis of Fine and Coarse 5.1 Los Angeles Machine conforming to the requirements

Aggregates2  of Test Method C 131.
C 670 Practice for Preparing Precision Statements for Test 5.1.1 The machine shall be so driven and so counterbal-

Methods for Construction Materials 2  anced as to maintain a substantially uniform peripheral
C 702 Practice for Reducing Field Samples of Aggregate to speed (Note 2). If an angle is used as the shelf, the direction

Testing Size' S2 of rotation shall be such that the charge is caught on the
D 75 Practice for Sampling Aggregates outside surface of the angle.
E II Specification for Wire-Cloth Sieves for Testing

Purposes NOTE 2-Backlash or slip in the driving mechanism is ver, lke;y to
furnish test results that are not duplicated by other Los Angeles

3. Summary of Method machines producing constant peripheral speed.

3.1 The Los Angeles test is a measure of degradation of 5.2 Sieves, conforming to Specification E 11.5.3 Balance--A balance or scale accurate within 0. i % of
mineral aggregates of standard gradings resulting from a

combination of actions including abrasion or attrition, test load over the range required for this test

impact, and grinding in a rotating steel drum containing a 5.4 Charge-The charge shall consist of 12 steel spheres

impecid anu eri n iof steel spheres, the number depending averaging approximately 127/32 in. (46.8 mrm) in diameter,
specified number oeach weighing between 390 and 445 g, and having a totalupon the grading of the test sample. As the drum rotates, a weight of 5000 ± 25 g.
shelf plate picks up the sample and the steel spheres, carrying

NOTE 3-Steel ball bearings I /I in. (46.038 mm) and I1/' in.
(47.625 mm) in diameter, weighing approximately 400 and 440 g each,

'This test method is under the jurisdiction of ASTM Committee C-9 on respectively, are readily available. Steel spheres 127/32 in. (46.8 mm) in

Concrete and Concrete Aggregates and is the dih-ec responsibility of Sub-ommittee diameter weighing approximately 420 g may also be obtainable. The
C09.03.05 on Methods of Testing and Specifications for Physical Characteristics of charge may consist of a mixture of these sizes.
Concrete Aggregates.

Current edition approved April 28, 1989. Published June 1989 Onginally 6. Sampling
published as C 535- 64 T. Last prevous edition C 535 - 81 (1987). 6.1 The field sample shall be obiained in accordance with

2 Annual Book of ASTM Standards. Vols 04.02 and 04 03.
SAnnual Book ofASTM Standards. Vol 04.02 Practice D 75 and reduced to test portion in accordance with

4 Annual Book of ASTM Standardt. Vol 14 02 Practice C 702.
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TABLE 1 Gradings of Test Samples

Sieve Size. mm (in.) 'Square Openings) Weights of Indicated Sizes, g

Passing 
Retained on

1 2 3

75(3) 63(2'/2) 2 500 -. 50
63(2,/) 50(2) 2 500•± 50
50(2) 37.5 (11/2) 5 000 -t 50 5 000 ± 50
37.5 (11/2) 25.0 (1) --- 5 000 ± 25 5 000 _ 25
25.0(1) 19.0 (3/) 5 000 t 25

Total 10 000 t 100 10 000 ± 75 10 000 ± 50
A Gradigs 1, 2. and 3 correspond, respectively, in their size distribution to G&adngs. E. F. and G in the superseded ASTM Method C 131 - 55. 1 est for Abrasion of

Coarse Aggregate by Use of the Los Angeles Machine, which appears in the 1961 Book of ASTM StWdards. Part 4.

7. Test Sample NoTE 5-Valuable information concerning the uniformity of the

7.1 The test sample shall be washed and oven-dried at 221 sample under test may be obtained by determining the loss after 200
revolutions. This loss should be determined without washing the

to 230"F (105 to I 10C) to substantially constant weight material coarser than the 1.70-mm (No. 12) sieve. The ratio of the loss
(Note 4), separated into individual size fractions, and recom- after 200 revolutions to the loss after 1000 revolutions should not greatly
bined to the grading of Table I most nearly corresponding to exceed 0.20 for mat-rial of uniform hardness. When this determination
the range of sizes in the aggregate as furnished for the work. is made, take care to avoid losing any part of the sample; return the
The weight of the sample prior to test shall be recorded to the entire sample, including the dust of fracture, to the testing machine for

nearest Ithe final 800 revolutions required to complete the test

NOTE 4--If the aggregate is essentially free of adherent coatings and 9. Calculation
dust, the requirement for washing before and after test may be waived.
Elimination of washing after test will seldom reduce the measured loss 9.1 Express the loss (difference between the original
by more than about 0.2 % of the original sample weight weight and the final weight of the test sample) as a

percentage of the original weight of the test sample. Report
8. Procedure this value as the percent loss.

8.1 Place the test sample and charge in the Los Angeles NoTE 6-The percent loss determined by this method has no known
testing machine and rotate the machine at 30 to 33 r/min for consistent relationship to the percent loss for the same material when
1000 revolutions. After the prescribed number of revolu- tested by Test Method C 1331.
tions, discharge the material from the machine and make a
preliminary separation of the sample on a sieve coarser than 10. Precision
the 1.70-mm (No. 12). The finer portion shall then be sieved 10. 1 Precision-The precision of this test method has not
on a 1.70-mm sieve in a manner conforming to Method been determined. It is expected to be comparable to that of
C 136. The material coarser than the 1.70-mm sieve shall be Test Method C 131.
washed (Note 4), oven-dried at 221 to 230"F (105 to I 0"C) 10.2 Bias-No statement is being made about the biz. o"
to substantially constant weight, and we;ghed to the nearest 5 this Test Method since there is no accepted reference
g (Note 5). material suitable for determining the bias of this procedure.

I0



RTH 115-93

4DI C 535

APPENDIX

(Nonmandatory Information)

XI. MAINTENANCE OF SHELF

X1.1 The shelf of the Los Angeles machine is subject to X 1.2 The shelf should be inspected periodically to deter-
severe surface wear and impact. With use, the working mine that it is not bent either lengthwise or from its normal
surface of the shelf is peened by the balls and tends to radial position with respect to the cylinder. If either condi-
develop a ridge of metal parallel to and about 1 '/4 in. (32 tion is found, the shelf should be repaired or replaced before
mm) from the junction of the shelf and the inner surface of further tests are made. The influence on the test result of the
the cylinder. If the shelf is made from a section of rolled ridge developed by peening of the working face of the shelf is
angle, not only may this ridge develop but the shelf itself may not known. However, for uniform test conditions, it is
be bent longitudinally or transversely from its proper posi- recommended that the ridge be ground off if its height
tion. exceeds 0.1 in. (2 mm).

The American Society for Testing and Materials takes no position respectmg the validity of any patent rights asserted in connectko
with any item mentioned in this standard. Users of this standard are exoessy advsed that defomwinatlon of the validity of any such
patent rights, and the risk of lingrmement of such rnghts, are W nt "sy their own Mp o .

This standard is subject to revision at any time by the responsible technical coaninttee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for edditional standards
and should be addressed to ASTM Headquarters. Your conmnments will receive careti consideration at a meeting of the responsible
technical committee, which you may attend, If you feel that your comments have not received a fair hearing you should make you
views known to the ASTM Committee on Standards, 1916 Race St., Philadelphia, PA 19103.
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Standard Test Methou ior
Elastic Moduli of Intact Rock Core Specimens in Uniaxial
Compressijn'

This gandaiu is inued under the fied desgnittosi D 3148. the number immeduiatelY (allowing4 the designation indcate the Y-a Of
orignal adoptons at. to the case of revnaon. the yea of lait revision. A number in parcbemtee indiates tUe yw of Lagt reapproval- A

supererpiti epfiull (d) uldicatiesas edsitoral cb-asngece the Ias revision or rapproval.

Nou-Vtg'a 2 was correced editoriallyin December 1987.

INTRODUCI1ON

The deformation and strength properties of rock cores measured in the Laboratory usually do not
accurately reflect large scale in situ properties because the latter are strongly influenced by joints.
faults, inhomogeneities weakness planes, and other factors, Therefore, laboratory values for intact
specimens must be employed with proper judgment in engineering applications.

1. Scope is greater than 10 % for a given stress level.

1.1 This test method covers the determination of elastic NOTE 3-Elastc moduli measured by sonic methods may often be

moduli of intact rock core specimens in uniaxial compression. employed as preliminary measures of anisotropy.

Procedure A specifies the apparatus, instrumentation,. and 1.4 The values stated in inch-pound units are to be re-
procedures for determining the axial stress - strain curve and garded as the standard.
Young's modulus. E, of cylindrical rock specimens loaded in 1.5 This standard may involve hazardous materials. oper-Ouniaxial comprecssion. Method B specifies the additional ap- ations. and equipment. This standard does not purport to
paratus. instrumentation, and procedure which are necessary address all of the safety problems associated with its use. It is
also to determine the lateral stress - strain curve and Poisson's the responsibility of th'. user of this standard to establish
ratio. P. appropriate safety and health practices and determine the

NorrE 1I-Some applications require the value of Young's modulus, applicability of regulatory limitations prior to use.
but no( Poisson's ratio. Thus, the decision to use Procedure A or
Proceure A and B shall be determined by the engineer in charge of the 2. Referenced Documents
-rjeL

NOTE 2-This test method does not include the procediures neesr 2.1 ASTM Standards:
to obtain a stress - strain curve beyond the ultimate strength. D 2938 Test Method for Unconfined Compressive Strength

1.2 Test methods are not normally specified for rock mod- of Intact Rock Core Specimrens'
uliin enson ecuseitslowtesil stengh oesnotperit D4543 Practice for Preparing Rock Core Specimens and

sufficinensio becaseoints lowb oteinsied strent dosigifcnot. Hormi Determining Dimensional and Shape TolerancesF
sueventh datac pointils toiben obtaied toy be sppignidat. Hesow- E 4 Practices for Load Verification of Testing Machines'

tesethebscpinigsgvnhremyb.plidt eso E 122 Recommended Practice for Choice of Sample Size
tetn.to Estimate the Average Qaiyo o rPoes

1. 3 The relation between the three elastic constants. ult ldLto

G =E/2' ,I + 0 3. Apparatus

where: 3.1 Loading Device (Procedures A and B), for applying
G =modulus of rigidity, and measuring axial toad to the specimen and of sufficient
E =Young's modulus, and capacity to apply load at a rate in accordance with the
r = Poisso's ratio. requirements prescribed in 5.4. It shall be verified at suitable
and most elastic design equations are based on the assump- time intervals in accordance with the procedures given in
tion of isotropy. The engineering applicability of these equa- Practices E 4, and comply with the requirements presicribed
tions is therefore decreased if the rock is anisotropic. When therein.
possible. it is desirable to conduct tests in the plane of NOTiE 4-The loading apparatus employed for this test is the same a
foliation, bedding. etc.. and at right angles to it to determine thsat required for Test Method D 2938,
the degree of anisotropy. It is noted that equations developed 3.2 Bearing Surfaces (Procedures A and By--The testing
for isotropic materials may give only approximate calculated mahn salbeeupdwihwoteleang lcs

resltsifthediferncein laticmodliin ny wodirctins having a Rockwell hardness of not less than 58 HRC. One of

W Th te mehodis nde th juisditio ofAST Comite ~~ ~ the blocks shall be spherically seated and the other a plain

and Rock and us the direct reslionsibility at Subcommittee D18.12 on Rock
Nleelunpc '4nr,iai Book o(ASTM4 Siand~ardt. Voi 04 08t

Current edition approved Oict. 31. 1996. Published December 1986 Onginullv 'A4nnual Book o(ASTM-Saondardi. VoiiO3OI0402 0701 jw091
publishedl as 0 3143 - 72. Lasm pirrevious edition D 3148 - 90. Ininmeat Book o(ASTM Stanulardi. Vol 14 02
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rigid block. The bearing faces shall not depart from a plane should be tailored to the problem at hand- Excess moisture will affect

by more than 0.0006 in. (15 gm) when the blocks are new the adhesion of strain gages, if used, and the accuracy of their peiform-

and shall be maintained within a permissible vanation of ance
0.001 in. (25 gm). The diameter of the spherically seated 5. Procedure (Procedures A and B)
bearing face shall be at least as large as that of the testbpearimng fa shall beoat lxceeastwascre diaseth of the test 5.1 Check the ability of the spherical seat to rotate freely
specimen but shall not exceed twice the diameter of the test

specimen. The center of the sphere for the spherically seated in its socket before each test.

block shall coincide approximately with the center of the 5.2 Wipe clean the bearing faces of the upper and lower

bearing face of the specimen. The movable portion of the bearing blocks and of the test specimen and place the test

bearing block shall fit closely in the spherical seat. but the specimen with the strain-measuring device attached on the

design shall be such that the bearing face can be rotated and lower bearing block. Carefully align the axis of the specimen
tilted through small angles in any direction. Accomplish with the center of thrust of the spherically seated block. Make
seating by rotating the movable bearing block while the electrical connections or adjustments to the strain- or defor-
specimen is held in contact with the fixed block w mation-measuring device. As the load is gradually brought to

bear on the specimen, adjust the movable portion of the

Notie 5-False platens with plane bearing faces conforming to the spherically seated block so that uniform seating is obtained.
requirements of this method may be used. These shall consist of disks 5.3 Many rock types fail in a violent manner when loaded
about 0.6 to 0.8 in. (15 to 20 mm) thick, odi-hardened preferably through
the disks to more than 58 HRC and surface ground With abrasve rocks to failure in compression. A protective shield should be placed
these platens tend to roughen after a number of specimens have been around the test specimen to prevent injury from flying rock
tested, and hen= need to be resurfaced from time to time. fragments.

3.3 .4-rial Strain Determination (Procedure A)-The axial 5.4 Apply the load continuously and without shock to

deformations or strains may be determined from data o1- produce an approximately constant rate of load or deforma-
tion such that failure would occur within 5 to 15 min from

tained by electrical resistance strain gages. compressometers.
optical devices, or other suitable means. The design of the initiation of loading, if carried to failure (Note 8). Record the

measuring device shall be" such that the average of at least load and the axial strain or deformation frequently at evenly

two axial strain measurements can be determined for each spaced load intervals during Procedure A of Practice D4543.

increment of load. Measuring positions shal be equally Take at least ten readings over the load range to define the
spaced around the circumference of the specimen close to axial stress-strain curve. Also record the circumferential or
spaced auThe circumfngthoveren hichf thesp axial cains at diametric strains (or deformations) at the same incrementsmidheighL The gage length over- which the ailSriS ~ o odfrPoeueBo rcieD44.Cniuu

determined shall be at least 10 grain diameters in magnitude. of load for Procedure B of Practice D 4543. Continuous

The axial strains shall be determined with an accuracy of 2 % recording of data with strip chart or X-Y recorders is permit-

of the reading and a precision of 0.2 % of full-scale. ted as long as the precision and accuracy of the recording
system meets the requirements in 3.3.

None 6-Accuracy should be within 2 % of value of readings above
250 pm/m strain and within 5 pm/m strain for readings lower than 250 NOTE 8-Result of tests by s investigaton bae shwn thai
tim/rn strain, strain rates within this raug will provide strength values that are reno-

ably free from rapid loading effects and reproducble within acoeptabie
3.4 Lateral Strain Determination (Procedure B)-The lat- tolerances.

eral deformations or strains may be measured by any of the
methods mentioned in 3.3. Either circumferential or diamet- 6. Calculation (Procedure A)

tic deformations (or strains) may be measured. At least two 6.1 The axial strain, e, may be recorded directly from
lateral deformation sensors shall be used. These shall be strain-indicating equipment, or may be calculated from de-
equally spaced around the circumference of the specimen formation reading! depending upon type of apparatus or
close to midheight. The average deformation (or strain) from instrumentation employed. Calculate the axial strain. k as
the two sensors shall be recorded at each load increment. The follows:
use of a single transducer that wraps all the way around the -
specimen to measure the total change in circumference is also
permitted. The gage length and the accuracy and precision of where:

the lateral strain measurement system shall be the same as / = original undeformed axial gage length, in. (mm). and

those specified in 3.3 for the axial direction. Al = change in measured axial length (negative for a de-
crease in length) in. (mm).

4. Test Specimens 6.2 Calculate the compressive stress in the test specimen
from the compressive load on the specimen and the iitial

4.a Test specimens shall be prepared in accordance with computed cross-sectional area as follows:Practice D 4543.

4.2 The moisture condition of the sample shall be noted a - -P/A

and reported in 8.1.9. where:

NOTE 7-The moisture condition of the specimen at time of test can a = streu psi (MPa).
have a significant effect upon the strength of the rock and, hence, upon P = load, lbf (N), and
the shape of the deformauon curves. Good practice generally dictates .1 = area in.

2 
(mm

2
).

that laboratory tests be made upon specimens representative of field Nons 9-Tensal stresses and strains are used as being poutive herm.n
conditions. Thus. it follows that the field moisture condition of the A consistent applicauon of a compression-posiuve sign convenuion may
specimen should be prserved until time of test. On the other hand. there be employed if desired.
may be reasons for testing specimens at other moisture contents from
saturation to dry. In any case the moisture content of the test specimen 6.3 Plot the stress versus strain curve for the axial direction

25
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b 6.4.2 Average slope of the more-or-less straight line portion
* of the stress-strain curve.

6.4.3 Secant modulus, usually from zero stress to some
us fixed percentage of maximum strength.

7. Calculation (Procedure B)Anal Diametnc
7.1 The circumferential or diametric strain. t., may be

recorded directly from strain-indicating equipmenL or may
be calculated from deformation readings depending upon the
type of apparatus or instrumentation employed.

7.1.1 Calculate the diametric strain. e, from the following
equation:

C, = Adid

where:
d - original undeformed diameter, in. (mm). and
,ld = change in diameter (positive for an-increase in diame-

ter), in. (mm).
NoTE 10-4t should be noted that the circumferentiallv applied elec-

trical resistance strain gages reflect diametric strain, the value necessary
0 ÷in computing Poisson's ratio. P. Since C - i.& and A.C = rid. the

Strain , ad circumferential strain. e,. is related to the diametric strain. e., through
the relation:

FIG. 1 Format for Graphical Prsnatouon of Data ,,= AC/C = will,,d = ,xl

so that c, - ce where C and d ame the specimen circumference and

47 a' diameter, respectively.

7.2 Plot the stresses calculated in 6.2 versus the corre-
S•, sponding diametric strains determined in 7. 1.

. 7.3 The value of Poisson's ratio. v. is greatly affected by
------ A, " '- f nonlinearities at low stress levels in the axial and lateral stress-

strain curves. It is suggested that Poisson's ratio be calculated
._- - from the equation:

ER* o E - -slope of axial curve/slope of lateral curve
= -E/slope of lateral curve

Tangent Modulus at some Average Slope of where the slope of the lateral curve is determined in the same

Percent of Utimate Strength Linear Portion manner as was done in 6.4 for Young's modulus. E.

NotE I I-The denominator in the equation in 7.3 ,wil have a nega-
tive value if the sign convention is applied properly. The negative sign
in the equation thereby assures a positive value for P.

C.
8. Report

Siint 8.1! Procedure A--The report shall include the following:

8.1.1 Source of sample including project name and loca-
- a'uii tion. Often the location is specified in terms of the dnll hole

a'. " [number and depth of specimen from collar of hole.
8.1.2 Date test is performed.
8.1.3 Specimen diameter and height. conformance with

E- *-" dimensional requirements.
8.1.4 Rate of loading or deformation rate.

Secant Modulus 8.1.5 Values of applied load, stress and axial strain as

FIG. 2 Methods far Calculating Young's M E tabulated results or as recorded on a chart.
8.1.6 Plot of stress versus axial strain as shown in Fig I. if

data are tabulated in 8.1.5. If data are recorded directly on a
(Fig. 1). The complete curve gives the best descnption of the chart, the load and deformation axes may be scaled to give
deformation behavior of rocks having nonlinear stress-strain stress and strain without replotting the curve.
relationships at low and high stress levels. 8 1.7 Young's modulus. E. method of determination as

6.4 The axial Young's modulus. E, may be calculated using given in Fig. 2. and at what stress level or levels determined
any one of several methods employed in engineenng practice. 8.1.8 Physical descnption of sample including rock type0 The most common methods, described in Fig. 2. are as such as sandstone. limestone. granite. etc.. location and on-
follows: entation of apparent weakness planes, bedding planes. and

6.4.1 Tangent modulus at a stress level which is some fixed schistosity; and large inclusions or inhomogeneities. if anv
percentage of the maximum strength. 8.1.9 General indication of moisture condition of sample
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at time of test such as as-received, saturated, laboratory air- a chart, the load and deformation axes may be scaled to give
dry, or oven dry. It is recommended that the moisture con- stress and strain without replo'ing the curve.
dition be more precisely determined when possible and re- 8.2.3 Poisson's ratio., . method of determination in 7.3.
ported as either water content or degree of saturation. and at what stress level or levels determined.

8.2 Procedure B-Procedure B of the test method must
always accompany Procedure A in order to determine Pois- 9. Precision -,n Bias.
son's ratio. The report for Procedure B, which is in addition 9. 1 The variability of rock and resultant inability to deter-
to that for Procedure A. shall include the following: mine a true reference value prevent development of a mean-

8.2.1 Values of applied load, stress, and diametric strain ingful statement of bias. Data arc being evaluated to deter-
as tabulated results or as recorded on a chart. mine the precision of this test method. In addition, the

8.2.2 Plot of stress versus diametric strain as shown in Fig. subcommittee is seeking pertinent data from users of the
I if data is tabulated in 8.2. 1. If data is recorded directly on method.
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d not revased.s1 reeawavved or wghe'a,., Yaw' Coininlts are ~wad eWhe tot revemw WVmve stamld or ~AW staldsif
an shmud be addressed to ASTM 0,nadqws. You' Comments wa recive cAasAd C m a meenng of OW tesspnsibb
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Reprinted from the Anniual Book of ASTM Standards. Copyright ASTM
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Standard Test Method for
TRIAXIAL COMPRESSIVE STRENGTH OF UNDRAINED
ROCK CORE SPECIMENS WITHOUT PORE PRESSURE
MEASUREMENTS'

This standard is issued under the fixed designation D 2664: the number immediately (ollcowng, the designation indicates the %ew' of
original adopition or. in the case of revisioan, the year of last revision. A number in parentheses indicates the % car of last reapproa1.
A superscript epsilon (t) indicates an editorial change since the lasm reviision or reapproval.

1. Scope the confining pressure. The mniaxial compression

1. 1 This test method covers the determination test is commonly used to simulate the strs
of the strength of cylindrical rock core specimens conditions under which most underground rock
in an undrained state under triaxial compression masses exist.
loading. The test provides data useful in deter- 4 paau
mining the strength and elastic properties of rock.
namely: shear strengths at various lateral pres- 4.1 Loading Derice-A suitable device for ap-
sures. angle of internal friction. (angle of shearing plying and measuring axial load to the specimen.
resistance), cohesion intercept, and Young's It shall be of sufficient capacity to apply load at

modulus. It should be observed that this method a rate conforming to the requirements specified
makes no provision for pore pressure measure- in 7.2. It shall be verified at suitable time Intervals
ments. Thus the strength values determined are in accordance with the procedures given in Prac-
in terms of total stress, that is. not corrected for tices E 4 and comply with the requirements pre-
pore pressures. scribed in the method.

1.2 The values stated in inch-pound units are 4.? Pr('sslur('Alaintainin~g Device-A by-
to be regarded as the standard. draulic pump. pressure intensifier, or other sys-

1.3 Thtis standard may invoylve hazardous vma- tern of sufficient capacity to maintain constant
terials. operations. and equipment. This standard the desired lateral pressure. r%.
dojes not purport to address all qf the safetyv prob- NOTiE I -A pressure intensifier as descnbed bry
lems associated mith its use. It is the responsibil- Leonard Obect in U.S. Bureau of Mines Report of
it v ofthe user of this standard to establish appro,- investigations No. 6332. -An Inexpensive Triaxial Ap-

sa/uv an helth nd eterine paratus for Testing Mine Rock.- has been found to
priale sqit n elhpractices adetrie fulfill the above requirements.
the applicabihiti' ofregulatory.' limitation~s prior to 4. Triaxial C'ompresson Chanher 3-An ap-
use.
2. Referenced Docu~ments paratus in which the test specimen may be en-

2.1 ASTM Standards: This test method is under the jurisdiction of ASTM Comn-
D 4543 Practice for Preparing Rock Core Spec- mittee D~-18 on Soil and Rock and is the direct responsibility of

imens and Determining Dimensional and Subcommittee Dl18.l12 on Rock Mechanics.
Shae Tleancs2 Current edition approved Oct. 31. 1986. Published DecembeiShap Toeranes21986. Originally published as D 2664 - 67 Last previous edition

E 4 Practices for Load Verification of Testing D 2664 -90.
Machines' 'Annrual Book 01.,I5174 Standards. Vol 04.08.

34rinual Boo~k of ASTM Standards. VolsO3 01.04 02. 07 01
E 122 Recommended Practice for Choice of and 09.03.

Sampe Sie toEstmatethe verge Qalit 'lnuat BmAo of ASTH Standairds. Vol 14.02.
Smlo iet or PoEssiaeteAerg ult Assenbly and detail drawings or an apparatus that meets

of atheme req~uirements and which is designed to accommodate 211--
3. Significance and Use in. Si.975-mm) diameter specimens and operte at a lateral

fluid pressure of 10 000 psi (689 MPa) are avaiablec from
3.1 Rock is known to behave as a function of Headquarters, Requcst Adjunc-t No 12A426640-0)0.
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closed in an impermeable flexible membrane: 5. Sampling
placed between two hundred platens. one of 5.1 The specimen shall be selected from the
which shall be spherically seated: subjected to a cores to represent a true average of the type of
constant lateral fluid pressure: and then loaded rock under consideration. This can be achieved
axially to failure. The platens shall be made of by visual observations of mineral constituents.
tool steel hardened to a minimum of Rockwell grain sizes and shape, partings and defects such
58 HRC. the bearing faces of which shall not as pores and fissures.
depart from plane surfaces by more than 0.0005
in. (0.0127 mm) when the platens are new and 6. Test Specimens
which shall be maintained within a permissible 6.1 Preparation-The test specimens shall be
variation of 0.%, I in. (0.025 mm). In addition to prepared in accordance with Practice D 4543.
the platens and membrane. the apparatus shall 6.2 Moisture condition of the specimen at the
consist of a high-pressure cylinder with overflow time of test can have a significant effect upon the
valve, a base, suitable entry ports for filling the indicated strength of the rock. Good practice
cylinder with hydraulic fluid and applying the generally dictates that laboratory tests be made
lateral pressure, and hoses. gages, and valves as upon specimens representative of field condi-
needed. lions. Thus it follows that the field moisture

4.4 Deformation and Strain-Measuring De- condition of the specimen should be preserved
vices-High-grade dial micrometers or other until the time of test. On the other hand. there
measuring devices graduated to read in 0.0001- may be reasons for testing specimens at other
in. (0.0025-mm) units, and accurate within moisture contents. including zero. In any case
0.0001 in. (0.0025 mm) in any 0.0010-in. (0.025- the moisture content of the test specimen should
mm) range, and within 0.0002 in. (0.005 mm) in be tailored to the problem at hand and reported
any 0.01100-in. (0.25-mm) range shall be provided in accordance with 9.1.6.
for measuring axial deformation due to loading. 7. Procedure
These may consist of micrometer screws, dial 7.1 Place the lower platen on the base. Wipe
micrometers. or linear variable differential trans- clean the bearing faces of the upper and lower
formers securely attached to the high pressure platens and of the test specimen. and place thecylinder.

4.4.1 Electrical resistance strain gages applied test specimen on the lower platen. Place the
dir.1Electlytoherck rispecien sin tges axaldired upper platen on the specimen and align properly.

Zion may also bhe uokspedcin aiton, the usiale o Fit the flexible membrane over the specimen and
1i on may also be used. In addition. the use of platen and install rubber or neoprene O-rings to
circumferentially applied strain gages will permit seal the specimen from the confining fluid. Place
the observation of data necessary in the calcula- tIthe cylinder over the specimen. ensuring proper
tion of Poisson's ratio. In this case two axial seal with the base. and connect the hydraulic
(vertical) gages should be mounted on opposite pressure lines. Position the deformation measur-sides of the specimen at mid-height and twocirdcumofther speni(hizonl a ge sim-lilghtarly to ing device and fill the chamber with hydraulic
circumferential (horizontal) gages similarly* lo- fluid. Apply a slight axial load. approximately 25
cated around the circumference, but in the direc- lbf( 110 N). to the triaxial compression chamber
tion perpendicular to the axial gages. by means of the loading device in order to

4.5 Flexible Membrane-A flexible mem- properly seat the bearing parts of the apparatus.
brane of suitable material to exclude the confin- Take an initial reading on the deformation de-
ing fluid from the specimen. and that shall not

vice. Slowly raise the lateral fluid pressure to thesignificantly extrude into abrupt surface po res. It p e ee m e etl vl a d a h a e t mpre-determined test level and at the same time
should be sufficiently long to extend well onto apply sufficient axial load to prevent the defor-
the platens and when slightly stretched be of the mapion measuring device from deviating from
same diameter as the rock specimen. the initial reading. When the predetermined test

NOTE 2-Neoprene rubber tubing of t/ 6 -i n . (1.588- level of fluid pressure is reached note and record
mm) wall thickness and of 40 to 60 Durometer hard- the axial load registered by the loading device
ness. Shore Type A or vanous sizes of bicycle inner
tubing, have been found generally suitable for this Consider this load to be the zero or starting load
purpose. for the test.
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7.2 Apply the axial load continuously and arithmetic plot with shear stresses as ordinates
without shock until the load becomes constant. and normal stresses as abscissas. Make at least
or reduces. or a predetermined amount of strain three triaxial compression tests. each at a differ-
is achieved. Apply the load in such a manner as ent confining pressure. on the same material to
to produce a strain rate as constant as feasible define the envelope to the Mohr stress circles.

throughout the test. Do not permit the strain rate NOTE 6-Because of the heterogeneous nature of
at any given time to deviate by more than 10 % rock and the scatter in results often encountered. it is
from that selected. The strain rate selected should considered good practice to make at least three tests of

be that which will produce failure of a similar essentially identical specimens at each confining pres-
sure or single tests at nine different confining pressures

test specimen in unconfined compression. in a covering the range investigated. Individual stress circles
test time of between 2 and 15 min. The selected shall be plotted and considered in drawing the envelope.
strain rate for a given rock type shall be adhered 8.1.3 Draw a -best-f&'. smooth curve (the
to for all tests in a given series of investigation Mohr envelope) approximately tangent to the
(Note 3). Maintain constant the predetermined Mohr circles as in Fig. I. The figure shall also
confining pressure throughout the test and ob- include a brief note indicating whether a pro-
serve and record readings of deformation as re- noludeca failur nplanenwasaor waswnothdevelp ed

quired.nounced failure plane was or was not developed

quired. during the test and the inclination of this plane
NoTE 3-Results of tests by other investigators have with reference to the plane of major principal

shown that strain rates within this range will provide stress.
strength values that are reasonably free from rapid
loading effects and reproducible within acceptable tol- NOTE 7-If the envelope is a straight line. the angle
erances. the line makes with the honzontal shall be reported as

the angle of interval friction. 0 (or the slope of the line
7.3 To make sure that no testing fluid has as tan o depending upon preference) and the intercept

penetrated into the specimen, the specimen of this line at the vertical axis reported as the cohesion
membrane shall be carefully checked for fissures intercept. C. If the envelope is not a straight line. values

or punctures at the completion of each triaxial ofo (or tan o,) should be determined by constructing a

test. If i weigh the specimen before tangent to the Mohr circle for each confining stress at
the point of contact with the envelope and the corre-

and after the test. sponding cohesion intercept noted.

8. Calculations 9. Report

8.1 Make the following calculations and 9.1 The report shall include as much of the
graphical plots: following as possible:

8. I. I Construct a stress difference versus axial 9. I. I Sources of the specimen including proj-
strain curve (Note 5). Stress difference is defined ect name and location. and if known, storage
as the maximum principal axial stress, a.. minus environment. The location is frequently specified
the lateral pressure. o0. Indicate the value of the in terms of the borehole number and depth of
lateral pressure. a,. on the curve. specimen from collar of hole.

NOT 4-If the specimen diameter is not the same 9.1.2 Physical description of the specimen in-

as the piston diameter through the chamber, a correc- cluding rock type. location and onentation of
lion must be applied to the measured load to account apparent weakness planes. bedding planes, and
for differencts in area between the specimen and the schistosity: large inclusions or inhomogeneities.
loading piston where it passes through the seals into the if anv.
chamber.

NOTE 5-If the total deformation is recorded during 9.1.3 Dates of sampling and testing.
the test. suitable calibration for apparatus deformation 9.1.4 Specimen diameter and length. con-
must be made. This may be accomplished by inserting formance with dimensional requirements.
into the apparatus a steel cylinder having known elastic 9.1.5 Rate of loading or deformation or strain
properties and observing differences in deformation
between the assembly and steel cylinder throughout the rate.
loading range. The apparatus deformation is then sub, 9. I G.6 General indication of moisture condi-
tracded from the total deformation at each increment tion of the specimen at time of test such as: as-
of load in order to amve at specimen deformation from received, saturated. laboratory air-dry, or oven
which the axial strain of the specimen is computed. dry. It is recommended that the moisture condi-

8. 1 .2 Construct the Mohr stress circles on an tion be more precisely determined when possible

3
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and reported as either water content or degree of 10. Precision and Bias
saturation. 10.1 The variability of rock and resultant in-

9.1.7 Type and location of failure. A sketch ability to determine a true reference value pre-
of the fractured specimen is recommended. vent development of a meaningful statement of

bias. Data are being evaluated to determine theNOT g--If it is a ductile failure and o, - UJ, is still precision of this test method. In addition, the
increasing when the test is terminated, the maximum
strain at which a. - a, is obtained shall be clearly subcommittee is seeking pertinent data from
stated. users of the method.{.Mohr Stess crcle

3-
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FIG. I Typial Mohr Siress Circles
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METHOD OF TEST FOR DIRECT SHEAR
STRENGTH OF ROCK CORE SPECIMENS

1. Scope

1.1 This method describes apparatus and procedures for determining

the shear strength of a rock material in direct shear. The test can be

made on rock core specimens from 2 to 6 in. (5 to 15 cm) in diameter.

The test can be made on intact specimens to determine intact shear

strength, on intact specimens with recognizable thin weak planes to

determine the shearing resistance along these planes, on presawn shear

surfaces to determine lower bound residual shear strengths, and on rock

core to concrete bond specimens to determine the shearing resistance

between the bond. The principle of the rock core direct shearing is

illustrated schematically in Fig. 1.

1.2 A minimum of three test specimens of any rock type are sub-

jected to different but constant normal stresses during the shearing

process. For each type of intact rock, cohesion and an angle of

internal friction are determined. For each type of rock with sawn

failure surfaces, a lower bound residual angle of internal friction is

determined.

1.3 The test is not suited to the development of exact stress-

strain relationships within the test specimen because of the nonuniform

distribution of shearing stresses and displacements. Care should be

taken so that the testing conditions represent those being investigated.

The results of these tests are used where field design requirements

dictate unconsolidated, undrained parameters.

2. Apparatus

2.1 Test Specimen Saw - For cores of 3 to 6 in. (7.5 to 15 cm) in

diameter, use a rock saw with 20-in.- (50-cm-) diam safety abrasive blade

fitted for dry and for wet cutting. Alternatively for wet cutting, a

diamond blade may be used. For cores 2 to 2-1/2 in. (5 to 6.25 cm) in

diameter, a rock saw with 12-in.- (60-cm-) diam blade should be used.0
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Fig 1. Schematic showing direct shear of rock core. 0
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2.2 Shear Device - The shear device shall consist of a pair of

shear boxes constructed so as to provide a means of applying a normal

stress to the face of the specimen while applying a force to shear the

specimen along a predetermined plane parallel to the vertical axis of

the specimen. The device shall securely hold the specimen in such a way

that torque cannot be applied to the specimen. The shear boxes that

hold the specimen shall be sufficiently rigid to prevent their distor-

tion during shearing. The various parts of the shear device shall be

made of material not subject to corrosion by substances within the rock

or moisture within the rock.

2.2.1 Shear boxes suitable for testing specimens from 3 to 6 in.

(7.5 to 15 cm) in diameter should each have a recess 6-5/8 in. (16.6 cm)

in diameter and 2-1/4 in. (5.67 cm) deep. Smaller shear boxes for 2- to

2-1/2-in.- (5- to 6.25-cm-) diam specimens should each have a recess 2-7/8

in. (7.36 cm) in diameter and 2 in. (5 cm) in depth. The shear boxes

should be designed for a shear travel greater than 10 percent of the

specimen shear plane length.

2.2.2 In both cases the two shear boxes assembled with the specimen

shall be placed within a framework constructed so as to hold the boxes

in proper position during testing. The framework shall include a pair

of hardened stainless steel plates machined to accommodate roller

bearings or ball bearings for minimizing friction of the moving shear

box as indicated in Fig. 1. The roller plate device should ensure that

resistance of the equipment to shear displacement is less than 1 percent

of the maximum shear force applied in the test.

2.2.3 The shear device framework shall include capability of pro-

viding a submerging tank for tests in which maintaining specimen

saturation is important to duplicate field conditions.

2.3 Loading Devices

2.3.1 Normal Force - The normal force device shall be capable of

applying the specified force quickly without exceeding it and capable of

maintaining it with an accuracy of ±2 percent for the duration of the

3
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test. The device shall have a travel greater than the amount of dila-

tion or compression to be expected.

2.3.2 Shear Force - The device for applying the shear force shall

distribute the load uniformly along one-half face of the specimen with

the resultant applied shear force acting in the plane of shearing. The

required capabilities will depend upon whether a controlled-displacement

test or a controlled-stress test is used. Controlled-displacement

equipment shall be capable of shearing the specimen at a uniform rate of

displacement with less than t15 percent deviation and shall permit

adjustment of the rate of displacement over a relatively wide range.

Controlled-stress equipment shall be capable of applying the shear force

in increments to the specimen in the same manner and to the same degree

of accuracy as that described in 2.3.1.

2.4 Displacement Indicators - Equipment for measuring shear and

normal displacements may consist of mechanical devices, such as dial

gages or electric transducers. Displacement indicators shall have a

sensitivity of at least 0.001 in. (0.025 mm). The shear displacement

measuring system shall have a travel greater than 10 percent of the

specimen shear plane length. Normal displacement systems shall have the

capability of measuring both dilation and compression of the specimen.

Resetting of gages during the test should if possible be avoided. If

electric transducers or an automatic recording system is used, a recent

calibration shall be included in the report.

2.5 Casting Compound - High-strength gypsum cement (such as hydro-

stone) or a capping compound (such as leadite) should be used to hold

the test specimen in the recesses of the test device.

2.6 Spacer Plate - The spacer plate separating the shear boxes for

development of the shear zone shall be 1/16 in. (1.6 mm) thick and

constructed of a noncorrosive material.

0
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3. Test Specimen

3.1 Intact Specimens

3.1.1 Test specimens shall be prepared by saving rock cores into 3-

to 4 -in. (7.5- to 10-cm) lengths (Note 1). The diameter of each speci-

men shall be measured to the nearest 0.01 in. (0.025 mm) at several

different positions along the length of the specimen axis. The average

diameter shall be used to compute the cross-sectional area of the

specimen. The volume of the specimen shall be determined by the volu-

metric or displacement method presented in E2 1110-2-1906, 'Laboratory

Soils Testing." The initial weight of the specimen shall be determined

to the nearest 0.1 g for subsequent use in determining initial moisture

content and density.

NOTE 1-Soft rock such as clay shales may be as short as 2-1/2 in.

(6.25 cm) if material is scarce. Although helpful in the setup, ends of

the test specimens need not be smooth, flat, nor square with the axis of

the core. Generally, harder rocks are best cut in the wet; softer rocks

are best cut in the dry, depending or. fissility and reaction to pressure

of cutting water.

3.1.2 A block of the shear box shall be set on a flat surface with

the shear surface up. The inside of the recess shall be lightly coated

with lubricant. A grout of the gypsum cement (hydrostone) and water

shall be placed in the recess to approximately the one-third or mid-

point. After approximately three mainutes of setting, the specimen shall

be set or pushed into the grout until the approximate midpoint (desired

shear plane) of the specimen is opposite the top recess (Note 2).

Excess grout shall be screeded off at the shear plane (Note 3).

NOTE 2-To prepare intact test specimens for testing along recog-

nizable thin weak planes, orient the specimen so that the plane of

weakness is parallel with the 1/16-in. (1.6-mm) shear gap provided by

the spacer plate.

5
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NOTE 3--Gypsum cement grout has only a few minutes pot life; hence a

fresh mix will have to be prepared for each block. An alternat've to

gypsum cement grout for holding the test specimen in the recesses is

capping compound, such as leadite. The procedure for preparing speci-

mens with a capping compound is essentially the same as for gypsum

cement. Capping comnound has a shorter pot life after pouring than

gypsum cemert. and must be heated to proper temperature and handled

quickly and with great care. An overnight curing period is generally

required. Capping compound is stronger in compression and shear than

gypsum cement and is preferred for hard rock testing. P•=ause capping

compound must be placed hot, it should not be used to secure specimens

subject to structural damage with loss of natural moisture or for tests

in which it is desirable to maintain natural moisture.

3.1.3 A 1/16-in.- (1.6-mm-) thick spacer plate having a hole equal to

the diameter of the specimen and split on a diameter from the front to

the back of the block shall be coated with lubricant and placed on the

block around the specimen. The spacer separates the two blocks of the

shear box to prevent friction between the blocks during shearing. The

recess of tf'e remaining shear box block shall be lightly coated with

lubricant and the block placed over the now protruding half of the

specimen. The two blocks shall be aligned and temporarily clamped

together with C clamps. The recess between the top block and srecilmen

shall then be filled with the gypsum cement grout using appropriate

tools to rod the grout thoroughly around the specimen. For soft rock

such as clay shale, a 2-hour curing is usually sufficient before

loading. For hard rocks, the grout must be allowed to cure overnight.

3.1.4 At the end of the curing period, the two halves of the spacer

shall be pulled out and the C clamps removLd. The specimens secured in

the shear boxes are then ready for further assembly and shear testing.

3.2 Presawn Shear Surfaces - Test specimens shall be prepared the

same as presented in paragraphs 3.1.1 to 3.1.4, cxcept that the specimen

shall be sawn in half near the ce..:er length before grouting the

6
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specimen in the shear box blocks. The presawn shear surface shall be

smooth and oriented in the shear box so as to be centered within the

1/16-in. (1.6-mm) shear gap provided by the spacer plate.

3.3 Concrete to Rock Core Bond

3.3.1 Test specimens shall be prepared by sawing rock cores into

1.5- to 2-in. (3.75- to 5-cm) length. The sawn specimen shall be

tightly encased in the bottom of a 3- to 4-in.- (7.5- to 10-cm-) high mold

(Note 4) with the smooth sawn surface (shear plane) facing upward and

perpendicular to the axis of the mold. The remaining portion of the

mold shall be filled with concrete, which is then consolidated and cured

according to the procedures presented in CRD-C 10-73 (Note 5). The

concrete mix design shall be compatible in consistency and strength with

the anticipated field design mix and have a maximum aggregate no larger

than 1/6 of the specimen diameter.

NOTE 4-Molds shall be made of steel, cast iron, or other nonabsorb-

ent material, nonreactive with concrete containing portland or other

hydraulic cements. Mold diameters shall conform to the dimensions of

the rock core test specimen. Molds shall hold their dimensions and shape

and be watertight under conditions adverse to use.

NOTE 5-"Handbook for Concrete and Cement," U. S. Army Engineer

Waterways Experiment Station, Vicksburg, Mississippi, published in

quarterly supplements.

3.3.2 Procedures for measuring specimen weight, diameter, and

volume are the same as presented in paragraph 3.1.1. Procedures for

securing the test specimen in the shear box are the same as presented in

paragraphs 3.1.2 to 3.1.4.

4. Procedure

4.1 Following the removal of the spacer plates and C clamps, trans-

fer final assembly operations to the test shear and normal load area.

Final assembly of the testing apparatus, to include orientation of the

rebultdLnt normal and shea. loads, will depend on the equipment utilized
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in the testing. In general, the resultant of the normal load shall

react through the axial center of the specimen, and the shear load shall

react through the radial center of the specimen so as to pass through

the shear plane. Position or activate, or both, the displacement

indicators for measuring shear deformation and changes in specimen

thickness.

4.2 Apply the selected normal force (normal stress " cross-section

area) to the specimen as rapidly as practical (Note 6). Record and

allow any initial elastic compression of the specimen to reach equilib-

rium. For those tests where applicable, as soon as possible ir'ter

applying the initial normal force, fill the water reservoir to at least

submerge the shear plane.

NOTE 6-The normal force used for each of thethree or more speci-

mens will depend upon the input information required for field analysis

and/or design.

4.3 Shear the specimen.

4.3.1 After any elastic compression has reached equilibrium, apply

the shearing force and shear the specimen. In a controlled-displacement

test, the rate of displacement shall be less than 0.004 in./min

(0.1 mm/mmn) until peak strength is reached. Approximately 10 sets of

readings should be taken before reaching peak strength. If it is

desired to determine the ultimate strength, the normal load shall be

relieved and the specimen recentered. The normal load is then reapplied

and the specimen sheared again. The rate of shear displacement to

determine the ultimate strength shall be no greater than 0.01 in./min

(0.25 mm/min). Readings should be taken at increments of from 0.02- to

0.2-in. (0.5- to 5-fmm) shear displacement as required to adequately

define the force-displacement curves.

4.3.2 In a controlled-stress test the rate of stress application

should not exceed 5 psi/min (34.47 kPa/min) for soft rock (such as

clay shale) and up to 100 psi (689.4 kPa) for the very hardest rock.

8
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Concurrent time, shear load, and deformation readings shall be taken at

convenient intervals (a minimum of 10 readings before reaching peak

strength). After reaching peak strength, the ultimate strength may be

determined as presented in paragraph 4.3.1.

5. Calculations

5.1 Calculate the following:

5.1.1 Initial cross-sectional area.

5.1.2 Initial water content.

5.1.3 Initial wet and dry unit weights.

5.1.4 Shear stress data.

5.1.5 Initial and final degrees of saturation, if desirable.

6. Report

6.1 The report shall include the following:

6.1.1 Description of type of shear device used in the test.

6.1.2 Identification and description of the sample.

6.1.3 Description of the shear surface.

6.1.4 Initial water content.

6.1.5 Initial wet and dry unit weights.

6.1.6 Initial and final degrees of saturation, if desirable.

6.1.7 All basic test data including normal stress, shear displace-

ment, corresponding shear resistance values, and specimen thickness

changes.

6.1.8 For each test specimen, a plot of shear and specimen thick-

ness change versus shear displacement and a plot of composite maximum

and ultimate shear stress versus normal stress.

6.1.9 Departures from the procedure outlined, such as special

loading sequences or special wetting requirements.

9



RTH 204-80

STANDARD METHOD OF TEST FOR MULTISTAGE TRIAXIAL STRENGTH OF
UNDRAINED ROCK CORE SPECIMENS WITHOUT PORE PRESSURE MEASUREMENTS

I. Scope

1.1 This method covers the determination of the strength of cylin-

drical rock specimens in an undrained state under multistage triaxial

loading. The test provides data useful in delineating the strength of

joints, seams, bedding planes, etc. This method makes no provision for

pore pressure measurements. Thus, the strength values determined are in

forms of total stress, i.e. not corrected for pore pressures.

2. Apparatus

2.1 The apparatus is identical with that used in RTH 202, "Triaxial

Compressive Strength of Undrained Rock Core Specimens Without Pore

Pressure Measurements."

3. Test Specimens

3.1 In the case of intact specimens that develop a well-defined

shear failure plane, it is possible to continue testing beyond the first

failure; that is, the confining pressure can be raised to a higher level

and another peak stress recorded. This may be done immediately

following the completion of a conventional triaxial test as conducted

according to RTH 202.

3.2 Multistage testing can also be used with cores that are intact

initially. The key factor in making these studies is the use of speci-

mens with the failure plane preestablished to cause failure along an

inherent weakness, such as seams, open joints, bedding planes, faults,

schistosity bands, or laminations. These planes of weakness, when

tested, should be oriented at 45 to 65 deg (0.79 to 1.14 radians) from the

horizontal, which will normally produce a failure in the preoriented

zone. When including these specific geologic features in an NX size

core, the specimens can be drilled from 6-in. (15-cm) or larger cores by

suitable orientation in the drilling apparatus. Care must be taken when

coring these specimens to prevent breakage. However, if the core is

1



RTH 204-80

broken along a weakness plane, it may still be tested as an open joint.

Broken cores can be taped together with plastic tape, only sufficiently

to maintain the matching contact between the broken parts. The test

specimens are then prepared in the manner described in Section 3 of RTH

202.

4. Procedure

4.1 The test procedure described in Section 4 of RTH 202 shall be

used for the first stage of test. Subsequent stages should be achieved

in like manner by applying progressively higher levels of lateral- fluid

pressure. This may be done as many times as desired, provided the total

strain does not cause excessive misalignment of the steel platens and an

eccentric loading. This procedure is referred to as multistage testing.

Fig. 1 illustrates this loading sequence.

NOTE:

FAILURE PLANE MAY BE A NATURAL
JOINT. SEAM, ORIENTED DEFECT. OR
A SURFACE THAT DEVELOPED DURING
THE FIRST STAGE OF LOADING. CON-
FINING PRESSURE 0 IS RAISED TO
SOME HIGHER VALUE PRIOR TO PRO-
CEEDING TO THE NEXT STEP IN THE
LOADING SEQUENCE. STAGE3

UFAILURE PLANE

.- *.

STAGEE 2

-- '*- 03

AXIAL STRAIN. f

Fig. 1. Stress-strain curve for multistage
triaxial test.
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5. Calculations

5.1 The shear strength on the joint can be determined graphically

by constructing a Mohr circle as shown in Fig. 2. Proof of this con-
I

struction may be found in most soil mechanics texts. For a multistage

test on a given specimen, several Mohr's circles can be drawn and the

same angle used to plot the stresses on the failure plane. A strength

envelope for this condition, Fig. 3, which is the average of the results

determined for each Mohr's circle, is considered to be the joint fric-

tion angle.

5.2 There are variations of this plotting technique that may also

be employed. The multistage test described above produces a joint

friction angle from a single specimen. For a strength envelope derived

from tests of several intact specimens, plotting failure plane stresses

would yield a higher limiting strength criterion than that of open

joints. To report this type of data properly, all orientation data must

be carefully and fully stated to ensure proper interpretation of results.

5.3 Various orientations of seams may also be tested to determine

that which is most critical. Direct tension and unconfined compression

tests may be included to completely define the strength envelope as

shown in Fig. 4.

6. Report

6.1 In addition to the plots discussed in Section 5, the report

should include the following:

6.1.1 Lithologic description of the rock, including the type of

joint, seam, etc., tested.

6.1.2 Source of sample including depth and orientation, dates of

sampling and testing, and storage environment.

6.1.3 Specimen diameter and height.

Taylor, D., "Fundamentals of Soil Mechanics," John Wiley and Sons,

Inc., p 317, or Spangler, M., "Soil Engineering," International
Textbook Co., p. 2 7 7 .0
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JOINT, a
SEAM,OR +
PLANE..

•-I03' 0)• 1

UA ~ STRESS O

IxI.- FAIL URE
us PLANEU,

w

NORMAL STRESS. 0

Fig. 2. Hohr circle shoving method of construction
for locating stresses in failure plane.

0e

JOINT,
SEAM,OR +
PLANE.-C

u) FAILURE PLANE
JON

NORMAL STRESS. 0

Fig. 3. Mohr diagram for locating stresses on
failure plane in a multistage test.
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JOINT, SEAM.,+ JOINT
OR PLANE FRICTION

ANGLE -)

ir-

I-.

W1 
/

TENSION -jý COMPRESSION

NORMAL STRESS, a

Fig. 4. Mohr diagram for locating stresses on
failure plane, including direct tension
and unconfined compression test data.

6.1.4 Moisture content and degree of saturation at time of test.

6.1.5 Other physical data, such as specific gravity, absorption,

porosity, and permeability, citing the method of determination for each.
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0 Standard Test Method for

Creep of Cylindrical Soft Rock Core Specimens in Uniaxial
Compressions1

This standard is issued under the fiud desisnation D 4405; the number immediatcly follow the designaion indicates the year of
onpnal adoption or. in th Case Of revision, the year of lasg revision. A number in parcntheses indicates the Year Or last r0WpnrmL A
superscuipt epsilon W. indicates an editorial dianle since the last revision or reapproval.

" N ot-Seion 9 was chansed editorially in July 1989.
,2 

NoT-Sectioc 10 was added edorially in December 1991.

I. Scope the duration of the testing. The stability of the loading device
1.1 This test method covers the determination of the and the reaction frame as a function of time shall be evaluated

creep behavior of intact cylindrical soft rock core specimens prior to testing, and periodically during testing. To maintain
subjected to uniaxial compression up to a temperature of the necessary stability of the loading device, the room temper-
572-F (300"C). Creep is the time-dependent strain or defor- ature shall be maintained to within ±2"F (±I*C).
mation under sustained axial stress. Soft rocks include such NoTE 1-By definition, creep is tim-odependent deformation under
materials as salt and potash, which often exhibit very large Constant axial stre The loading device is specied to maintain

strain at failure. const•ant axial load. The eniecring stress 0oad divided by original
12 The values stated in inch-pound units are to be cmrsectional area) will theirfom be constant, while the true sm (load

divided by actual cr•ss-sectional area at the time) will decrease some-
regarded as the standard. wat during the test as the cross-sectional area micases. Standard

1.3 This standard may involve hazardous materials. oper- pactice in creep testis is to maintain constant load (constant ensi-
ations. and equipment This standard does not puro•rO to nWetng st=s) because of the experimental diftcultics in controlling the
address all of the safety problems associated with its use. It is load to maitain a constant true stress.
the responsibility of the user of this standard to establish 4.2 Bearing Surfaces-The testing machine shall be

* appropriate safety and health practices and determine the eippe with two steel bearing blocks having a hardness of
applicability of regulatory limitations prior to use. not less than 58 HRC. One of the blocks shall be spherically
2. Referenced Documents seated and the other a plain rigid block. The bearing faces

shall not depart from a plane by more than 0.0005 in. (0.013
2.1 4STM Standards: mm) when the blocks are new and shall be maintained
E 4 Practices for Load Verification of Testing Machines 2  within a permissible variation of 0.001 in. (0.025 mm). The
E 122 Practice for Choice of Sample Size to Estimate the diameter of the spherically seated bearing face shall be at

Average Quality of a Lot or Process3  least as large as that of the test specimen but shall not exceed
twice the diameter of the test specimen. The center of the

3. Significance and Use sphere in the spherically seated block shall coincide with that
3.1 There are many underground structures that are of the bearing face of the specimen. The spherically seated

created for permanent use. These structures are subjected to block shall be properly lubricated to assure free movement.
an approximately constant load. Creep tests provide quanti- The movable portion of the bearing block shall be held
tative parameters for stability analysis of these structures. closely in the spherical seat, but the design shall be such that

the bearing face can be rotated and tilted through small
4. Apparatus angles in any direction.

4.1 Loading Device-The loading device shall be capable 4.2.1 Room Temperature Bearing Blocks-In a room
of applying and maintaining the required load on the spec- temperature test, the specimen may be placed directly
imnen, regardless of any changes in the dimensions of the between the upper and lower machine platens, or false
spec•.imen. The Ioading ti~uir 1'SCon sof a reatio.-, frame and platens may be used between the specimen and the machine

a load generating component which may be a hydraulic platens. False platens (steel spacer disks) shall possess the
actuator, spring, dead weight, or controlled screw-driven same material and flatness specifications as the machine
loading mechanism. Means shall be provided for measuring platens. The diameter of the false platens shall be at least as
the load to within 2 % of the applied load. The applied load great as the specimen, but not exceeding the specimen
shall be maintained within ±2 % of the required test load for diameter by more than 0.050 in. (1.3 mm).

4.2.2 Elevated Temperature Bearing Blocks-The steel
false platens shall be thermally insulated from the machineS This test method is under thejunsdiction ofASTM Commitee D-18 on Sod platens by insulating spacers in the load column or by

and Rock and is the direct responsibility of Subcommittee 1318 12 on Rock cooling coils. These insulating spacers or cooling coils are
Mechanics

Current edition approved Sept. 28. 1984. Published November 1984. necessary if the temperature enclosure directly surrounds the
Annual Book of ASTM Standards. Vols 04.02. 07.01. and 0803. specimen, but not if the entire room i., maintained at the
Annual Book ofASTM Standards. Vol 14.02. elevated temperature.
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4.3 Elevated Temperature Enclosure-The elevated tern- precision 0.2 % of full-scale over the duration of the test.
perature tests can be conducted either in a temperature Furthermore, for readings below 250 gtin./in. (jim/m) strain,
controlled room or in a small chamber directly surrounding accuracy shall be within 5 gin./in. (jim/m) strain.
the test specimen. Temperature shall be measured at three NOTE 2-The use of strain gage adhesives requiring cure tempera-
locations, with one sensor near the top, one at midheight, tures above 150" (65C) is not permitted unless it is known -that
and one near the bottom of the specimen. The average microfractures do not develop at the cure temperature.
specimen temperature based on the midheight sensor shall 4.5.1.2 Lateral Strain Determination-The lateral defor-
be maintained to within ±2 % of the required test tempera- mations or strains may be measured by any of the methods
ture, measured in degrees Celcius. The maximum tempera- mentioned in 4.5.1.1. Either circumferential or diametrical
ture difference between the midheight sensor and either end deformations (or strains) may be measured. At least two
sensor shall not exceed 5 % of the test temperature in degrees lateral deformation sensors shall be used. These shall be
C elcius. equally spaced around the circumference of the specimen

4.4 Temperature Measuring Devices--The type of instru- close to midheight. The average deformation (or strain) from
ment chosen to monitor temperature depends primarily on the two sensors shall be recorded either continuously or for
the test apparatus and the maximum test temperature. each increment of time. The use of a single transducer that
Special limits-of-error thermocouples or platinum resistance wraps completely around the specimen to measure the total
thermometers (RTDs) are recommended. The temperature change in circumference may also be used. The gage length
transducer shall be accurate to at least * 1.0"F (±O.5C), with and the accuracy and precision of the lateral strain measure-
a resolution of 0.20"F (0.1C). ment system shall be the same as those specified in 4.5.1.1.

4.5 Strain/Deformation Measuring Devices: 4.5.2 Elevated Temperature-Defoimation measure-
4.5.1 Room Temperature: ments are normally made externally from the heating
4.5.1.1 Axia Strain Determination-For these materials, enclosure using suitable extensometers.

the axial deformation or strain may not normally be
determined by electrical strain gages, and some other forms Norm 3-An example of such a measurement arrangement is shown

of strain/deformation measuring devices must be utilized, in Fig, i.

Such devices include compressometers, optical devices, and
the like. The design of the measuring device shall be such
that the average of at least two axial strain measurements can 5.1 Test specimens shall be right circular cylinders within
be recorded either continuously or for each increment of the tolerances specified herein.
time. Measuring positions shall be equally spaced around the 5. 1.1 The specimen shall have a length-to-diameter ratio
circumference of the specimen close to midheight. The gage (L/D) of 2.0 to 2.5 and a diameter of not less than NX
length over which the axial strains are determined shall be at wireline core size, approximately 1,7/ in. (48 mm).
least ten grain diameters in magnitude. The axial strains shall Nom 4-It is desirable that the diameter of rock compression
be determined with an accuracy of 2 % of the reading and a specimens be at least ten times the diameter of the largest mineral grain

LOA0NNG PISTON

ELEATED TEMPERATUREENCOSUOgRE
S~INSULg.ATING SPACER

- • FALSE PLATEN

UPPER GAGE

POINT

DIAL GAGE
TEST SPECIMEN

I_ ,SPICRICALLY SEATED
BLOCK

INSULATING SPACER

REACTION FRAME BASE

FIG. 1 Example of Technique for Monitoring Axial Specimen Deformation External to Elevated Temperature Enclosure
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In soft rock, such as salt and potash, the average grain size is normally DIAL GAGE V-BLOCK. arger than it is for most bard rock. Research has shown that creep ,
behavior of salt is highly dependent upon the specimen dimensions.
Therefore, in order to obtain meaningful results, sufficiently large
specimens should be used.

5. 1.2 The sides of the specimen shall be generally smooth ----------
and free of abrupt irregularities with all the elements straight
to within 0.020 in. (0.50 mm) over the full length of the
specimen. The deviation from straightness of the elements /,/////., 7 7
shall be determined by either Method A or Method B.

5.1.2.1 Method A-Roll the cylindrical specimen. on a
smooth flat surface and measure the height of the maximum PIn3lActssmfb of End Srfaces to the Specimen Aid
gap between the specimen and the flat surface with a feeler
gage. If the maximum gap exceeds 0.020 in. (0.50 mm), the runs across the end surface of the specimen along a diametral
specimen does not meet the required tolerance for direction. Take care to make sure that one end of the
straightness of the elements. The flat test surface on which mounting pad maintains intimate contact with the end
the specimen is rolled shall not depart from a plane by more surface of the V-block during moving. Record the dial gage
than 0.0005 in. (13 jtm). readings every W in. (3 mm) across the diameter.

5.1.2.2 Method B: 5.1.3.1 Plot the readings and draw a smooth curve
5.1.2.2.1 Place the cylindrical surface of the specimen on through the points to represent the surface profile along the

a V-block that is laid flat on a surfade. The smoothness of the specified diametral plane. The flatness tolerance is met when
surface shall not depart from a plane by more than 0.0005 in. the smooth curve so determined does not depart from a
(13 ptm). visual best-fit straight line by more than 0.001 in. (25 pim).

5.1.2.2.2 Place a dial indicator in contact with the top of 5. .3.2 Rotate the specimen 90" about its longitudinal axis
the specimen, as shown in Fig. 2, and observe the dial and repeat the same operations and tolerance check for the
reading as the specimen .is moved from one end of the ndirepeat teame oprn and toece e ck for e
V-b4ock to the other along a straight line. new diametral plane. Turn the specimen end for end and

5.1.2.23 Record the maximum and minimum readings repeat the same measurement procedure and tolerance
on the dial gage and calralate the difference, A4. Repeat the checks for the other end surface.
same operations by rotating the specimen for every 90', and 5.1.4 The ends of the specimen shall not depart from
obtain the differences, Ago, Al, and A270- The same perpendicularity to the axis of the s en by more than
maximum value of these four differences shall be less than 0.25%, which is a slope of approximately one part in 200. The
0.020 in. (0.50 mm). tolerance shall be checked using the measurements taken in

.5.13 The ends of the specimen shall be cut parallel to 5.1.3. Calculate the difference between the maximum and
each other and at right angles to the longitudinal axis. They minimum readings on the dial gage along diameter 1. This
shall be surface ground or lapped flat to 0.001 in. (25 ;Lm). difference is denoted as A,. Calculate the corresponding
Water shall not be used in any of the sample preparation difference for diameter 2, which is 90" from diameter 1. This
procedures. The flatness tolerance shall be checked by a difference for diameter 2 is A2. Calculate the corresponding
setup similar to that for the cylindrical surface (Fig. 3) except differences for the other end of the specimen, A', and A'2.
that the dial gage is mounted near the end of the V-block. The perpendicularity tolerance will be considered to have
Move the mounting pad horizontally so that the dial gage been met when:

- and L 5 0.005
DIAL GAGE D D

where:
i = I or 2,and
D = diameter.

5.1.5 The use of capping materials or end surface treat-
SPECIMEN ments other than the grinding and lapping specified herein is

not permitted.
5.2 The diameter of the test specimen shall be determined

to the nearest 0.01 in. (0.25 mm) by averaging two diameters
V-BLOCK measured at right angles to each other at about midheight of

the specimen. This average diameter s*all be used for
calculating the cross-sectional area. The height of the test
specimen shall be determined to the nearest 0.01 in. (0.25
mm) at the centers of the end faces.

5.3 The specimen should be prepared in a room with a
relative humidity of less than 40 %. Prior to and following

FIG. 2 Assembly for Determining the Straightness of the preparation, specimens shall be stored in an airtight con-
Cylindrical Surface tainer. During the creep test, the specimen shall be coated or

3
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jacketed with an impervious material.
6. Procedure TRSIg --', SN T .EIDY -. STATE

6.: Loading:,
6.1.1 Room Temperature:
6.1.1.1 Check the ability of the spherical seat to rotate '1

freely in its socket before each test.
6.1.1.2 Wipe clean the bearing faces of the upper and

lower bearing blocks, false platens, if used, and the ends of
the test specimen. Place the test specimen with the attached
strain-measuring device on the lower bearing block. Care-
fully align the axis of the specimen with the center of thrust
of the spherically seated block. Make electrical connections T
or adjustments to the strain or deformation-measuring EAS STRA

device. 1
6.1.1.3 Slowly load the specimen to a preload value of 25 TIME .t

psi (170 kPa). During this process, adjust the movable FIG. 4 Typical Creep Curve
portion of the spherically seated block so that uniform
seating is obtained. Zero the strain/deformation-measuring into the tertiary creep period (Fig. 4), frequency of readings
devices. Then rapidly raise the load, without shock to the shall be increased appropriately.
required test load, within 20 s. Thereafter, the test load shall 6.3 Record the load and specimen temperature either
be held constant during the duration of the test. continuously or each time the strain/deformation is read.

6.1.2 Elevated Temperature:
6.1.2.1 Wipe clean the bearing faces of the upper and 7. Calculation

lower false platens and the ends of the test specimen. Jacket 7.1 The axial strain e,, circumferential strain, et and
the specimen as described in 5.3. The jacket shall be such diametrical strain, id, may be obtained directly from strain-
that after installation, it encloses the specimen tightly and indicating equipment, or may be calculated from deforma-
extends over the false platens. tion readings, depending on the type of apparatus or

6.1.2.2 Place the specimen on the lower machine platen. instrumentation employed.
Carefully align the axis of the specimen with the center of 7. 1.1 Calculate the axial strain, t, as follows:
thrust of the lower platen of the test machine. Slowly load the
specimen to a preload value of 25 psi (170 kPa). During this , ALIL
process, adjust the movable portion of the spherically seated where:
block so that uniform seating is obtained. If the test L = original undeformed axial gage length, in. (mm), and
temperature is below 3507 (175"C) and electrical resistance AL = change in measured axial length (negative for de-
strain gages are used, make the necessary connections. Zero crease in length) in. (mm).
the strain/deformation-measuring devices. 7.1.2 Calculate the diametrical strain, td, as follows:

6.1.2.3 Place the heating enclosure in position. Raise the ' - &DID
temperature at a rate not exceeding 3.6"F (2*C)/min until it
reaches the required temperature (Note 5). The test specimen where:
shall be considered to have attained thermal equilibrium D = original undeformed diameter, in. (mm), and
when the deformation transducer output is stable for at least AD = change in diameter (positive for an increase in
three readings taken at equal intervals over a period of no diameter) in. (mm).
less than 30 min. Stability is defined as a constant reading NOTE 6-Tensile stresses and strains are used as being positive
showing only the effects of normal instrument and heater herein. A consistent application of a compression-positive sign convetn-
unit fluctuations. tion may be employed if desired.

NOTE 5--It has been observed that for some rock types micro. 7.2 Calculate the compressive stress in the test specimen
fracturing will occur for heating rates above l.8"F (l'C)/min. The from the compressive load on the specimen and the initial
operator is cautioned to select a heating rate such that microfracturing
due to thermal gradients does not occur. computed cross-sectional area as follows:

6.1.2.4 Rapidly raise the load without shock to the - P/A
required test load within 20 s. Thereafter, the test load shall where:
be held constant during the duration of the test. a stress, psi (MPa),

6.2 Record the strain/deformation immediately after the P load, lbf (N), and
required test load has been applied. Thereafter, record the A area, in. 2 (mm 2).
strain/deformation at suitable time intervals. During the 7.3 Plot the strain versus time curve as shown in Fig. 4.
transient creep period (Fig. 4), strain/deformation readings Frequently it may be necessary to use a logarithmic scale for
shall be taken every few minutes to few hours until the the "time" if a long test period is involved.
strain/deformation rate becomes constant. Readings shall be
taken at least twice daily during the steady-state phase of 8. Report
creep (Fig. 4) until the test is terminated. If the test extends 8.1 The report shall include the following:

4
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8.1.1 Source of sample, including project name and 9. Precision and BiasO location (often the location is specified in terms of the drill 9.1 Precision-Due to the nature of rock materials tested
hole number and depth of specimen from the collar of the by this test method, it is, at this time, either not feasible or
hole), too costly to produce multiple specimens which have uni-

8.1.2 Lithologic description of the rock and load direction form physical properties. Therefore, since specimens which
with respect to lithology, would yield the same test results cannot be tested, Subcom-

8.1.3 Moisture condition of specimen before test, mittee D18.12 cannot determine the variatioa between tests
8.1.4 Specimen diameter and height (conformance with since any variation observed is just as likely to be due to

dimensional requirements, see Note 4), specimen variation as to operator or laboratory testing
8.1.5 Stress level at which test was performed, variation. Subcommittee D18.12 welcomes proposals to
8.1.6 Temperature at which test was performed, resolve this problem that would allow for development of a
8.1.7 Tabulation of strain and time data, valid precision statement.
8.1.8 Plot of the strain versus time curve (Fig. 4), 9.2 Bias-There is no accepted reference value for this
8.1.9 A description of physical appearance of specimen test method; therefore, bias cannot be determined.

after test, and
8.1.10 If the actual equipment or procedure has varied 10. Keywords

from the requirements contained in this test method, each 10.1 compression testing; creep; deformation; loading
variation and the reasons for it shall be discussed. tests; rock

The Arerca SocWy for Testing and Mateats Waes no posebon respechO Uthe v'kty of any patent rWt asserted in cwvecton
with ay Rem ewnined thIn stardard. thJ es of t* standard we owpss advised that datenntna1 of the vagty of any mh
patent fights, and the dsk of M ingemert of such rights. am en" vv their own r.ponsb~y

This standard Is subject to revWson at any time by the responsible tech-nical commnko and nm be r*vWnd evy ftv years an
if not revised, e~reapproved or wftawn. Your commwrt are kh *ed ather AY revWi of thW sandard or fo •addiional standads
and shoid be addressed to ASTM Headquetes. Your commenr wf nceve cWrl Cora eta meetang of the respomnsaw
techndcal cornanee. which you rmay Wfend. 9f you feW tha your cowmet haew no rec a fair hearing you should nake your
ves known to the ASTU Commrnse on Stantards, 1918 ace mSt.. PhI*d i, PA 19103.
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METHOD OF TE'ST FOR
THERMAL DIFFUSIVITY OF ROCK

1. Scope

1.1 This method of test outlines a procedure for determining the

thermal diffusivity of rock. Th±- thermal diffusivity is equal to the

thermal conductivity divided by the heat capacity per unit volume and

may be used as an index of the facility with which the material will

undergo temperature change.

2. Apparatus

2.1 The apparatus shall consist of:

2.1.1 Bath - A heating bath in which specimens can be raised to

uniform high temperature (212 F (lO0C)).

2.1.2 Diffusion Chamber - A diffusion chamber containing running

cold water.

2.1.3 Temperature-Indicating or Recording Instrument - Consisting

of iron-constantan thermocouples, Type K potentiometer, ice bath,

standard cell, galvanometer, switch, and storage battery; or thermo-

couples and suitable recording potentiometer.

2.1.4 Timer - Timer capable of indicating minutes and seconds.

3. Procedure

3.1 Preparation of Specimen - The test specimen shall be a 6- by

12-in. (152- by 305-mm) core (for other shapes and sizes, see Section

5). A thermocouple shall be inserted in an axially drilled hole 3/8 in.

(9.5 mm) in diameter and subsequently grouted.

3.2 Heating - Each specimen shall be heated to the same temperature

by continuous immersion in boiling water until the temperature of the

center is 212°F (100 0 C). The specimen shall then be transferred to a

bath of running cold water and suspended in the bath so that the entire

surface of the specimen is in contact with the water. The temperature

of the cold water shall be determined by means of another thermocouple.

e1
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3.3 Cooling - The cooling history of the specimen shall be obtained
from readings of the temperature of the interior of the specimen at 1-

minute intervals from the time the temperature difference between the
center and the water is 120 F (67°C) until the temperature difference

between the center and water is 8 F (4°C). The data shall be recorded.

Two such cooling histories shall be obtained for each test specimen, and
the calculated diffusivities shall check within 40.002 ft 2/h

(0.0052 - 10-5 m2 /3).

4. Calculations

4.1 The temperature difference in degrees F shall be plotted
against the time in minutes on a semilogarithmic scale. The best
possible straight line shall then be drawn through the points so obtained.
A typical graph is shown in Fig. 1. The time elapsed between the temperature
differences of 80 F (44 C) and 20°F (110C) shall be read from the graph,
and this value inserted in the equation below, from which the thermal

diffusivity, a , shall be calculated as follows:

a = 0.812278/(tI - t 2 )

where a = thermal diffusivity, ft 2/hr (Note i)

(t1 - t 2 ) = elapsed time between temperature differences of

80°F (440C) and 200F (11°C), minutes

0. 812278 = numerical factor applicable to 6- by 12-in. (152-
by 305-mm) cylinder

NOTE 1--The SI equivalent of ft 2/hr is m 2/s; ft 2/hr - 2.580640

E - 05 = m2 /s.

5. Specimens of Other Sizes and Shapes

5.1 The method given above is directly applicable to a 6- by 12-in.
(152- by 305-mm) cylinder. Specimens of other sizes and shapes may be

treated in the manner described below.

2
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5.3 For a prism,

60 ln(T1 /T 2 )

2( 1
2 + _I+2 21~

where ln(TI/T 2 ) = natural logarithm of the temperature difference
ratio

Ti, T2 = temperature differences at times t and t2,-
deg F

a, b, c = dimensions of prism, feet

5.4 For a cylinder,

60 ln(T1 /T 2 )

H-5.783 +2

where ln(T1 /T 2 ) 2 natural logarithm, as above

r = radius of cylinder, feet

1 = length of cylinder, feet

5.5 For specimens whose minimum dimension is more than 3 in.

(76 mm), this approximate calculation will yield the required accuracy.

For smaller specimens or when more precise determinations are desired,

reference may be made to "Heat Conduction," by L. R. and A. C. Ingersoll,

and 0. J. Zebel, McGraw-Hill Book Company, Inc., 1948, pp. 183-185 and

appended tables. Charts which may be used are also found in Williamson

and Adams, Phys. Rev. XIV, p. 99 (1919) and "Heat Transmission," W. H.

McAdams, McGraw-Hill Book Company, Inc., 1942, pp. 27-44.

4
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USE OF INCLINOMETERS FOR ROCK MASS MONITORING

1. Scope

1.1 This method describes the use of inclinometers for rock mass

monitoring, lists some available instruments, outlines operating tech-

niques and maintenance requirements, and presents data reduction methods.

2. Apparatus

2.1 An inclinometer is a device for measuring the deviation from

the vertical of a flexible casing installed in a borehole. Deviations

can be converted to displacements by trigonometric functions. Succes-

sive measurements enable the determination of the depth, magnitude, and

rate of lateral movement. Fig. 1 shows a typical inclinometer

ins tallation. 6. 1

2.2 Many types of inclinometers are commercially available

(Tables 1 and 2); however, the most commonly used is the probe type.

This type consists of a control box and a probe which is lowered into

the casing on a cable. In some probes a cantilevered pendulum, with

resistance strain gages, vibrating wire, or inductive transducers is
6.2

used to measure cantilever deflection. Other probes use the

Wheatstone bridge principle (Slope Inclinometer Model 200 B), the

servo accelerometer principle (Slope Indicator Digitilt), or a differ-

ential transformer (Dames and Moore, EDR). The probe generally requires

a special flexible casing as indicated in Table 2. The electrical

output from the probe is measured at the control box and converted to

visual display, punched tape, or graphic form.

3. Procedure

3.1 Installation - Inclinometer casing should be installed in a

near-vertical hole that intersects the zone of suspected movement.* The

hole should extend beyond the zone of expected movement and at least

* Measurements in nonvertical holes can be made with some inclinometers;

however, before planning such holes manufacturers' specifications

should be checked to determine the limitations of the particular

instrument being used.
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15 ft (4.5 m) into soil or rock in which no movement is anticipated.

Allowance should be made for loss of the bottom 5 ft (1.5 m) of the hole

where sediment accumulation may occur. Casing should be held in place

with a sand backfill or a weak cement grout. Casings over 50 ft (15 m)

deep should be checked for twist using equipment described in paragraph

4.6 since some of the casings may be received with a built-in twist

which would cause considerable errors in observations. 6 3

3.1.1 Inclinometer casings are commonly installed in either 5- or

10-ft (1.5- or 3.0-m) lengths and are available in either plastic or

aluminum. Plastic casing joints are glued. Aluminum casings are

coupled with aluminum couplings and riveted, Fig. 2. Care should be

taken to ensure that all joints are sealed since leakage can introduce

fines into grooves and cause errors in readings. Joints can be sealed

with caulking and taped. Greater installation details can be obtained

from manufacturers' literature6 . 4' 6.5, 6.6, 6.7 or from other

sources.
6 . 3' 6.8

3.2 Observations - Initial observations should be made after

allowing sufficient setting time for the grout around the casing or time

for the backfill to settle where sand or gravel is used. Since all

displacements are computed based on the position of the casing when

installed, the initial position should be verified with at least three

separate sets of observations. These observations should be checked

closely to see that they agree within the accuracy of the inclinometer

being used. Observations should be repeated until satisfactory agree-

ment is obtained. When initial observations are made, the top of the

casing should be located with respect to a point outside the zone of

expected movement by conventional surveying means and its elevation

determined.

3.2.1 The frequency of observations depends upon several factors,

the most important of which is the rate of movement. It is necessary to

read inclinometers frequently just after installation and, based on
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Fig. 2. Inclinometer casing details (Slope Indicator Co.).
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these results, to adjust the interval of observations. Observations

should coincide with observations of other instrumentation such as

extensometers, piezometers, settlement devices, movement surveys, etc.

3.2.2 The procedure for obtaining readings with various inclinometers

may vary slightly and manufacturers' literature should be consulted for

the current procedure for a particular instrument. However, the general

procedure consists of lowering the inclinometer to the bottom of the

borehole and beginning the readings. The inclinometer is raised a

specified interval,* readings are made, and the procedure repeated until

the top of the hole is reached. The inclinometer is removed from the

casing, inserted again with the guide wheels in a different groove,

lowered to the bottom of the casing, and readings are again made to the

top of the hole. This procedure is repeated until a set of readings is

obtained for all four grooves. A field check is made by comparing the

value of the sum of each set of readings (opposite grooves) and the mean

of all sets of readings for the length of the casing. When variations

greater than specified by the manufacturer are found, the inclinometer

is relocated at that depth and an additional reading is taken. Care

should be taken to ensure that readings are obtained at the same depths

each time observations are made.

3.3 Maintenance - Maintenance that can be performed in the field on

inclinometers is very limited. On probes using 0 ring connections

between the probe and the cable, the 0 ring should be checked and

replaced as necessary. Electrical connections should be kept clean and

dry. On probes using batteries, the battery should be checked and

charged when necessary. Manufacturers' literature should be consulted

for other maintenance operations and precautions to be exercised in

operation of inclinometers.

4. Data Reduction

4.1 General - The numerical values of the readings (R) obtained

from observations with most inclinometers are equal to plus or minus an

* Greatest accuracy is obtained when the interval of observations

equals the wheel spacing of the probe.
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instrument constant (K) times the sine of the inclination angle (9).

Expressed mathematically, this is:

R = ± K sinO (1)

where the plus or minus sign indicates the direction of movement--plus

away from the groove in which the measuring wheel is located and minus

toward the groove.

4.1.1 To compute the deflection of the casing from the vertical at

any measurement point, the right triangle depicted below is solved:

e

Inclinometer / Vertical interval

length (L) of readings

IrP

Deflection (d)

where L is the distance between measuring wheels. This results in the

following expression:

d = L sin 0 (2)

The algebraic difference in readings (R1 - R3 ) in opposite grooves

(180 deg apart) can be used to minimize errors contributed by casing and

instrument irregularities.

* The formula is true for the Hall Inclinometer and the Digitilt. Fol

the Model 200-B, the reading is equal to a constant times the tangent

of the inclination angle; however, for the range of operation (t12 deg)

the tangent is approximately equal to the sine. Manufacturers'

literature should be consulted for applicability of this discussion to

a particular instrument.
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Difference = (R1 - R3) = 3 2K sin 9 (3)

Solving for sin 0

sin e = Difference
2K

and substituting into Equation 2 we have

d = L- Difference (4)
2K

4.1.2 Because the prime interest is not the magnitude of the deflec-

tion (d) but the change in deflection or magnitude of movement since the

initial readings, the initial deflection of the casing must be sub-

tracted from the deflection at some later time.

d = d - di =- (Difference - Difference.) (5)

It is also desirable to know the deflected shape of the casing with

reference to a fixed point or length. This fixed length is normally

considered to be the bottom of the casing so that the formula now

becomes:

n 1 n
E (d - d K - (Difference - Difference.)

t 2K t im = 0 m =o

in

D E Change (6)
m O

where m = o is at the bottom of the casing or first measuring point and

m = n is at the top of the casing or last measuring point. It is

obvious from the above that the initial deflection of trb casing need

not be computed. Only the Difference is needed.*

* As stated previously, several observations should be taken initially.
The Difference used above is an average of these observations.
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4.2 Hand Calculations - Hand calculations of the deflections in a

boreholL can be made using the above formula (Equation 6) and the data

sheets in Figs. 3 and 4. However, the calculations would require

checking of many additions, subtractions, and multiplications for each

vertical plane in which deflection measurements were made. Where

several boreholes are observed, this would be a long and tedious opera-

tion and therefore computer reduction of data is usually performed.

4.3 Computer Data Reduction - Equation 6 is readily adaptable to

computer reduction either from data recorded by hand or with automatic

data recording devices. Computer programs are available that reduce the

data, tabulate, and plot the results. Documentation of two such pro-

grams is contained in reference 6.1.

4.4 Twist Corrections - In casings over 50 ft (15 m) in length,

accumulated twist can cause significant errors in the assumed direction

of movement. Casing should therefore be checked for twist using corn-

mercially available equipment. If the twist is found to be significant,

readings can be corrected using computer programs currently

available. 6.1

5. Reporting Results

5.1 Results of inclinometer measurements are usually reported in

two ways: in tabulations of deflections with depth (Fig. 4) and in

plocs (Fig. 5) showing movement versus depth in relation to the struc-

ture, tunnel, or embankment near which movement is being monitored.
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SUGGESTED METHODS FOR MONITORIN ROCK
MOVEMENTS USING TILTMETERS

(International Society for Rock Mechanics)

1. (a) A tiltmeter consists of a housing containing a gravity

operated sensor which detects static or dynamic angular movements at a

point. Normally a portable tiltmeter is temporarily located on a

reference plate (Fig. 1) cemented or bolted to intact rock at the ground
Isurface or in a tunnel or adit Periodic measurement of the surface

tilt of each plate enables determination of the magnitude and rate of

angular deformation.

(b) Nonportable tiltmeters are also available which may be used

for static or dynamic angular measurement and can provide continuous
2monitoring2. These sensors are enclosed in a waterproof housing and

cemented or bolted and grouted directly to the rock surface. Local

access for reading may be utilized or remote reading facilities may be

installed.

(c) The tiltmeter, unlike the probe or fixed-in-place

inclinometers, only measures the tilt at a discrete, normally accessible

point. It does not operate at depth along a borehole although in

certain situations it can be permanently buried.

(d) The reference plate must be anchored on a surface which

properly reflects movements of the rock mass under investigation. The

weathered initial few meters at the surface can often be avoided by

locating the reference plate on a pipe or concrete pillar founded on

intact rock 1 to 2 meters below the surface. The monument must be free

from contact with the upper I to 2 meters of rock. Failure to protect

the reference plate from the effects of surficial temperature and

moisture variations may result in erroneous readings.



RTH 302-80

Fig. 1. Portable tiltmeter, reference plate and readout.

Apparatus

2. Surface preparation and drilling equipment including:

(a) Hand tools or bush hammer or jack hammer for surface cleanup,

leveling and preparation of a fresh dust-free surface.

(b) A rock drill to give drillholes 15 to 40 mm in diameter, up to

about 300 mm deep for fixing bolts.

(c) A rock drill to give a shallow drillhole of the required

diameter for a steel anchor tube 70 to 150 mm in diameter, up to 3 m

long. Core drilling should be used, but if no core is available, a bore-

hole periscope may be used to inspect the hole.

(d) A rock drill to excavate a large diameter shallow hole for an

isolated concrete pillar. Blasting should be avoided.

3. Surface reference plates and installation equipment:

(a) The surface reference plate on which the portable tiltmeter

sensor is periodically located should be made of dimensionally stable

metal, ceramic or rock. The reference surface should be corrosion-free,

easy to wipe clean and not easily damaged. The surface of the reference

plate should incorporate a precise positioning system compatible with
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the portable sensor and which locates the sensor in two mutually perpen-

dicular directions. The positioning system must permit the sensor to be

reversed through 180 deg to enable zero errors in the portable sensor to be

eliminated. Inaccurate replacement may be the greatest source of error

with a sensitive tiltmeter.

(b) Epoxy or polyester resin cement, Portland cement or similar

grouts for fixing the reference plate directly to prepared rock surface

or steel plate.

(c) Anchor bolts where additional anchorage is needed.

(d) A steel tube 70 to 150 mm in diameter, up to 3 m long to be

grouted into a shallow hole and isolated from the weathered initial 1 to

2 meters of rock at the surface. The tube should have an integral

reference plate welded in place.

(e) Materials for constructing a concrete pillar or monument

founded below the rock surface and isolated from the weathered initial 1

to 2 meters of rock at the surface.

4. Tiltmeter sensor and readout (for example, Fig. 1) including:

(a) If a portable tiltmeter sensor is to be used this should com-
3

prise a housing containing a sensing device , and with a reference

surface incorporating a precise positioning system compatible with the

fixed reference plates. The reference surface on the portable sensor

should be corrosion-free, easy to wipe clean and not easily damaged.

The electrical sensing device is connected by a cable to a compatible
4

portable readout box

(b) If a nonportable tiltmeter is to be used, this should comprise
3

an electrically operated sensor enclosed in a waterproof corrosion

resistant housing designed for direct and permanent fixing to the rock

surface. The electrical sensing device is connected by a permanently

installed cable to a compatible monitoring and readout system. The

tiltmeter housing should preferably incorporate a reference surface

suitable for a portable tiltmeter which is used periodically to check

the permanently installed tiltmeter for zero drift or other malfunction.
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(c) The measuring range, sensitivity and accuracy of the tiltmeter

with its readout system should be specified according to the require-

ments of the project. The range and resolution of tiltmeters varies

considerably; ±30 deg and 10 seconds, t0.7 deg and 2 seconds are typical

specifications.

(d) The equipment should be designed to ensure that the specified

accuracy is maintained irrespective of normal mechanical handling, water

pressures, and corrosive environments encountered in use.

5. Calibration equipment including:

(a) A calibrating device to enable initial checking of fixed

tiltmeters or routine on-site checking of the portable sensor and

readout uni.. The device should allow the sensor to be set in its

normal operating position and should be adjustable from horizontal to

the maximum operating angle of the sensor, with at least one inter-

mediate setting either side of the horizontal. The calibrator should

ideally have an independent angle measuring accuracy better than the
5

resolution of the portable tiltmeter sensor 5

Procedure

6. Preparatory investigations:

(a) The site and project characteristics should be considered in

detail in order to specify the performance requirements of equipment to

be used.

(b) Tiltmeter locations should be selected on the basis of a study

of the geotechnical features of the site, taking into consideration the

directions and magnitudes of anticipated ground movements and the nature

of other instrumentation to be installed.

(c) The amount and depth of weathering of the rock surface should

be investigated so that the tiltmeter is located on or anchored in

intact rock. Failure to eliminate the influence of localized surficial

movements or inhomogeneities may entirely invalidate the tiltmeter

measurements especially if the true subsurface movements are small. If

extensive weathering exists, subsurface location in a tunnel or adit is

desirable.
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7. Installation:

(a) If suitable fresh, hard, unweathered, sound rock exists at the

surface, minimal cleanup is required to form a dust-free, level

surface.

(b) Holes should be drilled for fixing bolts when the grout to

rock adhesion is unreliable. Alternatively, a shallow hole should be

drilled or excavated to install a tubular steel anchor or to construct a

concrete pillar, isolated from the weathered near-surface rock and

founded on fresh rock.

(c) The underside of the reference plate or of the nonportable

tiltmeter, thoroughly cleaned and abraded, is oriented to correspond

with the required direction of measurement and is then cemented or

grouted in place on the rock, anchor or pillar and leveled. The azimuth

should be recorded to an accuracy of t3 deg.

(d) A protective cap or cover should be installed over the exposed

reference plate or tiltmeter to prevent damage.

8. Readings:

(a) The nonportable tiltmeter should be calibrated prior to

installation.

(b) The portable tiltmeter should be checked on site both before

and after each day's readings. Instrument errors should be promptly

investigated and corrected and a diary of calibrations and adjustments

should be kept. Unnecessary adjustment must be avoided.

(c) Several sets of initial readings should be taken immediately

after the cement or grout has set. These readings are averaged to

provide a baseline for all subsequent observations. Thereafter, read-

ings should be taken &L intervals specified by the project engineer on

the basis of site requirements. A set of readings with the portable

tiltmeter should comprise, as a minimum, steps 9(d) and 9(e) below.

(d) The reference plate and portable tiltmetEr are wiped with a

clean dry cloth and inspected for dirt or damage. The tiltmeter is

accurately located on the reference plate and a reading taken. The

tiltmeter is removed, the contact surfaces rewiped and replaced. This

procedure is repeated three or four times until consistent readings



RTH 302-80

are obtained. The tiltmeter is then rotated through 180 deg and the

readings repeated, rewiping the contact surfaces each time.

(e) The procedure 9(d) is repeated with the tiltmeter located at

90 deg to the initial position.

(f) A permanently installed tiltmeter may be read manually or

automatically at suitable time intervals. It should, where feasible, be

periodically checked by a portable tiltmeter as in 9(d) and 9(e).

Calculations and Data Processing

9. (a) Unless otherwise specified all data should be processed
6

within 24 hours of readings being taken

(b) The field data are scrutinized and obvious errors marked on the

field data sheet. If corrections are made, these should be clearly

noted.

(c) Pairs of opposite face readings obtained with the portable

tiltmeter are averaged to correct for face error. The direction of

angular rotation must be carefully checked and recorded.

(d) Single face readings obtained with the permanently installed

tiltmeter may be corrected for zero error, based on intermittent porta-

ble tiltmeter readings on both faces.

(e) Corrected readings are compared with initial readings at the

same location to determine the incremental change in angle or

displacement.

(f) Graphs of angular change or displacement versus time are

plotted for each reference plate location (for example, Fig. 2).
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Fig. 2. Tilt at ground surface due to longwall mining
face advance at depth.

Reporting of Results

10. Results should, unless otherwise specified, be presented in

two forms of report: an Installation Report giving basic data on the

instrumentation system at the time of installation; followed by

Monitoring Reports presenting periodically the results of routine

observations. The Monitoring Reports will generally be required at

frequent intervals to minimize delay between the detection of adverse

behavior and the implementation of any remedial measures that may be

necessary.

11. The Installation Report should include the following:

(a) A description and diagrams of the monitoring equipment used

including detailed performance specifications and manufacturers'

literature.

(b) A station location plan with details of the reference plates,

their surveyed positions and elevations.

(c) Details of methods used for tiltmeter installation, calibra-

tion, and monitoring; reference may be made to this ISRM Suggested Method

stating only departures from the recommended procedures.
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(d) For each station, a diagram showing the geotechnical charac-

teristics of the ground and the position of the reference plate. The

azimuth of reference plate guides should be reported clearly stating

conventions adopted for the sign of movement and angle directions.

(e) For each station, a tabulated list of initial tiltmeter

readings.

12. The Monitoring Reports should include the following:

(a) A set of field monitoring result tabulations; the set to cover

all observations since the preceding report.

(b) Graphs of angular change or displacement versus time, suf-

ficient to show clearly the magnitudes, rates, and directions of all

significant movements.

(c) A brief commentary drawing attention to significant movements

and to all instrument malfunctions occurring since the preceding report.

Notes

iTiltmeters may also be installed on structures founded on rock,

for example on concrete dams or turbine foundations.

In addition, there exist very sensitive and narrow range tilt-

meters designed to resolve angles as small as I x 10-8 radians, used

mainly for detecting earthtides and other geodetic or seismic events.

3 The sensing device may, for example, include an electrolytic spirit

level, a pendulum actuated vibrating wire or closed loop servo-

accelerometer cc alternatively a precise spirit level with a manual

mechanical-optical micrometer system, which is not suitable for auto-

matic recording.

4 The readout box may for example include a direct reading volt-

meter, a manual null-balance bridge circuit, a digital voltmeter, or an

automatic null balance bridge with digital display and an integrating

circuit to sum incremental displacements. Units are available that

allow recording on magnetic or paper tape.
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5It is recognized that this may be difficult to achieve if a narrow

range tiltmeter with a resolution of one or two seconds of arc is used,

and some compromise will be necessary.

6 Data processing may be manual or with the aid of a computer;

however, the various stages of computation must in either case be fully

supervised and checked for reading or transcribing errors and to ensure

that the significance of any anomalous behavior is fully appreciated.

For example, it is often difficult to distinguish between anomalies due

to ground behavior and those due to instrument malfunction.



Designation: D 4403 - 84 RTH 303-89

AMERICAN SOCIETY FOR TESTING AND MATERIALS
1916 Rome St.. PhiladetlphiaI, Pa. 19103

Reprinted from the Annual Book of ASTM Standards, Cop~yright ASTM
If not listed in the current combined index, will oilesir in the next edition.

Standard Practice for

EXTENSOMETERS USED IN ROCK1

This standard is issued under the F xed designation D 4403. the number immediatei, following the designation indicates the year of
onginal adoption or. in the case u .e-,sion. the year of last revision. A number in parentheses indicates the year of last reapproval.
A superscnpt epsilon (t) indicates an editonal change since the last revi,ion or reapproval.

I. Scope judgment are required to match the proper type
1.1 This practice -overs the description. ap- ot extensometer systems to the nature of inves-

plication. selection, installation, data collecting, tigation for a given project.
and data reduction of the various types of exten- 3.. I I In applications for construction in rock.
someters used in the field of rock mechanics. precise measurements will usually allow the iden-

1.2 Limitations of each type of extensometer tification of significant, possibly dangerous.
system are covered in Section 3 trends in rock movement: however, precise mea-

1.3 This standard may involve hazardous ma- surement is much less important than the overall
terials. operations, and equipment. This standard pattern of movement. Where measurements are
does not purpor! to address all of the safety prob- used to determine rock properties (such as in
lems associated with its use. It is the responsibil- plate-lack tests), accurate measurements involv-
ity of whoever uses this standard to consult aitd ing a high degree of precision are required. For
establish appropriate .sa/ety and health practces in-situ rock testing, instrument sensitivity better
and determine the applicability of regulatory limi- than 0.00 12 in. (0.02 mm) is necessary for proper
tations prior to use. interpretation.

3.1.2 Most field measurements related to con-
2. Significance and Use struction in rock do not require the precision of

2.1 Extensometers are Awidelv used in the field in-situ testing. Precision in the rangc of 0.001 to
of engineering and include most devices used to .0 1 in. i0.02_ to 0.25 mm) is typica.fl required
measure displacements, separation, settlements, and is readily obtainable by sever-' instruments
convergence, and the like. .!.3 -s the physical size of an underground

2.2 For tunnel instrumentation, extensome- structure or slope increases, the need for highl]
ters are generally used to measure root and side- precise measuremerts diminishes. A pr-ecision of
wall movements and to locate the tension arch 0.01 to 01.04 in. ().25 to 1.0 mm) is often suffi-
zone surrounding the tunnel opening. cient [h-s range of precision is applicable to

2.3 Extensometers are also used extensive, as underground construction in soil or weak rock

safety monitoring devices in tunnels. in under- In most hard rock applications. however. an in-

ground Lavities. on potentially unstable slopes, strunient .ensitilll on the order of 0.001 in

and in monitoring the performance of rock sup- 0 025 mm' Is prefterred
port systems. ' 1.4 lVhe least precision is required for vet

2.4 An extensomoter should be selected on large excaxations. such as open pit mines and
the basis of its intended use. the preciseness of !Irge moning landslides. In such cases. the defor.
the measurement required. the anticipated range mations are large before tailure and, thus. rela-
of deformation, and the details accompanying tivetk coarse precis is required. on the order
installation. No single instrument is suitable for
all applications. ' i his pratti'e u onder he lunsdiciion ol ASTM Committee

iN) i o n 1oili and Rti'k and is ihe direc• responstbili" of
3. Apparatus Subcommittee 1)18 i on R(x.k Mechanics

( unrrn, edition approved Aug 0 1984 Puhished Novem-
3.1 General-Experieicc and engineenng N.r 194
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of I % of the range where the range may be 3 ft. ters allow the user to measure much greater
(I m) or more. distances, such as found in large tunnels or pow-

3.1.5 For long-term monitoring, displace- erhouse openings. Tape extensometers consist of
ments are typically smaller than those that occur a steel tape (preferably invar steel), a tensioning
during construction. Therefore, greater precision device to maintain constant tension, and a read-
may be required for the long-term measure- out head. Lengths of tape may be pulled out from
ments. the tape spool according to the need. The readout

3.2 Evtensometers: may be a dial gage or a vernier, and the tensioning
3.2.1 Rod Extensometers-A large variety of mechanism may be a spring-loading device or a

rod extensometers are manufactured. They range dead-weight (as shown in Figs. 3 and 4). The tape
from simple single-point units to complicated and readout head are fastened, or stretched in
multipoint systems with electrical readout. The tension, between the points to be measured. Ac-
single-point extensometer is generally used to curacies of 0.010 to 0.002 in. (0.25 to 0.05 mm)
detect support system failures. The rod can also can be expected, depending on the length of the
serve as a safety warning device in hazardous tape and the ability to tension the tape to the
areas. Generally, the rod extensometer is read same value on subsequent readings, and provided
with a depth-measuring instrument such as a dial that temperature corrections are made when nec-
gage or depth micrometer, however, various elec- essary.
trical transducers such as LVDTs (linear variable 3.2.4 Joint Meters-Normally, joint meters
differential transformers), linear potentiometers, consist of an extensometer fixed across the ex-
and microswitches have been used where remote posed surface of a joint (as demonstrated in Fig.
or continuous readings are required (as shown in 5), and are used to measure displacements along
Fig. 1). Another type of readout recently devel- or across joints. The joint movements to be
oped is a noncontact removable sonic probe dig- measured may be the opening or closing of the
ital readout system which is interchangeable with joint or slippage along the joint. Rod-type exten-
the depth micrometer type. Multipoint rod ex- someters are generally used as joint meters with
tensometers have up to eight measuring points, both ends fixed across the joint. Preset limit
Reduced rod diameters are required for multi- switches are often mounted on the joint meter to
point instruments and have been used effectively serve as a warning device in problem areas such
to depths of at least 150 ft (45 in). The rod acts as slopes and foundations.
as a rigid member and must react in both tension 3.2.5 Wire Extensometers-Such devices uti-
and compression. When used in deep applica- lize a thin stainless steel wire to connect the
tions, friction caused by drill hole misalignment reference point and the measuring point of the
and rod interference can cause erroneous read- instrument (as shown in Fig. 6). This allows a
ings. greater number of measuring points to be placed

3.2.2 Bar Extensometers-Bar extensometers in a single drill hole. The wire or wires are
are generally used to measure diametric changes tensioned by springs or weights. The wire is ex-
in tunnels. Most bar extensometers consist of tended over a roller shiv and connected to a
spring-loaded, telescopic tubes that have fixed hanging weight. Wire extensometers tensioned
adjustment points to cover a range of several feet. by springs have the advantage of variable spring
The fixed points are generally spaced at I to 4- tension caused by anchor movements. This error
in. (25 to 100-mm) increments. A dial gage is must be accounted for when reducing the data.
used to measure the displacements between the Wire-tensioned extensometers have been used to
anchor points in the rock (as shown in Fig. 2). If measure large displacements at drill hole depths
the device is not constructed from invar steel, up to approximately 500 ft (150 m). The instru-
ambient temperature should be recorded and the ments used for deep measurements generally re-
necessary corrections applied to the results. Bar quire much heavier wire and greater spring ten-
extensometers are primarily used for safety mon- sions. Although wire extensometers are often
itoring devices in mines and tunnels, used in open drill holes for short-term measure-

3.2.3 Tape Extensometers-Such devices are ments, in areas of poor ground or unstable holes
designed to be used in much the same manner it is necessary to run a protective sleeve or tube
as bar extensometers, however, tape extensome- over the measuring wires between the anchors,

2



RTH 303-89

SD 4403

3.3 Anchor Systems: someters convert displacements occuming in in-
3.3.1 Groutable Anchors-These were one of situ materials between two anchored points to

the first anchoring systems used to secure wire mechanical movements that can be measured
extensometer measuring points in the drill hole. with conventional measuring devices such as dial
Groutable anchors are also used for rod type gages, LVDTs, strain gages, and the like.
extensometers. Initially PVC (poly(vinyl chlo- 3.4. I Depth-Measuring Instruments-A dial
ride)) pipes clamped between the anchor points gage, or a depth micrometer are the simplest and
were employed to isolate the measuring wires most common!y used mechanical measuring in-
from the grout column (as shown in Fig. 7), struments. Used in conjunction with extensom-
however, this arrangement was unreliable at eters, they provide the cheapest and surest meth-
depths greater than 25 ft (7.5 m) because the ods of making accurate measurements. When
hydrostatic head pressure of the grout column using the dial gage or depth micrometer. the
often collapsed the PVC tubing. To counteract operator is required to take readings at the in-
this condition, oil-filled PVC tubes were tried. strument head. however, local readings may not
The use of oil enabled this method to be used to be practical or possible due to the instrument
depths of over 50 ft (15 m). As an alternative to location or area conditions.
this system, liquid-tight flexible steel conduit is 3.4.2 Electrical Transducer.%-For remote or
used to replace the PVC pipe. This alternative continuous readings, electmcal transducers are
system seems to work well and can be used in used rather than dial gages. LVDTs are often
most applications. Resin anchors fall in this cat- used because of their accuracy, small size, and
egory and are very successful. availability. LVDTs require electrical readout

3.3.2 Wedge-Type Anchors-These consist of equipment consisting of an a-c regulated voltage
a mechanical anchor that has been widely used source and an accurate voltmeter, such as a dig-
for short-term anchoring applications in hard ital voltmeter or bridge circuit. The use of linear
rock. Fig. 8 shows the two basic types of wedge potentiometers or strain gages is often desirable
anchors: (1) the self-locking spring-loaded an- because of the simplicit\ of the circuitry in-
chor, and (2) the mechanical-locking anchor. volved. The disadvantage of using linear poten-
Self-locking anchors, when used in areas subject tiometers is their inherently poor linearity and
to shock load vibrations caused by blasting or resolution.
other construction disturbances, may tend to slip 3.4.3 When very accurate measurements are
in the drill holes or become more deeply-seated, dictated by certain excavations, for example, the
causing the center wedge to move. Another dis- determination of the tension arch zone around a
advantage of the wedge anchor is that no protec- tunnel opening, extensometers which can be cal-
tion is offered, if using wires, to the measuring ibrated in the field alter installation shall be used.
wires in the drill hole against damage that might In all cases, the accuracN of extensometers. either
be caused by water or loose rock. determined through calibration or estimation.

3.3.3 Hydraulic Anchors-These anchors should be givcn in addition to the sensitivity of
have proven to be successful in most types of the transducers. The strain-gaged cantilever ex-
rock and soil conditions. Fig. 9 shows the two tensometer (shown in Fig. 10) has been used
basic types of hydraulic anchors manufactured successfully for many years. The strain-gaged
for use with extensometer systems: (1) the un- cantilever operates on the tpnnciples of the linear
coiling Bourdon tube anchor, and (2) the hy- strain produced across a given area of a spring
draulic piston of grappling hook anchor, which material when flexed. This type of extensometer
is limited to soft rock and soils. Both anchors readout is normally used when rock movements
have the disadvantage of being rather costly. The of 0.5 in. (12.5 mm) or less are expected. Strain
Bourdon tube anchor works well in most rock gages produce a linear change in resistance of I
and soil conditions and the complete anchor to 3% of their initial resistance, over their total
system can be fabricated before installing it in measurement range. Because of this small change
the drill hole. There have be, n other specialized in resistance, it is absolutely necessary to provide
anchor systems developed, however, these sys- extremely good electrical connections and cable
tems have proven to be too costly and unsuces- insulation when using this type of transducer.
ful for most applications. Standard strain-gage readout equipment can be

3.4 Exiensometer Transducers-.These exten- used with this type of extensometer, however,

3
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care must be taken to protect this equipment usually available and is the least costly. Coring
from the hostile environments found in most methods, like those used for subsurface explora-
field applications. Vibrating wire and sonic read- tion, are usually more expensive but provide
outs are also reliable and are becoming more important information on the presence and na-
common than strain-gage readouts. Provision ture of rock discontinuities. On large projects.
should always be made for mechanical readout coring or close observation of the percussion hole
capability. is usually justified to better define the geology.

In addition, coring affords the opportunity to
4. Procedure position extensometers accurately in the vicinity

4. I Preparatory Investigations: of major discontinuties.
4. I. I Select the location, orientation, length. 4.2.3 Immediately prior to drilling, verify the

and number of anchors for each extensometer location and orientation of the drill hole.
on the basis of a thorough review of both the 4.2.4 For percussion-drilled holes, maintain
construction and geotechnical features of the visual inspection of the drilling operation from
project. Among the items to be considered are: start to completion of the hole. At all times, the
direction and magnitude of anticipated rock operation shall be under the direct supervision of
movements, location and nature of other instru- an individual familiar with drilling and knowl-
ments to be installed, and the procedures and edgeable in the peculiarities and intended use of
timing of construction activities before. during, the extensometer. For later use in summarizing
and after installation of the instrument. If the the installation, keep notes on drilling rates, use
instrument is installed where rock bolts are used of casing, soft zones, hole caving, plugging of
for support. the deepest extensometer anchor drilling equipment, and any other drilling diffi-
shall be located beyond the end of the rock bolt. culties.
The length of the extensometer shall depend 4.2.5 For cored holes, similar inspection and
upon the anticipated depth of rock influenced by observation as that for percussion-drilled holes
excavation, expressed for example in terms of shall be recorded, giving particular attention to
tunnel diameter or slope height. As a general drilling techniques that may affect the quality of
rule. the deepest anchor (reference point for all the rock core obtained. The core shall be logged.
subsequent anchors) shall be placed at least 21/2 including rock lithology, joint orientation, joint
tunnel diameters beyond the perimeter of the roughness. and degree of weathering. For both
tunnel. percussion-drilled and cored holes, note the lo-

4.1.2 Displacement measurements are most cation of water bearing seams or joints and water
valuable when extensometers are installed at, or flows.
before, the beginning of excavation, and when 4.2.6 Immediately prior to installing the an-
measurements have been taken regularly chor assembly, thoroughly clean the completed
throughout the entire excavation period at sev- borehole by washing with a pressure water hose.
eral locations so that a complete history of move- Holes in which instruments are not installed for
ments is recorded. Documentation of the geo- a lengthy time after drilling (a day or more) shall
logic conditions and construction events in the be carefully cleaned immediately prior to install-
vicinity of the measurements is essential to the ing the anchor. If hole caving or other blocking
proper interpretation of the field data. in zones of poor rock is suspected, verify the

4.2 Drilling. openness of the hole by inserting a pipe or
4.2.1 The size of borehole required for exten- wooden dowel the full length of the hole. In very

someters depends on the type, character, and poor ground conditions. special procedures in-
number of anchors. The borehole size shall con- volving grouting and temporary casing may be
form to the recommendations of the extensom- required to keep the borehole open sufficiently
eter manufacturer. long to allow installation.

4.2.2 The method of drilling used depends 4.3 Installation:
upon the nature of the rock, the available equip- 4.3.1 Installation of the anchor assembly and
ment, the cost of each method, and the need for connection of the displacement sensor to the
supplemental geologic data. Percussion drilling anchor assembly shall be performed by a suitably
equipment of the type used for blast holes is qualified instrumentation specialist. This special-

4



RTH 303-89

D 4403

ist may be the manufacturer's representative or ducer is moved or reset to change its zero point.
an individual who, through previous experience 4.3.6 Completion of installation of the sensing
and training, is qualified to perform the task. unit requires a thorough check for electrical or

4.3.2 Whenever possible, adjust the position mechanical malfunctions. For future reference,
of the anchors to maximize the information ob- keep notes of any measurements, in-situ calibra-
tained by the extensometer. For instance, it is tions, or settings performed during this final
desirable to have one anchor to each side of a checkout.
shear zone or filled joint. If not determined from 4.4 Readings:
rock cores, discontinuties can be located by bore- 4.4.1 Readings shall be taken by a person
hole television or borehole periscope surveys familiar with the equipment and trained to rec-
(Fig. I I illustrates a typical extensometer instal- ognize critical measurements and their relevance
lation in a tunnel), to the particular project.

4.3.3 For grouted anchor assemblies, allow 4.4.2 The mechanical or electrical device used
sufficient time for setting and hardening of the to read an extensometer shall be checked on site
grout before installation of the extensometer sen- both before and after each day's use. For instance,
sor unit. During this time, keep notes on any verify zero settings on dial gages, and compare
blasting or other construction activities in the readouts for resistance or vibrating-wire gages to
vicinity of the instrument. The strength and com- standards.
pressibility of the grout should somewhat match 4.4.3 Electrical readout equipment shall un-
the surrounding soil or rock. dergo full-range calibration by the manufacturer.

4.3.4 Install a protective cover if the instru- oran appropriately qualified commercial calibra-
ment does not have an inherently rugged protec- tion service, on a routine basis. This calibration
tive cover or is not recessed within a borehole. shall take place before and after times of critical
The protective cover must provide full protection measurement, or periodically for long-term mea-
from damage due to workmen, equipment, and surements.
fly rock from blasting. For installations in blast- 4.4.4 For those instruments having such a fea-
damaged areas, it is preferable to initially install ture, a periodic in-situ calibration shall be per-
the instrument with a mechanical sensor only. formed to determine changes in the behavior of
After the risks of damage have been reduced, an the instrument. The calibration may be done at
electrical, remotely read sensor can be installed, times of critical measurements or during regular
If an instrument is an electrical, remotely read maintenance.
type, suitably protect the electrical cable (such as 4.4.5 After reading the extensometer, record
by armored cable or steel pipe) to prevent damage the data in a field notebook or data sheet that
during the intended period of use. Instruments contains a record of previous readings. When a
installed at the ground surface shall be installed reading is taken, check it immediately with the
below the depth of frost penetration. Manholes previous reading to determine if any significant
shall be watertight in cold climates to prevent displacements have taken place since the last
icing. reading, or to determidne if the reading is in error.

4.3.5 Verify zero readings of each extensom- If a reading is in question (that is, unanticipated
eter at least two times prior to the start of con- displacements are indicated), the observer shall
struction, or at the time of installation or reset- take additional readings. The observer shall also
ting if construction is in progress. Instruments check to see if the extensometer is dirty or has
installed several weeks or months in advance of been damaged, or if any construction events have
construction should be monitored to detect taken place that would explain the change in the
equipment malfunctions and reading variations readings. For all readings, record construction
due to temperature or operation. Two calibra- conditions and temperature.
tions are required per extensometer, one follow- 4.4.6 Several observations will aid the inter-
ing installation and one following the conclusion pretation of displacement measured by borehole
of the test series. Additional calibrations are re- extensometers and shall be noted in a "remarks"
quired only where: (I) a transducer is replaced column on the data sheet or field book. Examples
or rewired, (2) the power supply is changed, (3) of these observations are as follows:
the instrument head is damaged, or (4) a trans- 4.4.6.1 Opening of joints or movement of

5
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rock blocks. Rate of displacement is equal to the slope of the
4.4.6.2 Mapping of joints, shear zones, and displacement curve.

other geologic features that could be related to 5.6 Periodically, prepare displacement-depth

movement. Observations of overbreak and rock plots, as illustrated for a tunnel in Figs. II and
loosening along the joints and shear zones will 13. The deepest anchor (No. 6) has been assumed
aid in evaluating the significance of these fea- a fixed point of reference for all anchors. The
tures. rock movements can be correlated with the po-

4.4.6.3 Crack surveys in shotcrete. The width, sition of supports.
length, and relative movement of the crack shall
be measured with time, and the thickness of the 6. Report
shotcrete in the vicinity of the crack determined. 6.1 General-Present results, unless otherwise

4.4.6.4 In tunnels, evidence of distress or dis- specified, in two forms: (1) an installation report
placement of steel ribs and timber blocking, giving basic data on the instrumentation system

4.4.6.5 Evidence of distress or loosening of at the time of installation, and (2) a monitoring
rock bolts. report that presents periodically the results of

4.4.6.6 The increase of waterflow in the drain- routine observations. The monitoring reports will
age system of dams that can reflect the opening generally be required at frequent intervals to
of joints in the upstream part of a rock founda- minimize delay between the detection of adverse
tion. This is also helpful in tunnels to indicate behavior and the implementation of any reme-
loosening and opening of rock mass. dial measures that may be necessary.

6.2 Installation reports shall include the fol-
5. Calculation lowing:

5.1 Unless otherwise specified, process all data 6.2.1 A description, with diagrams, of all com-
as soon as possible, but within 24 h of the reading. ponents of the extensometer (anchor assembly,

5.2 Again scrutinize the field data in the office displacement-sensing unit, readout equipment),
and clearly mark obvious errors in the field book. including detailed performance specifications.
Supposedly erroneous readings shall be replaced 6.2.2 Type and details of drilling equipment
by additional readings and shall not be discarded used.
or obliterated from the field records. 6.2.3 Log of drilling-For cored holes, a sum-

5.3 If not entered on a special data sheet at mary log including the log of drilling and a log
the time of the reading, the field data shall be of the core. Also include summaries of borehole
transferred to a computation and data summary television or periscope investigations when un-
sheet, such as shown in Fig. 12. dertaken.

5.4 The method of calculating displacements 6.2.4 Details and methods of installation, cal-
from the field data depends on the particular ibration, and monitoring; reference may be made
instrument. The procedure recommended by the to this practice, stating only departures from the
manufacturer shall be followed unless an alter- recommended procedures.
native method is proven acceptable. Thermal 6.2.5 A borehole location diagram that relates
displacement corrections to extensometer output the specific instrument to the entire project and
are made by interpolating the change in measur- other instrumentation. This diagram shall in-
ing rod or wire temperature between the depths clude (/) the station or coordinates and elevation
where thermocouples are able to directly measure of the head of instrument. (2) depth, orientation.
temperature change. integrating the interpolation and diameter of borehole. (3) distances between
function (a cubic spine) over each length and anchors and the reference head, and (4) the rel-
multiplying this quantity by the thermal expan- ative position of the instrument to present and
sion coefficient of the wire or rod. future structures and other construction.

5.5 A plot of displacement versus time is the 6.2.6 A plan and section of the installation
best means of summarizing current data and that illustrates present and anticipated construc-
should be kept up to date. Interpretation of the tion and geology.
measurements is facilitated by considering not 6.3 Monitonng reports shall include the fol-
only displacement, but the rate of displacement lowing:
and the rate of change of displacement with time. 6.3. I A set of tabulated field monitonng re-

6
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suits (containing information in the manner 6.3.4 A brief summary of the most significant
shown in Fig. 12), including all observations displacements and all instrument malfunctions
since the preceding report. since the preceding report.

6.3.2 Updated diagrams of displacement of all
individual sensing points with respect to time. 7. Precision and Bias

6.3.3 For selected instruments and locations,
a diagram of displacement versus depth for var- 7.1 The precision and bias of any extensom-
ious times. The reading times shall be correlated eter system are limited to the type of extensom-
to the construction activity and shall emphasize eter, transducer, and data acquisition system.
the development or progressive nature of dis- The situation dictates the degree of precision and
placements that might be taking place. bias required.
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EXTENSOMETER SUPPLIERS AND MANUFACTURERS

Earth Science Research, Inc., 133 Mt. Auburn St., Cambridge, Massachusetts,

02138, USA.

Geonor, Norway, U. S. supplier, Slope Indicator Co.

Interfels International, Germany, North American supplier, Rocktest Ltd.

Irad Gage, 14 Parkhurst St., Lebanon, New Hampshire, 03766, USA.

Rocktest Ltd, 1485 Desaulneirs, Longeuil (Montreal), Quebec, Canada.

Peter Smith Instrumentation, England, North American supplier, Rocktest
LTD.

Slope Indicator Co., 3668 Albion Place North, Seattle, Washington,
98103, USA.

Soil and Rock Instrumentation Inc., 30 Tower Road, Tower Office Park,
Newton Upper Falls, Massachusetts 02164, USA.

Soil Test Inc., 2205 Lee St., Evanston, Illinois 60222, USA.

Terrametrics Inc., 16027 West 5th Avenue, Golden, Colorado 80401, USA.
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LOAD CELLS

1. Scope

1.1 This method deals with load cells and their application in the

field of rock mechanics and includes descriptions of various types,

their construction, readout procedure, and data reduction.

2. Apparatus

2.1 Load cells have been utilized for a wide variety of engineering

applications. Such uses include tunnel support, rock bolt, and tieback

load monitoring. The data obtainable from load cells can be used for

safety monitoring and as an engineering aid for support design. Some of

the more common types of load cells used in rock mechanics applications

utilize one of four basic types of measurement systems: (1) hydraulic,

(2) mechanical, (3) strain gage (this includes bonded foil, vibrating

wire, and unbonded wire gages), and (4) photoelastic. Although the

strain gage type load cell is the most commonly used, all types of load

cells have certain advantages depending on their application.

2.1.1 Hydraulic Load Cells - Hydraulic load cells are basically a

fluid-filled deformable chamber connected to a pressure gage or an

electric pressure transducer. The load is transferred to the fluid by

means of a piston, or in the case of the flat Jack, deformation of the

fluid confinement chamber (Fig. 1). Hydraulic load cells allow the user

to preload the load member, such as rock bolt tiebacks, by applying an

initial pressure to the fluid. It is often desirable to posttension

rock bolts and tiebacks Jue to anchor slippage or shifting load dis-

tributions. Although aost hydraulic load cells are of rugged construc-

tion, their application has been limited due to their physical size,

poor load resolution, and temperature sensitivity. Hydraulic flat jacks

have had the greatest application as earth pressure cells and concrete

stress cells. Flat jacks have also been used in conjunction with other

apparatus on radial jacking tests and in situ stress measurements.
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2.1.2 Mechanical Load Cells - The proving ring is the most common

type of mechanical load cell but, due to its construction, has had very

little application to field uses. The most commonly used mechanical

load cells consist of an elastic disk element sandwiched between two

plates. The disk deflects under load, changing the distance between the

plates. The deflection is measured with a dial gage or suitable elec-

tronic transducer (Fig. 2). Although this type of load cell is rela-

tively inexpensive to manufacture, it has had limited use because of its

nonlinear calibration curve and restricted application. (This type of

cell is generally designed to be used on rock bolts or tieback tendons.)

2.1.3 Strain-Gaged Load Cell

2.1.3.1 The strain-gaged load cell is by far the most commonly used

for both field and laboratory applications. This type of cell is

manufactured by a large number of geotechnical instrumentation sup-

pliers. Most strain-gaged load cells consist of a metal cylindrical

column. The column is loaded axially and the axial strain is measured

with a suitable strain gage (Fig. 3). Bonded foil strain gages are used

by most cell manufacturers because of their simplicity and availability,

but the vibrating-wire and unbonded gages have also been proved to have

distinct advantages. The bonded strain gage is a resistive element that

undergoes a change in resistance when subjected to an axial strain. The

gages are generally bonded to the load cell's cylindrical wall and

connected together to form a Wheatstone bridge. The bonded gages are

oriented in such a way as to cause a linear resistive imbalance propor-

tional to the strain in the load cell. The unbalanced signal ir ampli-

fied and observed on a galvanometer. Most strain gage readout equipment

contain resistive balancing circuits that allow the operator to null the

unbalanced signal with a potentiometer connected to a digital indicator.

The load cells are calibrated to read load in pounds per readout digit

(Fig. 4). The main advantages of the bonded strain-gaged load cells are

simplicity of construction, relatively small physical size to load

capacity ratio, direct reading requiring no summing, averaging or
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correction factors to obtain true load readings, and good temperature

stability over a wide temperature range, thus allowing the load cells to

be used in changing environmental conditions. The readout equipment is

small, compact, and generally suitable for field use. The disadvantages

of the bonded strain-gaged load cells are the extreme care required in

waterproofing to prevent electrical leakage in the gaged circuit, the

gage bonding technique required to assure long-term stability of the

load cell, and the recalibration required when changing cable lengths

due to lead wire load resistance changes and parasitic electrical

signals.

2.1.3.2 The vibrating-wire load cell is generally constructed

similar to the bonded strain gage cell. The load cells differ in the

method of measuring the axial strain of the cell body. The vibrating-

wire strain gage consists of a length of steel wire stretched between

two posts extending from the cylinder wall (Fig. 5). The wire is pre-

tensioned below its elastic limits when installed on the cell body. An

electromagnet is placed near the wire, providing a method of plucking

the wire when an electrical pulse excites the magnet. This pulse causes

the wire to vibrate over the magnetic coil. The vibrating wire induces

an electrical current in the electromagnet coil with a frequency equal

to the frequency of the vibrating wire. The signal is then amplified by

the readout unit and the frequency is determined by a frequency counter.

As the load cell is subjected to load, the strain in the cylinder body

reduces the tension on the vibrating wire, changing its frequency. This

change in frequency per unit load is used to calibrate the load cell.

Most load cells contain at least three vibrating-wire transducers placed

at 120 deg around the periphery of the cell body. The vibrating wires

are read separately and the readings averaged. This method of reading

reduces errors caused by eccentric loading of the load cell. Some

advantages of the vibrating-wire load cell are that the loads are rEad

as a frequency, thus reducing the problems caused by ground leakage and
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poor signal cable condition. Long signal cables should not effect the

frequency readings as long as the signal is not attenuated beyond the

sensitivity of the readout equipment. The vibrating-wire load cell

could also be read through radio telemetry systems, eliminating the need

for an analog to frequency converter. Some of the disadvantages of the

vibrating-wire load cells are their physical size, cost of manufac-

turing, poor temperature compensation, expensive and complicated readout

equipment, and vulnerability to shock damage, causing zero shifts in

load cell readings.

2.1.3.3 Load cells utilizing the unbonded strain gage have not

found wide usage in load cell manufacturing. The unbonded strain gage

employs the same principle as the bonded gage in that it consists of a

wire made of a resistive material that, when strained, changes its

resistance in proportion to the strain. The unbonded strain gage has

more commonly been used in soil and concrete stress meters such as

manufactured by the Carlson Company. The gages are mounted similar to

the vibrating-wire gage and are generally employed in a bridge utilizing

the same readout principles as the bonded gage (Fig. 6).

2.1.4 Photoelastic Load Cell - The photoelastic load cell consists

of a cylindrical steel column with a hole drilled through its center

diameter. A photoelastic element (optical glass) is inserted in this

hole and locked in place. When polarized light passes through the optic

glass, interference fringes can be observed if viewed through a polar-

izing filter. The number of fringes observed depends on the amount of

stress in the optic glass. The load cell is calibrated by counting the

interference fringes produced by a given load. Although this type of

load cell is quite rugged and is a comparatively simple device, limited

use has been made of it due to its coarse calibration and inability to

be read from a remote location.

2.1.5 Manufacturers - Although there are a large number of com-

panics manufacturing load cells for various applications, most of this

equipment is not suitable for rock mechanics instrumentation.
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The following is a partial list of geotechnical instrumentation sup-

pliers that deal with the various types of load cells previously

described:

Hydraulic load cells

Terrametrics, PJJ Machine Co., Interfels

Mechanical load cells

Terrametrics, Interfels, Norseman, Procep, Doboku Sokki, Strain

sert

Strain-gaged load cells

Terrametrics, Soil Test, Telamac, Maihok, Geonor, Remote Systems

Photoelastic load cells

Terrametrics, Stress Engineering

3. Procedure

3.1 Although load cells have been employed for many diversified

applications, the primary function in the field of rock mechanics has

been for tunnel support load monitoring and rock bolt tension measure-

ments. The following uses and methods of installation are typical for

most applications.

3.1.1 Steel Arch Tunnel Support Instrumentation - The structural

steel arch support set is the most commonly used tunnel support system.

Measurements of the compressive loads actually being supported by the

arch support provide a direct means of comparing actual loads with

assumed support design loads. Load cells are generally installed under

the base plates of arch-type sets; however, at times, it is desirable to

.nclude a crown load cell. In areas of squeezing or swelling ground

invert struts may be used with load cells placed in them to measure the

side loads. Close attention to the placement of blocking should be

observed to assure proper load distribution on the arch supports

(Fig. 7). The load cells should be installed on the set at the time of

the set placement. It is desirable to place the instrumented sets as

close to the blasting face as practical to measure the entire load

history. Care must be taken to afford blast protection for the load
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cells and signal cables when used near the blast face. This can be

accomplished by running the signal cable inside the set flange facing

away from the _unnel face. Steel shrouds can be welded to the sets to

protect the load cells from fly rock (Fig. 8). The load cells selected

should have a capacity greater than the yield strength of the arch

supports. It is generally desirable to instrument at least three

consecutive sets to reduce errors caused by anisotropy of the rock mass

or nonuniform blocking on individual sets. Provisions should be made

for the removal of the load cells after their portion of the tunnel has

stabilized. This allows the load cells to be reused in a leap frog

fashion, resulting in considerable instrumentation savings. Methods for

removal of load cells on arch and circular sets are shown in Figs. 9 and

10. The load values obtained during a systematic instrumentation

program provide a quantitative basis for reviewing the structural tunnel

lining requirements for the final tunnel bore.

3.1.2 Rock Bolts and Tieback System Instrumentation - Rock bolts

and tiebacks are often used to stabilize subsurface and surface excava-

tions. In either case, the system usually incorporates steel rods or

cables anchored at the base of a drill hole and tensioned to produce a

compressive load along the axis of the drill hole. The actual loads

acting on the bolt can be monitored (Fig. 11) by using a hollow core load

cell acting as a washer at the collar of the bolt assembly. Calibrated

torque wrenches have been widely used in rock bolting to produce the

desired tension in the anchor tendon. Extensive tests have proven that

such torque measurements can produce errors in the bolt tension as much

as one to two times the indicated load. This variation can be caused by

the condition of the threads on the bolt or anchor, dirt, rust, bending

of the bolt, or anchor misalignment. Hydraulic jacks are often used in

place of the torque wrench, especially in bolts or cables requiring high

tensile loads. This system, where applicable, is far superior to the

torque wrench but requires the use of specialized equipment for its

adaptation. Actual loads can be monitored, using load cells, at the
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time of installation artd thereafter to plot the load history of the bolt

system. It is desirable to use a number of load cells over a tunnel

length equivalent to 2-1/2 tunnel diameters to obtain the average load

being supported by the rock bolts. The load cell capacity should be

greater than the yield strength of the rock bolts because the strain

induced into the bolts at the time of blasting often exceeds their yield

point. After tunnel stabilization the load cells can be removed and

reused as the tunnel advances. The cells should be removed one at a

time and the bolt retensioned to maintain stability of the tunnel

section.

• ~ROCK BOL T 0

S~ANCHOR

Fig. 11. Rock bolt load cell installation.

4. Data Reduction

4.1 Steel Arch Supports - As the tunnel excavation advances, the

load normally being supported by the rock or soil removed in the

excavated section is redistributed into the side walls and support

system. At some point in time, depending on the tunnel advancement

rate, material strength, and support system, the tunnel reaches a point

of equilibrium. Support loads should be monitored during this stabili-

zation period to determine support adequacy and future requirements.
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Fig. 12 is a typical plot of load versus tunnel advancement. Note the

decreasing frequency of readings as tunnel heading advances away from

the load cells. The load is generally highest two to three diameters

behind the tunnel face because the load has not stabilized or shifted to

the side walls at this time. In this example the peak loading occurred

when the tunnel heading was at station 130 (20 ft (6 m) or 2 tunnel

diameters beyond the instrumental set) and equilibrium at station 110

was essentially achieved when the tunnel heading reached heading 148. A

blocking diagram is often included with the data plot to help explain

the stress distribution on the support member. A load versus time plot

may also be used in some instances where varying time lags exist

between tunnel heading advancements.

4.2 Rock Bolts - Rock bolt loid data may be plotted in the same

manner as the data for the arch support load cells; however, the

indicated load should not decrease with time or tunnel advancement. By

the use of the load plot the engineer can readily recognize anchor

slippage, i.e., load loss or overload. A certain amount of anchor

slippage is generally observed with bolts located near the blast face.

When this occurs, the bolts should be retorqued to design specifica-

tions. The load plot will indicate stabilization versus tunnel advance-

ment and can be used to determine a bolt torquing program for noninstru-

mented tunnel sections.
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SUGGESTED METHOD OF DETERMINING ROCK BOLT TENSION
USING A TORQUE WRENCH

1. Scope

1.1 This method can be used to apply a specified tension during

rock bolt installation or to estimate loss of tension in a previously

installed bolt. It can also be used to verify that anchor strength is

greater than a specified value consistent with the maximum tension that

can be applied with the wrench.

2. Apparatus

2.1 A torque wrench, preferably with a maximum applied torque indi-

cator, capable of giving readings that are repeatable to 5 percent

throughout the range of torques to be measured. It should be provided

with sockets suitable for the nuts or bolt heads to be tested, should be

used only for testing, and should be stored, together with its most

recent calibration chart, in a dry place so as to preserve its accuracy

of reading.

2.2 Equipment for calibrating the torque wrench (Fig. 1) including

a rigidly fixed bolt head, a weight pan and weights, and a measuring

tape.

L

0/ V

b.

O Fig. 1. Calibration of torque wrench.
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2.3 Equipment for determining the relationship between tension and

torque (Fig. 2), typically an installed rock bolt and faceplate assembly

identical with that to be used in practice, and a hydraulic ram with

handpump and pressure gage (to be used for tension measurement) or

alternatively a rock bolt load cell. Tension should be measured with an

accuracy better than 2 percent of the maximum reached in the test.

PRESSURE GAGE

S,- STANDARD PLATE
" AND NUT ASSEMBL Y

Z V

C.-

TORQUE

a. b.

Fig. 2. Determination of ratio tension/torque.

3. Procedure

3.1 Calibration of the torque wrench should be accomplished as

follows:

(a) With the wrench horizontal, the wrench socket is posi-

tioned on a rigid bolt head. A weight pan is suspended from the center

of the wrench handle (Fig. 1) and weights are added. The torque reading

is noted, also the weight of the pan together with the weights it con-

tains. The procedure is repeated with increasing weights to obtain at

least five torque readings covering the range of torques for which the

wrench is to be used. The distance L between the center of the wrench

handle and that of the bolt head is recorded.

0
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(b) Correct torque values are calculated by multiplying the

distance L by the applied weights. A graph is plotted of correct torque

values against torque readings, and a straight line is fitted to the

data points (Fig. lb). The gradient of this line is measured, equal to

the ratio R of correct torque divided by torque reading. Torque read-

ings later obtained when using this wrench should be multiplied by the

ratio R to obtain corrected values.

(c) Torque wrenches should be recalibrated at intervals not

exceeding six months.

3.2 Determination of the ratio C of tension to torque is as

follows:

(a) The load cell, or alternatively a hydraulic ram with the

ram extended to 3/4 travel, is positioned concentrically and coaxially

over the bolt to be tested, and the face nut is tightened to take up

slack in the assembly (Fig. 2). Ram pressure should be increased to a

nominally small value before the start of the test, and the pump valve

firmly closed.

(b) The bolt diameter, state of lubrication, thread pitch,

faceplate, and washers should be identical with the conditions expected

in the actual rock bolt installation.

(c) Torque is applied in increasing increments to the nut,

taking readings of torque and bolt tension. Torque application should

be smooth and force should be applied through the center of the wrench

handle only. At least five pairs of readings are required, covering the

complete range of torques for which the wrench is to be used.

(d) A graph of tension versus torque is plotted, showing data

points and a straight line fitted to these points. The gradient C of

this line, the ratio of tension to torque, is measured (Fig. 2b).

(e) The ratio C is determined separately for each change in

bolt diameter, thread pitch, and state of lubrication of for any other

variation in the bolt/anchor/faceplace assembly that may result in a

change in the tension/torque ratio.
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3.3 Determination of bolt tension using the torque wrench is done

as follows:

(a) If a torque wrench of the type that applies a preset

torque is used, the torque setting should be increased in small incre-

ments until just sufficient to cause the face nut to rotate. The torque

setting, the bolt identification, and the date are recorded.

(b) If a torque wrench with a maximum applied torque indicator

is used, the torque may be applied steadily rather than in increments.

Both types of torque wrench should be used with care to ensure that

loading is smooth and that force is applied through the center of the

wrench handle.

(c) Bolt tension is calculated using the correction R and a

value of tension/torque ratio C determined for the identical bolt and

faceplate assembly conditions using the method described in paragraph

3.2 above.

(d) An approximate check on minimum anchor strength may be

obtained by applying an increasing torque, recording this torque as a

function of number of rotations until no further torque can be applied,

or until the anchor shows signs of failing.

4. Reporting of Results

4.1 The report shculd include diagrams and graphs as illustrated in

Figs. 1 and 2, together with full details of:

(a) Torque wrench calibration; type of torque wrench, methods

used for calibration, and results.

(b) Determination of the tension/torque ratio C; methods used

and results obtained.

(c) The rock bolts tested; types, locations, dates installed,

rock characteristics, methods used for drilling and installation,

appearance, and condition of the faceplate assembly at time of testing.

(d) The method used for tension determination; tabulated

values of bolt Identification, applied torque to cause rotation of the
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nut, corresponding bolt tension, and any other observations pertinent to

the test results.

4.2 If the method is used as a check on minimum anchor strengths,

data should be included in the form of graphs of torque versus nut

rotation, with scales converted to show bolt tension versus displace-

ment. The report may compare these results with an arbitrary acceptable

performance established by previous extensive testing. The complete

bolt tension versus displacement curve should be considered when making

such a comparison.
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SUGGESTED METHOD FOR MONITORING
ROCK BOLT TENSION USING LOAD CELLS

1. Scope

1.1 This method is for monitoring changes in tension that occur in

a rock bolt over an extended period of time following installation

(Note 1).

NOTE I-Tension may fall below that applied at the time of rock bolt

installation due to loosening and slip either of the anchor or of the

faceplate assembly, for example as a result of rock creep, anchor cor-

rosion, fretting of rock from beneath the faceplate, or blasting vibra-

tion. Tension may also either rise or fall as a result of bulk rock

dilation or contraction associated with the progress of nearby excavation.

2. Apparatus

2.1 Rock bolt load cells should be used to monitor tension in

approximately one bolt in ten of the support system to be studied

(special considerations may require the instrumentation of a greater or

lesser percentage of bolts). The load cells may, for example, be of

mechanical, photoelastic, hydraulic, or electric type, depending on

requirements of cost and accuracy. The cells should have reversible and

preferably linear calibrations (see paragraph 3) and should incorporate

a spherical seating or other provision to ensure that load transfer and

measurement are reproducible. They should be capable of withstanding

the effects of nearby blasting, water, and dust over long periods of

time.

3. Procedure

3.1 Calibration of load cells should be accomplished as follows:

(a) Calibration is required when selecting a suitable type of

load cell, and each load cell to be installed should be individually

calibrated before use.

0
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(b) Short-term calibration of each cell is performed in a

testing laboratory by increasing the load in increments, taking readings

of 'observed' and 'true' load values (Note 2). Tension is released and

incremental readings are taken during unloading. A further cycle of

loading and unloading is made, and a graph plotted showing data points

and curves fitted to these points (Fig. I).

NOTE 2-Details of the calibrating devices and their precision

should be included in the report.

aoo
a:W 0

TRUE LOAD

Fig. 1. Load cell calibration

(c) A check should also be made on the stability of readings

over extended periods of time. Tension is increased to a value approxi-

mately equal to that to be measured on site, and is maintained at this

value for as long a time as is practical. Any 'drift' in reading is

noted. The effect of water on the cell should be observed, also the

effect of coupling and uncoupling any electrical connections.

3.2 Installation and monitoring shall be as follows:

(a) Load cells are installed on selected rock bolts at the time

of installation of the support system. Care should be taken to ensure

that spherical seatings are correctly positioned and lubricated. Bolts

that have been instrumented should be clearly and permanently numbered,
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and may be painted for ease of recognition. Bolt length, diameter, and

type of anchor Fhould also be noted.

(b) Tension readings should be taken immediately following

installation a-"i again a few hours later. Further readings may be taken

at intervals depending on the rate at which readings are changing. In

the vicinity of an advancing face, for example, intervals between

readings should be of the order of hours, whereas if steady values are

recorded for bolts in inactive areas the intervals between readings may

be increased to days or weeks. Each reading should be accompanied by a

record of bolt number, location, and the date and time of observation.

4. Calculations

4.1 Bolt tension readings are corrected using the calibration

charts. Graphs of bolt tension versus time are plotted for each bolt

(Fig. 2). For comparison, the loss or gain of tension may be reduced to

a percentage of the initial installed value.

BOLT NO. 213z
0
toz
U.

00

0
-J

BOL T NO. 152

10 20 30 40 50

TIME. WEEKS

Fig. 2. Graph of bolt tension loss.

5. Reporting of Results

5.1 The report should include:

(a) Details of the load cells used, calibration methods, and

results.

(b) Locations of the rock bolts monitored.



PART II. IN SITU STRENGTH METHODS

B. In Situ Strength Tests
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SUGGESTED METHOD FOR IN SITU
DETERMINATION OF DIRECT SHEAR STRENGTH

(International Society for Rock Mechanics)

1. Scope

1.1 This test measures peak and residual direct shear strengths as

a function of stress normal to the sheared plane. Results are usually

employed in limiting equilibrium analysis of slope stability problems or

for the stability analysis of dam foundations (Notes 1-3).

NOTE 1-Direct shear strength can be determined in the laboratory

(using the method described in RTH 203) if the plane to be tested is

smooth and flat in comparison with the size of specimen, and if the

specimen can be cut and transported without disturbance.

NOTE 2-Definitions (clarified in Figs. 5 and 6):

Peak shear strength - the maximum shear stress in the complete

shear stress displacement curve.

Residual shear strength - the shear stress at which no further

rise or fall in shear strength is observed with increasing shear

displacement. A true residual strength may only be reached after

considerably greater shear displacement than can be achieved in testing.

The test value should be regarded as approximate and should be assessed

in relation to the complete shear stress-displacement curve.

Shear strength parameters c and 6 - respectively, the intercept

and angle to the normal stress axis of a tangent to the shear strength-

normal stress curve at a normal stress that is relevant to design (see

Fig. 6).

NOTE 3--The measured peak strength can be applied directly to full-

scale stability calculations only if the same type and size of roughness

irregularities are present on the tested plane as on a larger scale. If

this is not the case, the true peak strength should be obtained from the

test data using appropriate calculations (for example, Patton, F. D.,

1966, Proc. Ist Int. Cong. Rock Mech. ISRM, Lisbon, Vol 1, pp. 509-512;
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Ladanyi, B. and Archambault, G., 1970. In "Rock Mechanics - Theory and

Practice," (W.II. Somerton, ed.), ALME, New York, pp. 105-125; Barton,

N. R., 1971, Proc. Symp. ISRM, Nancy, Paper 1-8).

1.2 The inclination of the test block and system of applied loads

are usually selected so that the sheared plane coincides with a plane of

weakness in the rock (e.g., a joint, plane of bedding, schistosity, or

cleavage), or with the interface between soil and rock or concrete and

rock (Note 4).

NOTE 4-Tests on intact rock (free from planes of weakness) are

usually accomplished using laboratory triaxial testing. Intact rock

can, however, be tested in direct shear if the rock is weak and if the

specimen block encapsulation is sufficiently strong.

1.3 A shear strength determination should preferably comprise at

least five tests on the same test horizon with each specimen tested at a

different but constant normal stress.

1.4 In applying the results of the test, the pore water pressure

conditions and the possibility of progressive failure must be assessed

for the design case as they may differ from the test conditions.

2. Apparatus

2.1 Equipment for cutting and encapsulating the test block, rock

saws, drills, hammer and chisels, formwork of appropriate dimensions and

rigidity, expanded polystyrene sheeting or weak filler, and materials

for reinforced concrete encapsulation.

2.2 Equipment for applying the normal load (e.g., Fig. 1) including:

(a) Flat Jacks, hydraulic rams, or dead load of sufficient

capacity to apply the required normal loads (Note 5).

NOTE 5-If a dead load is used for normal loading, precautions

are requircd to ensure accurate centering and stability. If two or more

hydraulic rams are used for either normal or shear loading, care is

needed to ensure that they are identically matched and are In exact

0
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parallel alignment. Each ram should be provided with a spherical seat.

The travel of rams and particularly of flat jacks should be sufficient

to accommodate the full anticipated specimen displacement. A normal

displacement of t5-10 mm may be expected, depending on the clay content

and roughness of the shear surface.

" 11040 gfe- I I e a

U _ 1. JL _ -A .- so v Vaet

-. . . . .n~e

n 0

- -- - Sim- oeb

.4 I- e Me* IIm.e 1. *I

Fig. 1. Typical arrangement of equipment
for in situ direct shear test.

(b) A hydraulic pump if used should be capable of maintaining

normal load to within 2 percent of a selected value throughout the test.

(c) A reaction system to transfer normal loads uniformly to

the test block, including rollers or a similar low friction device to

ensure that at any given normal load, the resistance to shear displace-

ment is less than 1 percent of the maximum shear force applied in the

O0
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test. Rock anchors, wire ties, and turnbuckles are usually required to

install and secure the equipment.

2.3 Equipment for applying the shear force (e.g. Fig. 1) including:

(a) One or more hydraulic rams (see Note 5) Jacks of adequate

total capacity with at least 70-mm travel.

(b) A hydraulic pump to pressurize the shear force system.

(c) A reaction system to transmit the shear force to the test

block. The shear force should be distributed uniformly along one face

of the specimen. The resultant line of applied shear forces should pass

through the center of the base of the shear plane (Note 6) with an

angular tolerance of ±5 deg.

NOTE 6--The applied saiear force may act in the plane of shearing

so that the angle a is 0 (Fig. 1). This requires a cantilever bearing

member to carry the thrust from the shear Jacks to the specimen. If a

method is used where the shear force acts at some distance above the

shear plane, the line of action of the shear Jacks should be inclined to

pass through the center of area of the shear plane. The angle for

a specimen 700 by 700 by 350 mm approximates to 15 deg depending on the

thickness of encapsulation. Tests where both shear and normal forces

are provided by a single set of jacks inclined at greater angles to the

shear plane are not recommended, as it is then impossible to control

shear and normal stresses independently.

2.4 Equipment for measuring the applied forces including one

system for measuring normal force and another for measuring applied

shearing force with an accuracy better than ±2 percent of the maximum

forces reached in the test. Load cells (dynamometers) or flat jack

pressure measurements may be used. Recent calibration data applicable

to the range of testing should be appended to the test report. If

possible, the gages should be calibrated both before and after testing.
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2.5 Equipment for measuring shear normal, and lateral displacements:

(a) Displacements should be measured (e.g., using micrometer

dial gages (Note 7)) at eight locations on the specimen block or

encapsulating material, as shown in Fig. 2.

NOTE 7-The surface of encapsulating material is usually

insufficiently smooth ard flat to provide adequate reference for

displacement gages, and glass plates may be cemented to the specimen

block for this purpose. These plates should be of adequate size to

accomodate movement of the specimen. Alternatively, a tensioned wire

and pulley system with gages remote from the specimen can be used. The

system as a whole must be reliable and conform with specified accuracy

requirements. Particular care is needed in this respect when employing

electric transducers or automatic recording equipment.

0

Fig. 2. Arrangement of displacement gages
(Sl and S2 for shear displacement L1 and L2
for lateral displacement, NI-N4 for normal

displacement.
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(b) The shear displacement measuring system should have a

travel of at least 70 mm and an accuracy better than 0.1 mm. The normal

and lateral displacement measuring systems should have a travel of at

least 20 mm and an accuracy better than 0.05 mm. The measuring refer-

ence system (beams, anchors, and clamps) should, when assembled, be

sufficiently rigid to meet these requirements. Resetting of gages

during the test should be avoided if possible.

3. Procedure

3.1 Preparation:

(a) The test block is cut to the required dimensions (usually

700 x 700 x 350 mm) using methods that avoid disturbance or loosening of

the block (Notes 8 and 9). The base of the test block should coincide

with the plane to be sheared and the direction ot shearing should

correspond if possible to the direction of anticipated shearing in the

full-scale structure to be analyzed using the test results. The block

and particularly the shear plane should, unless otherwise specified, be

retained as close as possible to its natural in situ water content

during preparation and testing, e.g., by covering with saturated

cloth. A channel approximately 20 mnm deep by 80 mm wide should be cut

around the base of the block to allow freedom of shear and lateral

displacements.

NOTE 8--A test block size of 700 x 700 x 350 mm is suggested as

standard for in situ testing. Smaller blocks may be permissible, for

example if the surface to be tested is relatively smooth; larger blocks

may be needed when testing very irregular surfaces. The size and shape

of test block may for convenience be adjusted so that faces of the block

coincide with natural joints or fissures; this minimizes block disturb-

ance during preparation. Irregularities that would limit the thickness

or emplacement of encapsulation material or reinforcement should be

removed.
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NOTE 9--It is advisable, particularly if the test horizon is

inclined at more than 10-20 deg to the horizontal, to apply a small normal

load to the upper face of the test specimen while the sides are cut, to

prevent premature sliding and also to inhibit relaxation and swelling.

The load, approximately 5-10 percent of that to be applied in the test,

may for example be provided by screw props or a system of rock bolts and

crossbeams and should be maintained until the test equipment is in

position.

(b) A layer at least 20 mm thick of weak material (e.g. foamed

polystyrene) is applied around the base of the test block, and the

remainder of the block is then encapsulated in reinforced concrete or

similar material of sufficient strength and rigidity to prevent collapse

or significant distortion of the block during testing. The encapsula-

tion formwork should be designed to ensure that the load bearing faces

of the encapsulated block are flat (tolerance ±1 mm) and at the correct

inclination to the shear plane (tolerance t2 deg).

(c) Reaction pads, anchors, etc., if required to carry the

thrust from normal and shear load systems to adjacent sound rock, must

be carefully positioned and aligned. All concrete must be allowed time

to gain adequate strength prior to testing.

3.2 Consolidation:

(a) The consolidation stage of testing is to allow pore water

pressures in the rock and filling material adjacent to the shear plane

to dissipate under full normal stress before shearing. Behavior of the

specimen during consolidation may also impose a limit on permissible

rate of shearing (see paragraph 3.3(c)).

(b) All displacement gages are checked for rigidity, adequate

travel, and freedom of movement, and a preliminary set of load and

displacement readings is recorded.
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(c) Normal load is then raised to the full value specified for

the test, recording the consequent normal displacements (consolidation)

of the test block as a function of time and applied loads (Figs. 3

and 4).

DIRECT SHEAR TEST DATA SHEET
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RTH 321-80

W I(EY IIIIOlt INAL

S'NOTE: FLAT JASKS'TAKE ABOUT 10 MIN |111 lI1
O 0.25 1EACH TO INFLATE I I-•FULLY.

WJ NORMAL S TRESS'
• W REI•A CHliED AT • •IUi

E LA S ES POINT I Mi

c -0.507SP

Fig. 4. Consolidation curves for a three-stage
direct sheer test, showing the construction used to

estimatetO.

S(d) The consolidation stage may be considered complete we

the rate .•f change of normal displacement recorded at each of the four

gages is less than 0.05 mm in 10 minutes. Shear loading may then be

app]lied.

3.3 Shearing:

(a) The purpose of shearing is to establish values for the

peak and residual direct shear strengths of the test horizon. Correc-

tions to the applied normal load may be required to hold the normal

stress constant; these are defined in paragraph 4.5.

(b) The shear force is applied either in increments or

continuously in such a way as to control the rate of shear displacement.

(c) Approximately 10 sets of readings should be taken before

reaching peak strength (Figs. 3 and 5). The rate of shear displacement

should be less than 0.1 ram/mmi in the 10-minute period before taking a

set of readings. This rate may be increased to not more than 0.5 mm/mln

between sets of readings provided that the peak strength itself is

@_
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adequately recorded. For a 'drained' test, particularly when testing

clay-filled discontinuities, the total time to reach peak strength

should exceed 6 tlO0 as determined from the consolidation curve (see

paragraph 4.1 and Fig. 4) (Note 10). If necessary, the rate of shear

should be reduced on the application of later shear force increments

delayed to meet this requirement.

NOTE 10-The requirement that total time to reach peak strength

should exceed 6 t 10 0 is derived from conventional soil mechanics con-

solidation theory (for example Gibson and Henkel, Geotechnique 4, p 10-11,

1954) assuming a requirement of 90 percent pore water pressure dissipa-

tion. This requirement is most important when testing a clay-filled

discontinuity. In other cases it may be difficult to define t100 with

any precision because a significant proportion of the observed "consoli-

dation" may be due to rock creep and other mechanisms unrelated to pore

pressure dissipation. Provided the rates of shear specified in the text

are followed, the shear strength parameters may be regarded as having

been measured under conditions of effective stress ("drained conditions").

(d) After reaching peak strength, readings should be taken at

increments of from 0.5-5 mm shear displacement as required to adequately

define the force-displacement curves (Fig. 5). The rate of shear

displacement should be 0.02-0.2 mm/min in the 10-minute period before a

set of readings is taken and may be increased to not more than 1 mm/mmn

between sets of readings.

(e) It may be possible to establish a residual strength value

when the specimen is sheared at constant normal stress and at least four

consecutive sets of readings are obtained which show not more than 5

percent variation in shear stress over a shear displacement of 1 cm

(Note 11).



RTH 321-80

I ~I
* Iz+2

1.0

L V '• 0.8 -z

±0
0: , m z'dIzK

SHEA PTESSE S-.--GT-

N A I ARESIDUAL STRENGTN -

' 0

E l iSTAGE I o STAGE f

td No 0.8MPa si icn 2. ScaPrb"r

(f aigetb ise aeiulsrnt, the nomlsrs

0 10 20 30 40 50 60 70

mcSHEAR DISPLACEMENT s r mm

SHEAR STRESSES a:-

NORMAL DISPLACEMENTS------

Fig. 5. Shear stress - displacement graphs.

NOTE II-An independent check on the residual friction angle

should be made by testing in the laboratory two prepared flat surfaces

of the representative rock. The prepared surfaces should be saw-cut and

then ground flat with No. 80 silicon carbile grit.

(f) Having established a residual strength, the normal stress

may be increased or reduced (Note 12) and shearing continued to obtain

additional residual strength values. The specimen should be reconsoli-

dated under each new normal stress (see paragraph 3.2(d)) and shearing

continued according to criteria given in 3.3(c) to 3.3(e).
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NOTE 12--The normal load should when possible be applied in

increasing rather than decreasing stages. Reversals of sh ar direction

or resetting of the specimen block between normal load stages, sometimes

used to allow a greater total shear displacement than would otherwise be

possible, are not recommended because the shear surface is likely to be

disturbed and subsequent results may be misleading. It is generally

advisable, although more expensive, to use a different specimen block

(g) After the test, the block should be inverted, photographed

in color, and fully described (see paragraph 5.1). Measurements of the

area, roughness, dip, and dip direction of the sheared surface are

required, and samples of rock, infilling, and shear debris should be

taken for index testing.

4. Calculations

4.1 A consolidation curve (Fig. 4) is plotted during the consolida-

tion stage of testing. The time t 1 0 0 for completion of "primary con-

solidation" is determined by constructing tangents to the curve as

shown. The time to reach peak strength from the start of shear loading

should be greater than 6 t10 0 to allow pore pressure dissipation (see

Note 10).

4.2 Displacement readings are averaged to obtain values of mean

shear and normal displacements A and A . Lateral displacements areS n

recorded only to evaluate specimen behavior during the test, although if

appreciable they should be taken into account when computing corrected

contact area.

4.3 Shear and normal stresses are computed as follows:

0
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PsPS Psa cosa
Shear stress T = - =A A

Pn = Pna + Psa sinaNormal stress a = - =
n A A

where Ps = total shear force; Pn = total normal force

Psa = applied shear force; Pna = applied normal force

a = inclination of the applied shear force to the shear plane
(if a = 0, cosa = 1 and sina = 0).

A = area of shear surface overlap
(corrected to account for shear displacement)

If a is greater than zero, the applied normal force should be reduced

after each increase in shear force by an amount Psa sin a in order to

maintain the normal stress approximately constant. The applied normal

force may be further reduced during the test by an amount

A (mim) • Pn

700

to compensate for area changes.

4.4 For each test specimen graphs of shear stress (or shear force)

and normal displacement versus shear displacement are plotted (Fig. 5),

annotated to show the nominal normal stress and any changes in normal

stress during shearing. Values of peak and residual shear strengths and

the normal stresses and shear and normal displacements at which these

occur are abstracted from these graphs (Note 2).

4.5 Graphs of peak and residual shear strengths versus normal

stress are plotted from the combined results for all test specimens.

Shear strength parameters 0a' b b9 r9 c', and c are abstracted from

these graphs as shown in Fig. 6.
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•r = residual friction angle
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break in the peak shear strength curve resulting from the

shearing off of ma~jor irregularities on the shear surface.

Between points 0 and A, 6 w.ill vary somewhat; measure at

a
stress level of interest. Note also that 6 + 1,

0,0

r w=eresidual th friction angle obindorsot

a

surfaces of rock on rock and angle i is the inclination

of surface asperities.

Fig. 6. Shear strength - normal stress graph.



RTH 321-80

= apparent friction angle above stress level a (Point A);

note that a will usually be equal to or slightly greater

than $r and will vary somewhat with stress level; measure
rr

at the stress level of interestr

c'= cohesion intercept of peak shear strength curve; it may be

zero.

c apparent cohesion at a stress level corresponding to ib"

5. Reporting of Results

5.1 The report should include the following:

(a) A diagram, photograph, and detailed description of test

equipment and a description of methods used for specimen preparation and

testing. (Reference may be made to this "suggested method," stating

only departures from the prescribed techniques).

(b) For each specimen, a full geological description of the

intact rock, sheared surface, filling, and debris preferably accompanied

by relevant index test data (e.g., roughness profiles and Atterberg

limits, water content, and grain-size distribution of filling materials).

(c) Photographs of each sheared surface together with diagrams

giving the location, dimensions, area, dip, and dip direction and

showing the directions of shearing and any peculiarities of the blocks.

(d) For each test block, a set of data tables, a consolidation

graph, and graphs of shear stress and normal displacement versus shear

displacement (e.g. Figs. 3, 4, and 5). Abstracted values of peak and

residual shear strengths should be tabulated with the corresponding

values of normal stress and shear and normal displacement.

(e) For the shear strength determination as a whole, graphs

and tabulated values of peak and residual shear strengths versus normal

stress, together with derived values for the shear strength parameters

(e.g. Fig. 6).
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SUGGESTED METHOD FOR DETERMINING THE
STRENGTH OF A ROCK BOLT ANCHOR (PULL TEST)

(International Society for Rock Mechanics)

1. Scope

1.1 This test is intended to measure the short-term strength of a

rock bolt anchor installed under field conditions (Note I). Strength is

measured by a pull test in which bolt head displacement is measured as a

function of the applied bolt load to give a load-displacement curve.

The test is usually employed for selection of bolts and also for control

on the quality of materials and installation methods (Note 2).

NOTE 1-It is essential to test anchors under realistic field

conditions. It is, however, permissible to select safe and convenient

test locations provided that the rock and the installation methods are

identical with those encountered in full-scale utilization of the bolts.

If the rock is schistose for example, test holes should be drilled at

the same angle to the schistosity as anticipated for bolt utilization.

If rock conditions are variable, the rock should be classified and tests

conducted in rock of each class.

NOTE 2-The test is intended to measure anchor performance and this

is possible only if the bolt, threads, nuts, and other components are

stronger than the anchor. In some circumstances it may be desirable to

reinforce the bolt or thread for purposes of anchor evaluation. Other-

wise, if the bolt is consistently weaker than the anchor, it may be

preferable to replace the field test with quality control of bolts and

other components in a testing laboratory. Laboratory control testing

may also be required as a supplement to field testing for evaluation of

components, e.g. for their corrosion resistance, quality of materials,

and consistency of dimensions.

0
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1.2 At least five tests are required to evaluate an anchor in a

given set of rock and installation conditions. The tests are destruc-

tive and should not in general be made on bolts that form part of the

actual rock support system.

2. Apparatus

2.1 Equipment for installing the test anchors, including:

(a) Equipment for drilling and cleaning the drillhole, con-

forming to the manufacturers' specifications for optimum performance of

the anchor provided that these are compatible with field conditions

(Note 3).

NOTE 3--Manufacturers' specifications for hole dimensions and

method of installation should be checked for compatibility with site

operational limitations before testing and if compatible should be

closely followed in the tests.

(b) Equipment for inspection and measurement of the drillhole,

anchors, and bolts, e.g.,a lamp, steel tape, internal and external

calipers, and equipment for measuring the quantity of grout if used.

(c) Standard rock bolt assemblies as supplied by manufacturers

of the bolts including anchors to be tested, grout and materials for

grout injection if required, and equipment for installing the bolts in

the manner recommended by the manufacturers (Note 3).

2.2 Equipment for applying the bolt load, e.g. as in Fig. 1, in-

cluding:

(a) A hydraulic jack with hand pump and pressure hose capable

of applying a load greater than the strength of both the anchor and the

bolt to be tested and with travel of at least 50 mm.

(b) Equipment for transferring the load from the jack to the

bolt (Note 4). A spherical seating, bevelled washers, and/or wedges

under the jack are required to ensure that the applied load is coaxial

with the bolt.
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NOTE 4--Some types of anchors must essentially be tensioned

during their installation, and these must be tested using a suitable

coupling unit and bridging framework to carry load from the jack to the

bolt (Fig. la). Whenever possible, however, anchors should be tested

without pretensioning of the bolt, in which case a center-hole Jack

installed over the bolt may be used (Fig. lb). The arrangement shown in

Fig. la may also be used to test selected anchors in an operational

support system at some time after their installation, provided this does

not endanger the support as a whole. The percentage of initially

applied bolt tension remaining at the time of test may be estimated from

the load required to just loosen the faceplate and washers.

LEGEND

A ANCHORED ROCKBOLT

E 8 COUPLING AND SPHERICAL SEAT
C REACTION FRAME
0 HYDRAULIC JACK, PUMP AND

PRESSURE GAGE

-D E DIAL GAGE ASSEMBLY

E 

I

IVA

S, *

a. b.

Fig. 1. Rock bolt testing equipment.
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2.3 Equipment for measuring load and displacement, including:

(a) A load measuring device, e.g., a load cell or a hydraulic

pressure gage connected to the pump and calibrated in load units.

Measurement should be accurate to 2 percent of the maximum load reached

in the test. The device should include a maximum load indicator.

(b) Equipment for measuring the axial displacement of the bolt

head (travel at least 50 mm and accurate to 0.05 mm (Note 5)). For

example, a single dial gage measuring directly onto the bolt head may be

used; alternatively, the displacement may be obtained as an average from

two or three gages spaced equidistant from the bolt as shown in Fig. lb.

NOTE 5--When testing anchors that in operation are intended to

provide a reaction for external loads (e.g. holding anchors for cranes,

suspension cables), the test equipment should be designed so that no

test reaction forces are applied closer than one bolt length from the

anchor drillhole.

3. Procedure i

3.1 Site Preparation:

(a) The test site or sites are selected to ensure that rock

conditions are representative of those in which the bolts are to operate

(%ee 9.te I).

(b) Holes are drilled as specified and at locations convenient

for testing (Notes I and 3). The rock face surrounding each hole should

be firm and flat and the hole should be perpendicular to the face (±5 deg).

(c) Drillholes and anchor materials are inspected before

installation to ensure that they conform to specifications. Preliminary

data, e.g., the measured dimensions of the drillhole, bolt, and anchor

and the type and condition of rock at the test location, are recorded on

a data sheet (e.g. Fig. 2).

(d) Bolts are installed in the specified manner (Note 3), re-

cording essential details such as the installation torque (if any) (Note

') and the date and time of installation.
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ROCK ANCHOR TEST RESULT SHEET TEST No.

Date of installation: Date of test

PROJECT: Location:

ANCHOR: Type Length: installation Torque:

ROCK: Classification Fracture spacing: Strength

BOLT: Diameter:_ . Strength: Length: Untensioned )ength:

HOLE: Diameter: - Length: Orientation & roughness:

Displacement readings
Pump Pressure Bolt tension REMARKS

Reading Displacement Reading Displacement Average

TEST RESULTS: Maximum pull force:

Displacement at maximum pull force: Max. displacement in test: - --- - --

Nature of failure or yield:

Other remarks:

TESTED DY: CHECKED BY:

Fig. 2. Rock bolt test data sheet.
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3.2 Testing:

(a) The loading equipment is assembled, taking care to ensure

that the direction of pull is axial to the bolt, that the equipment sits

firmly on the rock, and that no part of the bolt or grout column will

interfere with the application or measurement of load during the test

(Note 5).

(b) An initial arbitrary load not greater than 5 kN (500 kgf)

is applied to take up slack in the equipment. The displacement equip-

ment is assembled and checked (Note 6).

NOTE 6--The displacement measuring system should be securely

mounted and dial gages should be located on firm flat rock; glass or

metal plates can, if necessary, be cemented to the rock to provide

smooth measuring surfaces perpendicular to the bolt. All measuring

equipment must be checked and calibrated at regular intervals to ensure

that the standards of accuracy required by this "suggested method" are

maintained.

(c) The anchor is tested by increasing the load until a total

displacement greater than 40 mm has been recorded, or until the bolt

yields or fractures if this occurs first.

(d) Readings of load and displacement are taken at increments

of approximately 5-kN (500-kgf) load or 5-mm displacement, whichever

occurs first. The rate of load application should be in the range 5-

10 kN/min. Readings are taken only after both load and displacement

have stabilized. The times required for stabilization should be

recorded.

4. Calculations

4.1 Total displacement values are computed as the test progresses

by subtracting initial readings from the incremental readings, taking

averages if more than one gage is used.
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4.2 The test data are plotted graphically as shown in Fig. 3.

Anchor strength, defined as the maximum load reached in the test pro-

vided that the bolt itself does not yield or fail, is recorded on this

graph. If the bolt yields or fails, the load 'X' at which this occurs

is recorded, and the anchor strength is specified as "unknown but greater

than 'X'".

130 1~

4<

1,o.0 1 : ,I:: :: - - - -, t •

1.i0i•! +H--•!HH- [+ -

2')'

, , i - -l

S:otl I/ - H -it-- - L--f

.4 -. - - -

0 10 20 30 4. 5

Dolt I1..d DOApl_ý.. t M

Fig. 3. Example of anchor test
results graph.

4.3 The elastic elongation of the bolt at a given applied load may

be calculated as

Elongation at load P is equal to AP

where L is the tensioned ungrouted length of bolt + 1/3 the grouted

length + length of extension bar used; A is the cross-sectional area of

the bolt; and E is the modulus of elasticity of the bolt steel.
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A straight line X-X is constructed to pass through this point and the

origin of the load-displacement graph (Fig. 3). Straight lines Y-Y and

Z-Z are constructed at the specified yield and ultimate loads of the

bolt. Comparison of the actual test curve with these three lines allows

independent assessment of anchor and bolt behavior.

4.4 For the evaluation of grouted anchors, the results of several

tests should be abstracted and presented graphically to show the influ-

ence of grout cure time and bonded length on anchor strength (e.g.

Fig. 4).

110 -ri 1 - : •L I

4_4
90 - + '~-

I 1

,r,~ ~ ~ ~~I I.,.; !i I;J••-.

0I 05 .0 1 .5 2.

Fig. 4. Graph showing influence of bond
length and cure time on the strength of

anchors.

5. Reporting of Results

5.1 The report should include the data sheets and graphs illus-

trated in Figs. 2-4 together with full details of:

(a) Rock in which the anchors were tested.

(b) The anchors and associated equipment.

(c) The drillholes, including length, diameter, method of

drilling, straightness, cleanness and dryness, and orientation. 0
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(d) The method and time of installation.

(e) The method and time of testing.

(f) The nature of failure and other observations pertinent to

the test results.

5.2 If required, the report may also compare performance of the

anchors tested with an arbitrary acceptable performance established by

previous extensive testing. Anchor strength, total displacements, and

displacement per increment of load should be considered when making this

comparison.
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SUGGESTED METHOD FOR DEFORMABILITY AND STRENGTH
DETERMINATION USING AN IN SITU UNIAXIAL COMPRESSIVE TEST

1. Scope

1.1 This method of test is intended to measure the strength and

deformability of large in situ specimens of weak rock such as coal. The

test results take into account the effect of both intact material

behavior and the behavior of discontinuities contained within the

specimen block.

1.2 Since the strength of rock is dependent on the size of the test

specimen, it is necessary to test specimens by increasing size until an

asymptotically constant strength value is found (Note 1). This value is

taken to represent the strength of the rock mass. It can, for example,

be applied to the design of mine pillars provided that the constraining

effect of the roof and floor is taken into consideration.

NOTE l-Bieniawski, Z. T. and Van Heerden, W. L., "The Significance

of Large-Scale In Situ Tests," Int. J. Rock Mech. Min. Sci., Vol 1,

1975.

2. Apparatus

2.1 Preparation equipment, including:

(a) Equipment for cutting rectangular specimen blocks from

existing underground mine pillars or exposed faces, e.g., a coal cutting

machine, pneumatic chisel, and other hand tools. No explosives are

permitted.

2.2 A loading system consisting of:

(a) Hydraulic jacks or flat jacks to apply a uniformly dis-

tributed load to the complete upper face of the specimen. The loading

system should be of sufficient capacity and travel to load the specimen

to failure.

(b) A hydraulic pumping system to supply oil at the required

pressure to the jacks, the pressure being controlled to give a constant



RTH 324-80

rate of displacement or strain rather than a constant rat- of -j _ss

increase (Note 2).

NOTE 2-Experience has shown that deformation-controllo-d load-

ing is preferable to stress-controlled loading because iL results in a

more stable and thus safer test. One way to achieve uniform deformation

of the specimen is to use a separate pump for each jack and to set the

oil delivery rate of each pump to the same value. Standard diesel fuel

injection pumps have been found suitable and are capable of supplying

pressures up to 100 MPa. The delivery rate of these pumps can be set

very accurately.

2.3 Equipment to measure applied load and strain in the specimen,

including:

(a) Load measuring equipment, e.g., electric, hydraulic, or

mechanical load cells, to permit the applied load to be measured with an

accuracy better than ±5 percent of the maximum in the test.

(b) Dial gage or similar displacement measuring devices with

robust fittings to enable the instruments to be mounted so that the

strain in the central third of each specimen face is measured with an

accuracy better than ±10-5. Strain is to be measured in the direction

of applied load, also in a perpendicular direction if Poisson's ratio

values are to be determined.

2.4 Equipment to calibrate the loading and displacement measuring

systems, the accuracy of calibration to be better than the accuracies of

test measurement specified above.

3. Procedure

3.1 Preparation:

(a) Specimens of the required dimensions (Note 3) are cut

either from the corners of existing pillars or from exposed rock faces

(Fig. 1). Loose and damaged rock is first removed. Vertical cuts are

then made, e.g. as shown in Fig. 1, to form the vertical faces of
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SECOND CUT FOURTH CUT

THIRD CUT

I /SPECIMEN'

FIRST CUT

CORNER OF
PILLAR --

a. SEQUENCE OF VERTICAL CUTS TO SEPARATE
A SPECIMEN FROM THE CORNER OF A PILLAR

FOURTH CUT THIRD CUT

SECOND cuT FIRST CUT

/\
/-:

/ .!

ROCK FACE

NOTE: ROCK IN THE SHADED REGIONS TO BE REMOVED
BEFORE MAKING THIRD AND FOURTH CUTS.

"b. SEQUENCE OF VERTICAL CUTS TO SEPARATE0A SPECIMEN FROM A ROCK FACE

Fig. 1. Vertical cuts to separate specimen from the corner

of a pillar and from a rock face.
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the specimen. A horizontal cut is made to furm the top face of the

specimen. Loose rock is removed and the specimen trimmed to final size

using hand tools.

NOTE 3-Specimen dimensions cannot be specified because these

depend very much on the rock properties, e.g., the thickness of strata

and the ease with which specimens can be prepared. It is recommended

that a number of tests should be done with a specimen size of about

0.5 m and that the size of subsequent specimens should be increased

until an asymptotically constant strength value is reached.

(b) The specimen is cleaned and inspected, recording in detail

the geological structure of the block and of the reaction faces above

and below. Specimen geometry, including the geometry of defects in the

block, should be measured and recorded with an accuracy better than

5 mm. Photographs and drawings should be prepared to illustrate both

geological and geometric characteristics.

(c) A concrete block, suttably reinforced, is cast to cover

the top face of the specimen (Fig. 2). The thickness of this block

should be sufficient to give adequate strength under the full applied

load. The top face of the block should be flat to within ±5 mm and

parallel to within ±5 deg with the basal plane of the block.

(d) Rock is removed from above the specimen to make space for

the loading jacks, the rock being cut back to a stratum of sufficient

strength to provide safe reaction. Generally, a concrete reaction pad

must be cast to distribute the load on the roof and to prevent undue

deformation and movement of the jacks during the test (Note 4). The

lower face of the reaction block should be flat to within ±5 mm and

parallel to within ±5 deg with the upper face of the specimen block. All

concrete should be left to harden for a period of not less than 7 days.

NOT'E 4--If a suitably designed concrete cap to the specimen is

not employud, the corners and sides of the specimen will often fail

before the central portion. The corner jacks will then cease to operate,

0
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and the test results will be suspect. The concrete cap should if possi-

ble be designed to ensure that the stress distributions in the top and

bottom thirds of the specimen are nearly identical.

(e) The loading jacks and pumps are installed and checked to

ensure that they operate as intended. Load and displacement measuring

equipment is installed and checked. All measuring instruments should be

calibrated both before and after each test series.

ROOF

CONCRETE REACTION PAD

SHYDRAULIC JACKS

CONCRETE PLATEN

ROCK SPECIMEN

FLOOR

Fig. 2. Testing arrangement.
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3.2 Testing:

(a) An initial load of approximately one-tenth of the estimated

full test load is applied, and the jacks are checked to ensure that each

is in firm contact with the specimen block. Displacement measuring

equipment is again checked to ensure that it is rigidly mounted and is

functioning correctly. Zero readings of load and displacement are

taken.

(b) The specimen load is then increased by applying the same

slow and constant oil delivery to each jack. The rate of specimen

strain should be such that a displacement rate of between 5 and 15 mm

per hour is recorded at each of the four faces of the specimen block.

(c) Readings of applied load and displacements are recorded at

intervals such that the load-displacement or stress-strain curve can be

adequately defined. There should be not less than ten points on this

curve, evenly spaced from zero to the failure load.

(d) Unless otherwise specified, the test is to be terminated

when the specimen fails. Specimen failure is indicated by a drop in hy-

draulic pressure to less than one-half the maximum applied, or by

disintegration of the specimen to an extent that the loading system

becomes inoperative or the test dangerous to continue. The mode of

specimen failure is recorded, and a sketch is made of all failure cracks.

4. Calculations

4.1 The uniaxial compressive strength of the specimen shall be

calculated by dividing the maximum load carried by the specimen during

the test by the original cross-sectional area of the specimen.

4.2 Young's modulus for the specimen shall, unless otherwise speci-

fied, be calculated as the tangent modulus E50 at one-half the uniaxial

compressive strength. This modulus is found by drawing a tangent to the

stress-strain curve at 50 percent maximum load, the gradient of this

tangent being measured as E t50. The construction and calculations used

in deriving this and any other modulus values should be shown on the

stress-strain curve.
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4.3 If a number of specimens of different shape and/or size are

tested, the trends in strength values due to shape and size effects

should be plotted graphically, e.g., as shown in Fig. 3.

5. Reporting of Results

5.1 The report should include the following information:

(a) A diagram showing details of the locations of specimens

tested, the specimen numbering system used, and the situation of each

specimen with respect to the geology and geometry of the site.

(b) Photographs, drawings, and tabulations giving full details

of the geological and geometrical characteristics of each specimen,

preferably including index test data to characterize the rock. Particu-

lar attention should be given to a detailed description of the pattern

of joints, bedding planes, and other discontinuities in the specimen

block.

(c) A description, with diagrams, of the test equipment and

method used. Reference may be made to this "suggested method," noting

only the departures from recommended procedures.

(d) Tabulated test results, including recorded values of load

and displacements together with all derived data, calibration results,

and details of all corrections applied.

(e) Graphs showing load versus displacement or stress versus

strain, including points representing all recorded data and a curve

fitted to these points. The uniaxial compressive strength value should

be shown, together with all constructions used in determining Young's

modulus and other elastic parameters. The mode of specimen failure

should be shown diagrammatically and described.

(f) Summary tables and graphs giving the values of uniaxial

compressive strength and Young's modulus, and showing how these values

vary as a function of specimen shape and size and the character of the

rock tested.
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0 Suggested Method for Determining
Point Load Strength

SCOPE

I (a) The Point Load Strength test •s intended i-s an
index test for the strength classification of rock materi-
als. It rna' also be used to predict other strcngth
parameters ,with which it is correlated, for example
umaxial tensile and compressive strength."

iN The test measures the Point Load Strength Index
(I, ,,) of rock specimens. and their Strength Amsotropv
Index N+,) j.which is the ratio of Point Load Strengths
in directions which give the greatest and least values.

(c) Rock specimens in the form of either core (the I Photograph ol portable point load tes machine

dianutral and axial tests). cut blocks (the block test). or
irregular lumps (the irregular lump test) are broken by• " cone and 5 mm radius spherical platen tip should meet
application of concentrated load through a pair of
spherically truncated, conical platens.) Little or no speci- tangentially. The platens should be of hard material
men preparation is needed. -uch as tungsten carbide or hardened steel so that they

remain undamaged during testing.
(d) The test can be performed with portable equip-

ment or using a laboratory testing machine, and so may
be conducted either in the field or the laboratory. Load mea.suring .•••-'m

4.(a) The load measuring system, for example a load
cell or a hydraulic pressure gauge or transducer con-
nected to the ram. should permit determination of the

2. The testing machine (Fig. I) consists of a loading failure load P required to break the specimen and should
system (for the portable version typically comprising a conform to the requirements (bi through (d) below.
loading frame, pump. ram and platens). a system for ib) Measurements of P should be to an accuracy
measuring- the load P required to break the specimen. of + _ ,P or better, irrespective of the size and strength
and a sstem for measuring the distance D between the of specimen that is tested.!
t t.o platen contact points (but see 5(e) below (c) The system is to be resistant to hydraulic shock and

vibration so that the accuracy of readines is not ad-
Loading 'Y.stem versely affected by repeated testing.

3.(a) The loading system should have a platen-to- (d) Failure is often sudden and a maximum load
platen clearance that allows testing of rock specimens in indicating device is essential so that the failure load is
the required size range Typically this range is retained and can be recorded after each test.
15- 100 mm so that an adjustable clearance is needed to
accommodate both small and large specimens

(b) The loading capacity should be sufficicnt to break
the largest and strongest specimens to be tested.; ,

(C) The test machine should be designed and construc-
ted so that it does not permanently distort during
repeated applications of the maximum test load. and so
that the platens remain co-axial '.'.ithin (_ - 2 mm

throughout the testing. No spherical scat or other non-
rigid Lomponent is permitted in the loading s',stnc - -

l-oading s, te rigidlity is essential to at% id problems of
slippale khen specimens of irreVUlar vcometr' Ire

Ws-ied
(1) Sphericalilv-truncated. i., , l platens t he , aii-

dar(t eomentr% .ho.%n in I, 2 _' re To u-,c~ I i ]K',,

' N [ .' " i ý r ý - rT n u Tt-n x-r s -,-I er t, ", , 12 ' t ,, ,:( ,- i! N, I I' , ,' "I; - e ' '. ;t , !,
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Distance measurtng s i ttem and shape requirements for diametral. axial, block or

5 wa the distance measuring s)stem. for example a irregular lump testing as specified below.
direct reading ale or displacement transducer. is to (c) [or routine testing and classification. specimens
permit measurement of the distance 1) het-,keen should be tested either fully sater-saturated or at their
,,pecimen-platen contact points and should conform wi th natural A~ater content.'

requirement., i hi through Id) helo,.'(
(hi Measurements of D should he to an accuracy ot

- 2-,.D or better irrespective of the size o1 specimen -' The test equipment should be periodically cah-
tested brated using an independently certified load cell and set

Ic) Thc sstem is to be resistant to hdraulic shock and (f displacement blocks. checking the P and D readings
%,bration so that the accuracy of readings is not ad- over the full range of loads and displacements pertinent

sersely affected by repeated testing. to testing.

(dl The measuring system should allow a check of the The daineiral
"zero displacement" value ,khen the two platens are in

contact, and should preferably :nclude a zero adjust- X.lal Core specimens with length diameter ratio
ment. greater than 1.0 are suitable tor diametral testing.

ie) \n instrument such as calipers or a steel rule is (b) There should preferably be at least 10 tests per
required. to measure the width 11' of specimens for all sample, more if the sample is heterogeneous or aniso-

but the diametral test tropic.
(c) The specimen is inserted in the test machine and

PROCEDURE the platens closed to make contact along a core di-
ameter, ensuring that the distance L between the contact

Specimen weiection and preparation points and the nearest free end is at least 0.5 times the
6.lal A test sample is defined as a set of rock specimens core diameter (Fig. 3a).

of similar strength for which a single Point Load (d) The distance D is recorded - '"0"

Strength •alue is to be determined. (e) The load is steadily increased such that failure
(hi The test sample of rock core or fragments is to occurs within 10-60 sec. and the failure load P is

contain sufficicnt specimens conforming with the size recorded. The test should be rejected as invalid if the

(a) (b)

) [A

! J

C

= -
* -. 1

X , .^?

* A - A
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(a)

IC)

(d) (e)

Fig. 4. Typical modes of failure for valid and invalid tests. (a) Valid diametral tests. ib) valid axial tests. Itc valid block tests,

(d) invalid core test. te) invalid axial test.

fracture surface passes through only one loading point dicular to the core end faces (in the case of isotropic
(Fig. 4d). rock, the core axis, but see paragraph II and Fig. 5).

(f) The procedure (c) through (e) above is repeated for (d) The distance D between platen contact points is
the remaining specimens in the sample. recorded + 20,_' The specimen width W perpendicular to

the loading direction is recorded - 5%'
The axial test' (e) The load is steadily increased such that failure

9.(a) Core specimens with lengthidiameter ratio of occurs within 10-60sec. and the failure load P is
0.3-1.0 are suitable for axial testing (Fig. 3b). Long recorded. The test should be rejected as invalid if the
pieces of core can be tested diametrally to produce fracture surface passes through only one loading point
suitable lengths for subsequent axial testing (provided (Fig. 4e).
that they are not weakend by this initial testing), alterna- (f) The procedures (c) through (e) above are repeated
tively. suitable specimens can be obtained by saw-cutting for the remaining tests in the sample.
or chisel-splitting.

Ib) There should preferably he at least 10 tests per The block and irregular lump tests

sample, more if the sample is heterogeneous or aniso- 10.(a) Rock blocks or lumps of size 50 ± 35 mm and
tropic.' of the shape shown in Fig. 3(c) and id) are suitable for

(c) The specimen is inserted in the test machine and the block and the irregular lump tests. The ratio D W
the platens closed to make contact along a line perpen- should be between 0 3 and 1.0, preferably close to 1.0

I
A___ lr b) ng,•

eSnrogro

1ig 5 Loading directions r.'r icsis on anisotropic rock
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The distance L Fig. 3c and d) should be at least 0.5W. is given by:
Specimens of this size and shape may be selected if D,' = D2 for diametral tests.
available or may be prepared by trimming larger pieces
by saw-or chisel-cutting. = 4A In for axial, block and lump tests.

(b) There should preferably be at least 10 tests per and
sample, more if the rock is heterogeneous or aniso-
tropic.' A = WD = minimum cross sectional area of a

(c) The specimen is inserted in the testing machine and plane through the platen contact points.'
the platens closed to make contact with the smallest
dimension of the lump or block, away from edges and Size correction
corners (Fig. 3c and d). 13.(a) I, varies as a function of D in the diametral test.

(d) The distance D between platen contact points is and as a function of D, in axial, block and irregular lump
recorded + 2",". The smallest specimen width W perpen- tests, so that a size correction must be applied to obtain
dicular to the loading direction is recorded + 5'0. If the a unique Point Load Strength value for the rock sample.
sides are not parallel. then W is calculated as and one that can be used for purposes of rock strength
(W1 + W,)12 as shown in Fig. 3d.' This smallest width classification.
W is used irrespective of the actual mode of failure (Figs (b) The size-corrected Point Load Strength Index I.,,
3 and 4) of a rock specimen or sample is defined as the value of

(e) The load is steadily increased such that failure i, that would have been measured by a diametral test
occurs within I1-60 sec. and the failure load P is with D = 50mm.
recorded. The test should be rejected as invalid if the tc) The most reliable method of obtaining I•), pre-
fracture surface passes through only one loading point ferred when a precise rock classification is essential, is to
(see examples for other shapes in Fig. 4d or e). conduct diametral tests at or close to D = 50 mm. Size

(f) The procedure (c) through (e) above is repeated for correction is then either unnecessary (D = 50 mm) or
,he remaining tests in the sample. introduces a minimum of error. The latter is the case. for

example. for diametral tests on NX core, D = 54 mm.
Anlsotro9pic rock This procedure is not mandatory. Most point load

II. (a) When a rock sample is shaly. bedded. schistose strength testing is in fact done using other sizes or shapes
or otherwise observably anisotropic it should be tested of specimen. In such cases, the size correction (d) or (e)
in directions which give the greatest and least strength below must be applied.
values, which are in general parallel and normal to the (d) The most reliable method of size correction is to
planes of anisotropy. test the sample over a range of D or D, values and to plot

(b) If the sample consists of core drilled through the graphically the relation between P and D•. If a log-log
weakness planes, a set of diametral tests may be com- plot is used the relation is generally a straight line (Fig.
pleted first, spaced at intervals which will yield pieces 6). Points that deviate substantially from the straight line
which can then be tested axially. may be disregarded (although they should not be de-

(c) Best results are obtained when the core axis is leted). The value of P,0 corresponding to D1 = 2500 mm-
perpendicular to the planes of weakness, so that when (D, = 50 mm) can then be obtained by interpolation, if
possible the core should be drilled in this direction. The
angle between the core axis and the normal to the
weakness planes should preferably not exceed 30 .... 50 18, .'8°----. 000 2 M

(d) For measurement of the I, value in the directions 50 _o 0, ,oZ
of least strength, care should be taken to ensure that load V
is applied along a single weakness plane. Similarly when 30

testing for the I, value in the direction of greatest 20 P
strength, care should be taken to ensure that the load is 50
applied perpendicularly to the weakness planes (Fig. 5). L

(e) If the sample consists of blocks or irregular lumps, ,
it should be tested as two sub-samples, with load applied 6-
firstly perpendicular to, then along the observable planes
of weakness."' Again. the required minimum strength 47

value is obtained when the platens make contact along 3
a single plane of weakness

CALCULATIONS .,)0 200 K) ,, .00 5o-00

Uncorrected point load .strength -,.

12. The Uncorrected Point Load Strength 1, is calcu- I ig. b. Procedure for graphical determination oi I, trom a set ol

lated as P 'D where D_. the "equivalent core diameter", results at D. %Aucs other thin itl mm
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to least Point Load Strength Indices I.,,, assumes values
close to 1.0 for quasi-isotropic rocks and higher values
when the rock is anisotropic.

2 -REPORTING OF RESULTS

16. Results for diametral tests, axial tests. block tests
and irregular lump tests, and for tests perpendicular and

S08 - parallel to planes of weakness should be tabulated
separately (see typical results form. Fig. 8. The report

0o6 should contain calibration data for the test machine and
at least the following information for each sample tested:

04 (a) The sample number, source location and rock type.
and the nature and in situ orientation of any planes of

02 - anistropy or weakness
, I I I (b) Information on the water content of the rock at the

0 20 40 60 80 o 00 20o 140 time of testing.
c,,, (equivolent )core diometer i,,n, (c) Information on which specimens were loaded

parallel (,^). perpendicular (_). or at unknown or
Fig. 7. Size correction factor chart, random directions with respect to planes of weakness.

(d) A tabulation of the values of P. D. (III. D' and D,

necessary by extrapolation. and the size-corrected Point if required) I,. (F if required) and I f.. for each specimen

Load Strength Index calculated as P,1/502 . in the sample.

(e) When neither (c) nor (d) is practical, for example (e) For all isotropic samples. a summary tabulation of

when testing single sized core at a diameter other than mean 1,,, values.
50mm or if only a few small pieces are available, size (f) For all anisotropic samples. a summar, tabulation

of mmm or if ool a fed perpendicular

correction may be accomplished by using the formula: can I,,, values for sub-samples tested perpendicular
and parallel to the planes of weakness, and of the

I1.o5 = F x i, corresponding 1,,,, values.

The "Size Correction Factor F" can be obtained from
the chart in Fig. 7.' or from the expression: NOTES

F = (D,,50)`4 5

I. When first introduced, the point load strength test
For tests near the standard 50 mm size, very little error was used mainly to predict uniaxial compressive strength
is introduced by using the approximate expression: which was then the established test tor general-purpose

F =, (D,/50) rock strength classification. Point load strength now
often replaces uniaxial compressive strength in this role

pf) The size correction procedures specified in this since when properly conducted it is as reliable and much
paragraph have been found to be applicable irrespective quicker to measure. !,, 0 should be used directly for rock
of the degree of anisotropy of and the direction of classification, since correlations with uniaxial com-
loading with respect to planes of weakness, a result that pressive strength are only approximate On average,
greatly enhances the usefulness of this test. uniaxial compressive strength is 20-25 times point load

strength. as shown in Fig. 9. However, in tests on many
Mean value calculation different rock types the ratio can vary between 15 and

14.(a) Mean values of I,,o as defined in (b) below are 50 especially for anisotropic rocks. so that errors of up
to be used when classifying samples with regard to their to 100'. are possible in using an arbitrary ratio value to
Point Load Strength and Point Load Strength Aniso- predict compressive strength from point load strength.
tropy Indices. The point load strength test is a form of "indirect

(b) The mean value of I.,,0, is to be calculated by tensile" test. but this is largely irrelevant to its primary
deleting the two highest and lowest values from the 10 role in rock classification and strength characterization
or more valid tests, and calculating the mean of thc 1,,,, is approximately 0.80 times the umaxial tensile or
remaining values. If significantly fewer specimens are Brazilian tensile strength.
tested, only the highest and lowest values are to be 2. Of the four alternative forms of this test. the
deleted and the mean calculated from those remaining." diametral test and the axial test with saw-cut faces are

the most accurate if performed near the standard 50 mm
Point load strength anisotropv index size. and are preferred for strength classification when

15. The Strength Anistropy Index I,,, is defined as the core is available. Axial test specimens with saw-cut faces
ratio of mean 1,,•, values measured perpendicular and can easily be obtained from large block samples by
parallel to planes of weakness. i.e. the ratio of greatest coring in the laboratory. Specimens in this form are
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Sample Details Point Load Test Date 17/11/83

1 block sample from Gamblethorpe Opencast site.

Fine grained pale grey Coal Measures sandstone
with numerous coaly streaks along horizonral
bedding planes.

Specimens 1-6 chisel cut blocks, air-dried 2 weeks;
7-10 ýawn blocks, air-dried 2 weeks;

11-15 cores, air-dried 2 weeks;
16-20 cores, air-dried 2 weeks;

- tested in laboratory.

No. Type W (mm) D (mm) P (kN) De (mm
2

) De (mm) I F

e e (50)

1 .1. 30.4 17.2 2.687 666 25.8 4.03 0.75 1

2 i 1 16 8 0.977 163 12.8 5.99 0.54 3.24

3 i i 19.7 15.6 1.962 391 19.8 5.02 0.66 3.31

4 i 1 35.8 18,1 3.641 825 28.7 4.41 0.765 3.46

5 i 1 42.5 29 6.119 1569 39.6 3.90 0.875 3.49

6 i 1 42 35 7.391 1872 43.3 3.95 0.935

7 b 1 44 21 4.600 1176 34.3 3.91 0.84 3.29

8 b 1 40 30 5.940 1528 39.1 3.88 0.89 3.46

9 b 1 19.5 15 2.040 372 19.3 5.48 0.655 -

10 b I 33 16 2.87 672 25.9 4.27 0.75 3'

ii d // 49.93 5.107 - - - - 2.05

12 d // 49.88 4.615 - - - - 1.85

13 d// 49.82 5.682 - - - -

14 d// 49.82 4.139 - - - -

15 d // 49.86 4.546 - - - - 1.83

16 d // 25.23 1.837 - - 2.89 0.74 2.14

17 d 1/ 25.00 1.891 - - 3.02 0.735 2.22

18 d 1/ - 25.07 2.118 - - 3.37 0.735 1

19 d // - 25.06 1.454 - - 2.32 0.735 -rv,..

20 d// - 25.04 1.540 2.46 0.735 1.81

d = diametral; Mean Is (50) 1
a = axial;
b = blocks Mean I

irregular lump test; s (50) // 1.98

i = perpendicular; 1
/= parallel to planes of weakness. i a (50) 1.71

Fig. 8. Typical results lorm

particularly suitable when the rock is anisotropic and the sensitivity of the equipment are adequate. It may be
direction of weakness planes must be noted. necessary to change the load measunng gauge or load

3. Loads of up to 50 kN are commonly required for cell. or to test smaller or larger specimens to conform
the larger hard rock specimens. The maximum specimen with the capacity of available equipment or %kith the

size that can be tested by a given machine is determined accuracy specifications for this test.
by the machine's load capacity, and the smallest by the 4. The conical platen design is intended to give
machine's load and distance measuring sensitivity. Tests standardized penetration of softer specimens. When
on specimens smaller than D = 25 mm require particular testing j! confined to hard rocks and small iless than
precautions to ensure that the measuring sensitivity is 2 mmi icnetrations the conical design is unimportant
sufficient. The range of required test loads should be provided that the tip radius remains at the standard
estimated before testing, from approximate assumed 5 mm. For such testing the platen can be manufactured
strength values, to ensure that the load capacity and by embedding a hard steel or tungsten carbide ball in a
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It is often better to obtain strength values of limited
250 o00 reliability than none at all. For example. rock is often

too broken or slabby to provide specimens of the ideal

200 sizes and shapes. or may be available in limited quan-
tities such as when the test is used to log the strength of

drill core. In core logging applications, the concept of a
00 0 0 sample" has little meaning and tests are often conduc-

0 ] o/ted at an arbitrary depth interval, say one test every I mtla

oot - 0 or 3 m depending on the apparent variability or urn-
a .formity of strength in the core and on the total length
0 C 22 of core to be strength-logged.

50 8. As for all strength tests on rocks. point load
strength varies with the water content of the specimens.

0 2 4 6 a 10 12 ¶4 The variations are particularly pronounced for water
saturations below 25%,. Oven dried specimens. for exam-

t t pie, are usually very much stronger than moist ones. At

Fig. 9 Example of correlation between point load and uniaxial water saturations above 50'0 the strength is less
compressive strength results. influenced by small changes in water content, so that

tests in this water content range are recommended unless
tests on dry rock are specifically required.

softer metal base of any geometry that will ensure that All specimens in a sample should be tested at a similar
only the platen tip is in contact with the rock. and well-defined water content, and one that is appropri-

5. If a quick-retracting ram is used to reduce the delay ate to the project for which the test data are required.
between tests, either the ram return spring force and ram Field testing of chisel-cut samples. not affected by dril-
friction should together be less than about 50% of the ling fluids, offers a method for testing at the in situ water
smallest load to be measured during testing, or an content. If possible, numerical values should be given for
independent load cell rather than an oil pressure gauge both water content and degree of saturation at the time
should be used for load determination. These forces can of testing. The ISRM Suggested Method for Water
be significant when testing weaker and smaller speci- Content Determination should be employed. Whether or
mens. not water content measurements can be made. the

6. If significant platen penetration occurs, the dimen- sample storage conditions and delay between sampling
sion D to be used in calculating point load strength and testing should be reported.
should be the value D' measured at the instant of failure. 9. Some researchers argue in favour of measuring W
which will be smaller than the initial value suggested in as the minimum dimension of the failure surface after
paragraphs 8(d). 9(d) and 10(d). The error in assuming testing rather than of the specimen before failure ithe
D to be its initial value is negligible when the specimen German standard for this test is an example). Point load
is large or strong. The failure value may always be used strengths computed using the two alternative W
as an alternative to the initial value and is preferred if definitions may differ slightly. The minimum specimen
the equipment allows it to be measured (for example by dimension alternative has been adopted in this Suggested
electrical maximum-indicating load and displacement Method mainly because it is quicker and easier to
measurement). When testing specimens that are smaller measure, particularly in the field when fragments of
than 25 mm. such as rock aggregate particles, equipment broken specimens are easily lost.
with electrical readout is usually necessary to obtain the 10. Commonly the shortest dimension of naturally
required measuring accuracy, and should be designed to occurring anisotropic rock lumps is perpendicular to the
record D' at failure. Measurements of W or D made weakness planes.
perpendicular to the line joining the platens are not I1. The size correction factor chart (Fig. 7) is derived
affected and are retained at their original values. The from data on cores tested diametrally and axially and
value of D, for strength calculation can then be found from tests on blocks and irregular lumps. for rocks of
from: various strengths. and gives an averaged factor. Some

rocks do not conform to this behaviour, and size cor-
rection should therefore be considered an approximate

4 method, although sufficient for most practical rock
D= W x D') for other shapes classification applications. When a large number of tests

71 are to be run on the same type of rock it maN be

7. Because this test is intended primarily as a simple advantageous to first perform a series of tests at different
Oind practical one for field classification of rock maten- sizes to obtain a graph of load vs D" as in Fig. 6 If the
iik. the requirements relating to sample size. shape, slope of such a log-log graph is determined as "n '. .e
numbers of tests etc. can when necessary be relaxed to size correction factor is then D, 50)'" \, herc
overcome practical limitations. Such modifications to rn = 2 I - n p. This, can either he calculated directl% o7 a
procedure should however be clearly stated in the report. chart constructed.
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PART II. IN SITU STRENGTH METHODS

C. Determination of In Situ Stress
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DETERMINATION OF IN SITU STRESS BY
THE OVERCORING TECHNIQUE

1. Scope

1.1 The equipment required to perform in situ stress tests using

the U. S. Bureau of Mines' three-component borehole deformation gage is

described.

1.2 The test procedure and method of data reduction are described,

including the theoretical basis and assumptions involved in the

calculations. A section on troubleshooting equipment malfunctions is

included.

1.3 The procedure herein described was taken from the Bureau of
8.1

Mines Information Circular No. 8618 dated 1974 as were many of the

figures. Some modifications based on field experience are incorporated.

This test method can be used from the surface or from underground openings.

Good results can be expected using this technique in massive or competent

rock. Difficulties will be encountered if tests are attempted in fissile

or fractured rock.

2. Test Equipment

2.1 Instrumentation

2.1.1 The three-component borehole deformation gage (BDG) is

shown in Fig. 1. It is designed to measure diametral deformations

during overcoring along three diameters 60 deg apart in a plane perpen-

dicular to the walls of a l-i/2-in.-diameter borehole. The measure-

ments are made along axes referred to as the UI, U2 , and U3 axes.

Accessories required with the gage are special pliers, 0.005- and

0.015-in.-thick brass piston washers, and silicone grease (Fig. 1).

2.1.2 Three Vishay P350A or equal strain indicators are

required. (Alternatively, one indicator with a switching unit may be

used or one unit may be used in conjunction with manual wire changing to

obtain readings from the three axes.) These units have a full range

digital readout limit of 40,000 indicator units. A calibration factor0
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must be obtained for each axis to relate indicator units to microinches

deflection. The calibration factor for each axis will change propor-

tionally with the gage factor used. Normally, a gage factor of 0.40

gives a good balance between range and sensitivity. Figure 2 shows a

strain indicator, calibration jig, and a switching unit.

2.1.3 The shielded eight-wire conductor cable transmits the

strain measurements from the gage to the strain indicators. The length

of cable required is the depth to the test position from the surface

plus about 30 ft to reach the strain indicators.

2.1.4 The orientation and placement tools consist of:

(a) The placement tool or "J slot" shown in Fig. 3.

(b) Placement rod extensions as shown in Fig. 3.

(c) The orientation tool or "T handle," also shown in

Fig. 3.

(d) The scribing tool is used to orient the core for

later biaxial testing. It consists of a bullet-shaped stainless steel

head attached to a 3-ft rod extension. Projecting perpendicular from

the stainless steel head is a diamond stud. The stud is adjusted out-

ward until a snuý: fit is achieved in the EX hole so that a line is

scratched along the borehole wall as the scribing tool is pushed in.

(e) The Pajari alignment device is inserted into the

hole to determine the inclination. It consists of a floating compass

and an automatic locking device which locks the compass in position

before retrieving it.

2.1.5 The calibration jig (Fig. 2) is used to calibrate the

BDG before and after each test.

2.1.6 The biaxial chamber is used to determine Young's Modulus

of the retrieved rock core. A schematic of the apparatus is shown in

Fig. 4.8.2
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Scale. inches

Fig. 1. Special pliers, the Bureau of Mines' three-component borehole gage,
a piston, disassembled piston and washer, and a transducer with nut.

Fig. 2. The calibration device (left side) and a
switching unit (right side).
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Fig. 3. Placement and retrieval tool.
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2.2 Drilling Equipment

2.2.1 A drill with a chuck speed ranging down to 50 rpm should

be used. Achievement of this lower end speed will usually require a

gear reduction.

2.2.2 An EWX single-tube core barrel, 2 ft long, is required

(Fig. 5).

2.2.3 An EX diamond bit is required (Fig. 5).

2.2.4 A reamer is used with the EX bit for the 1-1/2-in.-

diameter pilot gage hole (Fig. 5).

2.2.5 Two stabilizers are required. One should be 5-1/2 in.

OD by 4 in. long and one should be 2-3/4 in. OD by 4 in. long. Each

should have an inner concentric hole slightly larger than the OD of AX

casing. Grooves should be cut into the stabilizers to allow water to

pass through. The stabilizers are slipped over opposite ends of a 6 ft

length of AX flush joint casing and secured with set screws. The

stabilizer can be made from hard plastic stock. This assembly fits

inside the 5-ft-long, 6-in.-diameter core barrel with the larger

stabilizer at the bottom and the smaller stabilizer projecting into the

NW casing. As overcoring proceeds, the stabilizer assembly is pushed

upward into the NW casing.

2.2.6 An EWX rod stabilizer should be made that will slide

over th.: EWX rod and fit inside the NW casing to align the EX bit with

the hol in the center of the stabilizer in the 6-in. core barrel. Cut

grooves along the outer edges of the stabilizer to allow water to flow

througL.

2.2.7 EW drill rods are used with the EX bit. The required

length -s dependent on the test depth.

2.2.8 NW casing is used with the 6-in. core barrel and bit.

The required length will depend on test depth. An adapLer is required

to couple the NW casing to the 6-in. core barrel.



RTH 341-80

2.2.9 A water swivel (Fig. 6) is required with a 1/2-in, hole

for the conductor cable to pass through and a plug is required to fit

the hole when the gage is not being used.

2.2.10 A 6-in.-diameter starter barrel 1 ft long with a

detachable l-l/2-in.-diameter pilot shaft in the center (Fig. 7) is

required. The pilot shaft should extend about 5 in. beyond the diamonds

of the starter barrel. This barrel is used to center the 6-in.-diameter

hole over an initial 1-i/2-in.-diameter hole at the face. The barrel

and pilot shaft are not needed for vertical or near vertical holes.

2.2.11 An EW core barrel to replace the pilot shaft should be

cut to extend I in. beyond the starter barrel. When the bit and reamer

are attached, the unit is used to drill a l-I/2-in.-diameter starter

hole 4 in. deep at the end of a 6-in. horizontal hole. This piece of

equipment is not needed in vertical holes.

2.2.12 A standard 6-in. diamond drill bit or a 6-in. thin wall

masonry bit is used for overcoring.

2.2.13 A core breaker, at least 2-1/2 in. wide and hardened,

to fit the EW rod (Fig. 8) is required.

2.2.14 A 6-in. core shovel (Fig. 8) to fit an EW rod is needed

for retrieving core from horizontal holes.

2.2.15 A 6-in. core puller (Fig. 8) approximately 18 in. long

to fit an EW drill rod is sometimes needed for retrieving core from

vertical holes. The core puller is made from a used 6-in. core barrel.

A 5/8-in.-thick steel plate is welded to the end of the barrel with an

EW rod welded In the center. Three l-I/2-in.-diameter holes on 120-deg

centers are drilled into the plate to allow water to pass through. Four

U cuts 90 deg apart are made on the front of the barrel. The rectangu-

lar pieces of metal inside the U cuts are pushed in slightly to grip the

core. This is an optional piece of equipment. Normally, the core can

be retrieved inside the 5-ft barrel.

2.2.16 A 6-In.-diameter core barrel 5 ft long is required.

2.2.17 A high-capacity water pump and hose are required.
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Fi.5. L iz i wt cr prnreamer, and 2-ft Ewx 
core barrel.

Fig. 6. Water swivel with 
solid plug. Plug at right used during 

overcoriflg
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Fig. 7. Six-inch-diameter starter barrel with pilot and expander head
adapted for EW drill rod.

Fig. 3. Core breaker (lower right), core shovel (lower left), and
core puller (center).
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2.2.18 One clothesline pulley is required.

2.3 Miscellaneous Equipment - This field operation requires a good

set of assorted hand tools which should include a soldering iron,

solder and flux, pliers, pipe wrenches, adjustable wrenches, end

wrenches, screwdrivers, allen wrenches, a hammer, electrical tape, a

yardstick and carpenter's rule, chalk, and a stopwatch.

3. Overcoring Test Procedure

3.1 The procedure for determining in situ stress can be divided

into three phases: (a) strain relief measurements in situ, (b) determi-

nation of Young's Modulus of the rock by recompression in a biaxial

chamber, and (c) computation of stress.

3.2 Reliable information on subsurface rock conditions is essential

for good test results. For this reason it is advisable to drill an

exploratory NX size hole within a few feet of the desired test location.

3.3 Horizontal holes should be started 5 deg upward from horizontal

to facilitate removal of water and cuttings. An EX pilot hole is first

drilled about 4 in. into the rock. Attach the 6-in. starter barrel and

pilot shaft and start the 6-in. hole. Remove the starter barrel, attach

the regular 6-in. bit and barrel, and extend the 6-in. hole to within

12 in. of the desired test depth. Proceed to step 3.6.

3.4 When testing in vertical holes, first wash bore through the

overburden and core about 5 ft into bedrock. Case the hole with 8-in.

casing and grout in place.

3.5 Drill a 6-in.-diameter hole to within 12 in. of the desired

test depth. Retrieve the core and go back down the hole with the

stabilizers in place in the core barrel.

3.6 Insert the EX bit and reamer coupled to the 2-ft EX core barrel

and EWX rods with the EWX stabilizer in place. Drill 2 ft of EX hole.

3.7 Retrieve the EX core and inspect. Insert the scribing tool

coupled to the rod extensions. When the scribing tool reaches the

stabilizers, it will have to be shoved through. It will then be at the

top of the EX hole. Attach the orientation handle and orient the scribe
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mark as desired. Shove the scribe straight down the hole. (Note: If

the scribe cannot be pushed down the hole, the diamond stud is pro-

jecting too far; adjust it inward. If the scribe feels loose the stud

must be adjusted to project further.) When the scribe hits the bottom

of the EX hole, slowly pull it back up along the same scribe mark. If

joints or fractures intersect the borehole walls, they can often be

detected by a subtle vibration as the diamond stud crosses them. If

joints or fractures are detected, extend the hole and try again.

3.8 When the EX hole has been scribed, remove the scribing tool.

3.9 The BDG must now be calibrated. It should be calibrated before

and after each test.

3.9.1 Grease all gage pistons with a light coat of silicone

grease and install them in gage.

3.9.2 Place the gage in the calibration jig as shown in

Fig. 2 with the pistons of the U axis visible through the micrometer0 holes of the jig. Tighten the wing nuts.
3.9.3 Install the two micrometer heads and lightly tighten the

set screws.

3.9.4 Set the strain indicators on "Full Bridge", center the

balance knob, and set the gage factor to correspond to the anticipated

in situ range and sensitivity requirements. (If high stress conditions

are anticipated, sensitivity will have to be compromised to gain the

required range.) A lower gage factor results in higher sensitivity.

The gage factor used should be the same for calibration, in situ

testing, and modulus tests.

3.9.5 Wire the gage to the indicators as shown in Fig. 9 or to

a switching and balance unit and one indicator.

3.9.6 Balance the indicator using the "Balance" knob.

3.9.7 Tsrn one micrometer in until the needle of the indicator

just starts to move. The micrometer is now in contact with the piston.

Repeat with the other micrometer.

3.9.8 Rebalance the indicator.
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3.9.9 Record this no load indicator reading for the UI axis.

3.9.10 Turn in each micrometer 0.0160 in. (a total of

0.0320-in. displacement).

3.9.11 Balance the indicator and record the reading and the

deflection.

3.9.12 Wait two minutes to check the combined creep of the two

transducers. Creep should not exceed 20 $ in./in. in two minutes.

3.9.13 Record the new reading.

3.9.14 Back out each micrometer 0.0040 in. (a total of

0.0080 in.).

3.9.15 Balance and record.

3.9.16 Continue this procedure with the same increments until

the initial point on the micrometer is reached. This zero displacement

reading will be the zero displacement reading for the second run.

3.9.17 Repeat steps 3.9.10 through 3.9.16.

3.9.18 Loosen the wing nuts and rotate the gage to align the

pistons of the U2 axis with the micrometer holes.

3.9.19 Retighten the wing nuts.

3.9.20 Repeat steps 3.9.6 through 3.9.17.

3.9.21 Loosen wing nuts and align pistons of U3 axis with

micrometer holes. Repeat the calibration procedure followed for the U1

and U2 axes.

3.9.22 To determine the calibration factor for each axis:

(a) Subtract the zero displacement strain indicator

readings (last reading of each run) from the indicator readings for each

deflection to establish the differences.

(b) Subtract the difference in indicator units at

0.0080-in. deflection from the difference in indicator units at

0.0320-in. reflection.

(c) Divide the difference in deflections (0.0240 in.)

by the corresponding difference in indicator units just calculated to

obtain the calibration factor for that axis.
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(d) Repeat for the second cycle and take the average

as the calibration factor.

(e) The following is an example of the calibration for

one axis, calibrated at a gage factor of 0.40.

CALIBRATION OF AXIS UI

Displacement Indicator Difference
in. Reading P in./ in.

Run 1 0 -693

0.0320 +30,140 Wait 2 minutes

0.0320 30,055 30,535

0.0240 21,920 22,400

0.0160 14,040 14,520

0.0080 6,380 6,860

0 -480 --

Run 2 0 -480 ---

0.0320 +30,034 Wait 2 minutes

0.0320 29,980 30,430

0.0240 21,914 22,364

0.0160 13,975 14,425

0.0080 6,335 6,785

0 -450 --

Calibration Factor K = Displacement
Indicator Units

For Run I, K, W 32,000 - 8,000 24,000 = 1.014
30,535 - 6,860 23,675

- 32,000 - 8,000 .24,000 . 1.015
For Run 2, KI 30,430 - 6,785 23,645

Use K1 W 1.01 Minches per indicator unit

10
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3.10 Remove the BDG from the calibration jig and disconnect the

wires from the strain indicators. Tape the ends of the wires together.

3.11 Thread the conductor cable through the chuck and water swivel

and over the clothesline pulley attached to the top of the derrick if

testing from ground surface. R-onnect the wires to the strain indi-

cators exactly as during calibration.

3.12 Take zero deformation readings for each axis and record on the

Field Data Sheet (Fig. 10) in the row labeled "zero" and in the three

columns labeled U1 , U2 , and U . If just one indicator is being used,

use a switching unit. If a switching unit is not available, the wires

must be changed for each axis. Check each axis by applying slight

finger pressure to opposing pistons and releasing. The balance needle

should deflect, then return to the balanced position. Make sure the

correct axis is connected to the correct strain indicator.

3.13 Engage the orientation pins of the BDG with the placement tool

using a clockwise motion. Secure the conductor cable with the wire

retainer clip on the placement tool. Make sure the orientation pins of

the BDG are aligned with the U1 axis. Push the gage through the

stabilizer tube and about 9 in. into the EX hole. With the gage at test

depth, orient the UI axis along the scribe mark by turning clockwise. If

the BDG feels too loose or too tigh" in the EX hole, it must be removed.

If too tight, remove one washer from one piston of each axis and try

again. If too loose, add one washer to one piston of each axis. To add

or remove washers, pull the piston out with the special pliers, unscrew

the two piston halves with two pairs of special pliers, add or remove

washers, and screw piston halves back together. Be careful not to

damage the 0 ring. Regreas& 0 ring and reinstall piston in gage. Do

this to only one piston in each diametral pair initially. If gage is

still too tight or loose, repeat with remaining pistons.

3.14 With the gage installed at test depth and correctly oriented,

check the bias of the gage on the strain indicators. The bias set on

each component -ul be between 10,000 and 15,000 Indicator units
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Hole No. Date Orientation: UI

Gage No. Calibration Factor U,

Gage factor U2

True Bearing of Hole U3

OE PTH DEFORMATION TIME TEMP.

Gage Hole INDICATOR RAOING Gage Overcore eformton Rck Water EMARKS
(4.) U *TUZ 73 • set Start Read Rack_______

Zero
9" Face Dias

iId

2 I

Pistons, 9"

143"

15

15"

16"

17

18

Note. Next relief would start at IS Inches and go to 36 Inches
and gage would be orientated of a depth of 27 Inches.

Fig. 10. Field data sheet.
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with a gage factor of 0.40 for overcoring strain relief tests. For

recompression tests in the biaxial chamber, the bias should be between

4,000 and 8,000 indicator units with a gage factor of 0.40. With a gage

factor of 1.50, the bias should be between 2300 and 3400 indicator units

for overcoring tests and between 900 and 1800 indicator units for

recompression tests. Care must be taken to avoid overloading the

transducers. Maximum load on any component should not exceed 20,000

indicator units with a gage factor of 0.40 and 4560 units with a gage

factor of 1.50.

3.15 Turn the placement tool counterclockwise approximately 60 deg

to disengage it from the BDG and remove the tool. (When retrieving the

BDG, the tool is lowered onto the orientation pins and turned 60 deg

clockwise.)

3.16 Pull the slack conductor cable through the chuck and over the

clothesline pulley. Avoid excess tension in the cable or the gage may

be pulled out of the EX hole. Tie off the cable and close the drill.

Couple the NW casing to the chuck adaptor.

3.17 Turn on water. Allow approximately 10 minutes for gage,

water, and rock to reach temperature equilibrium. Obtain new zero

readings for each axis.

3.18 With the 6-in. bit resting on the bottom of the hole, tape a

yardstick to the drill stand with the end flush with the bottom of the

truck bed. As overcoring proceeds, check the advance rate by timing the

descent of the yardstick with a stopwatch. Alternatively, the exposed

casing may be marked at 1/2-in. increments to regulate the advance rate.

3.19 Start overcoring at a penetration rate of 1/2 in. per 40

seconds and a chuck speed of 50 rpm. The stopwatch is used to calibrate

the drill to this rate. Each 1/2-in. penetration should be signaled to

the recorder who records the indicator readings for each axis on the

field data sheet. Overcore approximately 12 to 18 in. at this rate. If

the core breaks during overcoring, the needles on the strain indicators

will fluctuate erratically or the cable will twist. If either happens,
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stop overcoring immediately and retrieve the gage and core. If over-

coring is successfully completed, stop the drill and continue to take

periodic readings, with the water still running, until no appreciable

changes in readings are occurring. This may take only a few minutes or

it may take 2 or 3 hours depending an the rock.

3.20 Disconnect the wires from the strain indicators and tape the

end of the cable so the drill can be uncoupled and raised without

applying excess tension to the cable.

3.21 Pull the cable end back through the water swivel and chuck.

3.22 Secure the cable to the placement tool with the retainer clip

and insert the tool over the BDG. When the placement tool engages the

pins on the BDG, turn the tool 60 deg clockwise to secure the BDG. Pull

the BDG and cable out of the hole.

3.23 Remove the core barrel and NW casing.

3.24 Retrieve the core (if it was not brought up inside the barrel)

using the core breaker and core puller (or shovel in horizontal holes).

3.25 Plot the change in indicator units versus inches overcored for

each test as shown in Fig. 11. 82Compare this plot with the plot of an

idealized overcore test (Fig. 12 8.2 ) to determine if the test was

successful.

3.26 Repeat this procedure for each additional test.

4. Procedure for DeterminingYoung's Modulus of Elasticity of the

Rock Core

4.1 The retrieved rock core should be tested in a biaxial chamber

(Fig. 4) as soon as conveniently possible after recovery to determine

the modulus of elasticity.

4.2 Place 'the calibrated BDG in the EX hole in the core at the same

point and orientation where the in situ test was performed (align the U

axis of the BDG with the scribe mark).

4.3 Slide the rubber membrane over the rock core and place in the

biaxial chamber.

4.4 Record initial or zero readings for all axes.
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4.5 Increase hydraulic pressure in increments up to the measured

in situ strain level and unload in identical increments.

4.6 Record deformation readings for each axis at each loading and

unloading increment.

4.7 Repeat steps 4.4 through 4.6 for a second cycle.

4.8 Plot the applied pressure versus diametral deformations for
8.2

each axis as shown in Fig. 13. To calculate the average modulus value,

E, obtain the differences in deflections corresponding to the differ-

ences in applied pressures on the second unloading cycle and use

Equation 5 in the calculations section (see paragraph 6).

4.9 This test procedure requires an intact piece of core at least

10-1/2 in. long.

4.10 Alternatively, the modulus may be obtained by testing the NX

core from the same depth in the nearby exploratory NX hole in uniaxial

compression using standard procedures described in ASTM Standard Method

of Test for Elastic Moduli of Rock Core Specimens in Uniaxial Compres-

sion, ASTM Designation D3148-72. This test method is described in

Section 201-80 of this handbook.

5. Troubleshooting Equipment Malfunctions

5.1 If balance on one or more indicators cannot be achieved.

5.1.1 Check wiring hookup against wiring diagram (Fig. 9).

Make sure all connections are tight.

5.1.2 Check cable connector plug in BDG. Remove screws from

placement end of gage, slide the end off, unscrew the knurled retaining

cap, and check the plug connection. Push in firmly if loose.

5.1.3 Nonbalance may occur when too much tension has been

applied to the conductor cable during gage retrieval. Sometimes in a

vertical hole, cuttings or rock fragments drop into the l-I/2-ir. hole

on top of the gage, making it impossible to hook the placement and

retrieval tool onto the gage pins. A tendency always exists to try to

retrieve the gage by pulling on the cable. Do this only as a last

resort. Instead, snap the core off and bring it up with the gage inside

if overcoring has been successfully completed.
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2000-

HOLE OC-1 (FD-3OT)
1800- TEST #15

DEPTH 154'11-1/2'

1600- Kj-. .03

C-
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AXIS I
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Fig. 13
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5.2 If core breaks during overcoring:

5.2.1 If the indicators suddenly start to fluctuate errat-

ically or the needles indicate maximum deflection, the core has probably

broken. This situation may also be indicated by twisting of the

conductor cable. If this situation occurs, stop the test immediately.

5.2.2 Disconnect the NW casing from the chuck and insert the

retrieval tool, but leave the 6-in. bit on the bottom. If retrieval

tool will slide over BDG pins, retrieve the BDG. If the retrieval tool

will not slide over the pins a piece of rock has probably fallen in on

top of it.

5.2.3 If overcoring has proceeded past the end of the gage,

snap the core off below the gage and bring core and gage up inside the

core barrel. Keep light tension on conductor cable as gage is brought

up. If the core does not come up with the barrel, use the core puller.

5.2.4 If overcoring has not proceeded past the end of the

gage, try gently tugging on the cable to free the BDG. If this fails,

tug sharply on the cable. It will snap off, usually at the connector

plug. Retrieve the cable and resume overcoring several inches past the

gage (Note 3).

NOTE 3-Snapping the cable off is a drastic measure but is a

necessary trade-off to retrieve the gage in working condition. Never

raise the 6-in. bit until you are certain that the bit has overcored

past the gage. Then snap off core and bring the bit, core, and gage up.

5.3 If one or more elements become insensitive on indicators:

5.3.1 If elements become insensitive to deflection of the

pistons or unresponsive to turning of the indicator dial, or the needles

drift, water has probably caused a short at the strain gage connections

or at the cable connector plug.

5.3.2 Remove the pistons with the special pliers and check for

moisture. If moisture is present, dry area thoroughly, check 0 rings

for damage, and replace them if necessary. Apply thin coat of silicone

grease to 0 rings before reinserting pistons.
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5.3.3 Check the cable connector plug by removing the upper

gage case. Unscrew the retaining cap and check for moisture on plug.

Dry plug and surrounding area and grease cable where it passes through

retainer cap and rubber grommet. Reassemble gage.

5.4 If one component does not balance anywhere on the indicator

dial or balances intermittently:

5.4.1 This situation indicates a disconnected wire or a cold

solder joint. Remove the borehole gage case and check all wires and

connections, including the cable connector plug. Solder where needed

and reassemble gage.

5.5 If indicators are sensitive to touch:

5.5.1 If indicator needles deflect when the units are touched,

it is usually a result of prolonged use in a damp environment. Use

plastic or other insulating material underneath the indicators as a

moisture barrier. Store indicators in a dry place when not in use to

allow them to dry out.

6. Calculations

6.1 To determine the secondary principal stress magnitudes and

directions it is usually convenient to assume the rock is a linearly

elastic isotropic material.

6.2 The diametric deflections are obtained for each of the three

axes of measurement by multiplying the indicator reading differences by

the appropriate calibration factor. These values, U1, U2 , and U3 ,

along with the calculated modulus of elasticity, form the basis for

evaluating the maximum and minimum stresses acting in a plane perpen-

dicular to the borehole walls. These stresses are principal stresses

only when the borehole is parallel to the third principal stress, which

is not always the case for vertical boreholes. However, under the

conditions of more or less homogeneous, gently dipping rocks of low

relief, it can be assumed that the third principal stress is vertical

and equal to the overburden stress and that the maximum and minimum

stresses perpendicular to the borehole walls are in fact principal

stresses. For other conditions and different borehole orientations this
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assumption would be invalid, so consideration must be given to the

special features and conditions appropriate to the individual site.
8.3

Fairhurst presents a solution for the state of stress in a

transversely isotropic medium, that is, one for which the elastic

properties are constant in any direction in a given plane but change in

directions that intersect the plane. Fairhurst states that the assump-

tion of elastic isotropy can result in errors in the computed stresses

of as much as 50 percent in cases where the rock is anisotropic or

"transversely isotroic" (typical of rocks such as shale and gneiss).

6.3 The overburden stress, 7v, is equal to the average density of

the overlying material, Y, multiplied by the depth of overburden, H, or

S-YH (1)

6.4 The secondary principal stresses are calculated as shown below,

using equations based on a plane stress analysis of an elastic,

isotropic thick-walled cylinder as discussed by Obert and Duvall.

P [U + U +U + !!ýý(U - U 2) + (U2  U 2 +

(U 3 - u1 ) 21/2J (2)

Q E [U + U + U ) {(Uu 2+ c U 2~

(U 3- U 1)211/2] (3)
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where U1, U29 U3 are measurements of diametral deformations along

three axes 60 deg apart. Deformation is positive for increasing diameter

during overcoring.

P is the maximum normal stress, psi.*C

Q is the minimum normal stress, psi.*C
E is the modulus of elasticity, psi, and d is the "EX" hole

diameter.

6.5 The orientation of the principal stress axis is given by

/3' (u2 - u3 )

ep = 1/2 arc tan 2U1 -U 2 -U 3  (4)

where ep is the angle from the U1 axis (positive in a counterclockwise

direction) to the major principal stress.

UI, U29 U3 are the diametral deformations.

The angle 8p could have two values 90 deg apart. The correct angle can be

determined using the following rules. For a 60 deg rosette (angular

measurements positive in the counterclockwise direction and all angles

measured from U1 to P ):

6.5.1 If U2 _"U3, 8 lies between 00 and +900 or -90° and -180O.

6.5.2 If U2 <U3, 3 p lies between 0 and -900.

6.5.3 If U2 = U3, and if: (a) U1 > U2 - U3 , 8p -00

(b) U1 < U2 - U3, = - ±900.

6.6 The modulus of elasticity is calculated using the biaxial test

results in the equation

E (4ab2) (APi)_
Ei = b2 2(5

S- a ) AUi

* Positive values of P and Q indicate compressive stresses.
c c
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where E is the modulus of elasticity, psi

a is the diameter of the "EX" hole, inches

b is the radius of the core, inches

APi is the change in applied pressure, psi

AUi is the diametral deformation, in inches corresponding to the

change in applied pressure

i is the direction of the axis

7. Reporting Results

7.1 The report shall include:

7.1.1 A description of the test site, including a general area

map, characteristic features, and the type and depth of rock at which

tests were performed.

7.1.2 The test procedure and apparatus used in the field

should be described, including any innovations in procedure or apparatus.

The assumptions and equations used in calculating stresses should be

* presented.

7.1.3 For each test the sample should be described, including

depth and rock type and description of joints present. Young's Modulus

should be tabulated and a plot of the biaxial test should be presented,

as in Fig. 13, along with a plot of the overcoring test results, as in

Fig. 11. Calibration factors should be tabulated for each test. The

maximum and minimum secondary principal stresses and the orientation

should be tabula:ed for each test.

7.1.4 Any difficulties or unusual circumstances encountered

should be noted.
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SUGGESTED METHOD FOR DETERMINING STRESS

BY OVERCORING A PROTOELASTIC INCLUSION

Scope

1. (a) This test determines in situ stress by sensing strain transmit-

ted during overcoring from the rock to a stiff inclusion coupled in a drill
I

hole. The translation of strain to stress is accomplished by calibration of

the inclusion at known stresses. The hard inclusion is sometimes described as

a stressmeter.

(b) Maximum and minimum stresses are measured in the plane normal to

the drill hole axis. At least three tests in separate drill holes will gener-

ally be needed to estimate directions and magnitudes of principal stresses.

(c) The method is relatively inexpensive.

(d) Rock anisotropy and fine dependent deformations complicate

interpretation, and may lead to serious errors if ignored.

(e) Another overcoring method measures strain of the drillhole rather

than the response of a hard inclusion, See RTH-341.

Apparatus

2. Equipment for drilling a 3-in. emplacement hole in any direction. 2

3. Equipment for overcoring in any direction at the diameter of 9-in.

Included is an axial stabilizer or other device for maintaining concentricity

with the smaller center hole.

4. Optical transducer assembly (Figure 1) consisting of:

(a) Hard disk inclusion of glass or other photoelastic material,

with axial hole.

(b) Waterproof light source positioned beyond the inclusion, powered

by an outside source. Leads from the outside source pass axially through the

inclusion.

(c) Means of mechanically or chemically bonding the inclusion to the. hole wall.
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(d) Analyzing and polarizing plates supplemented with telescope for

distant viewing.

5. Tools for positioning and wedging or bonding the inclusion.

6. Calibrating equipment consisting of:

(a) Block of material having modulus like rock of interest and con-

taining a 3-in. hole.

(b) Loading machine and recorder.

Procedure

7. Preparation

(a) The inclusion is calibrated by mounting the complete assembly in

the test block and subjecting the block to known loads. Calibration curves

are prepared (Figure 2).

(b) The site is selected emphasizing hard, homogeneous rock with no

fractures in the volume to be overcored.

(c) If testing will be below the water table, the test volume should

be dewatered and kept dry during testing. 3

(d) The 3-in. hole should be cored to the full depth for all testing

and the core should be logged and inspected to confirm suitability of the test

intervals.

(e) The optical transducer assembly is emplaced in the 3-in. hole

and the hard inclusion is bonded to the side wall. There should be at least

9-in. of open hole between collar and inclusion and inclusion and far end.

8. Testing:

(a) The assembly is checked, a pretest observation of birefringence

is made and documented, and lead lines are temporarily disconnected from the

outside.

(b) The 9-in. overcore hole is drilled precisely along the same axis

to a depth 9-in. beyond the hard inclusion. The drill is withdrawn.

(c) Lead lines are reconnected.
5

(d) Birefringence is observed (Figure 3 and 4) and is recorded pho-

tographically and/or by accurate drawing. A vertical reference should be

established. Retrievable portions of the assembly are withdrawn.

(e) The Inclusion and polarizing plate are usually not retrieved.
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(f) Where another test is needed at greater depth, the overcored

rock stub is broken and removed to reopen the 3-in. hole.

Calculations

9. The glass inclusion with hole along its axis forms a biaxial gage

displaying birefringence patterns which identify strain in the glass and, by

calibration, stress in the rock. The following characteristics are diagnostic

(Figures 3 and 4):

(a) The axes of symmetry of the signal identify the principal stress

directions.

(b) The direction in which the signal moves with increase of stress,

and the presence of isotropic points in biaxial fields, identifies the major

principal stress direction.

(c) The fringe order at a selected point of reference on the pattern

is measured to give the major principal stress directly in terms of a calibra-

tion factor for any particular principal stress ratio (Figure 1).

(d) The ratio between major and minor principal stresses is indi-

cated approximately by the shape of the signal and precisely by the measured

distance between two isotropic points on the major axis.

(e) The manner in which the optical pattern changes, when the ana-

lyzer of the polariscope is operated in the process of taking the measurement,

Identifies whether the measured stress is tensile or compressive.

10. Calculations based on elastic theory are unnecessarv in following the

procedure presented in paragraph 9. However, the calibration must be well

founded in theory. Fortunately, the effects are similar for all materials of

great stiffness and even metal may be substituted for site rock during

calibration.

Reporting

11. The report should include the following:

(a) Position and orientation of test.

(b) Logs and other jeological descriptions of rock near tho test.

r;eolopical structure and elastic properties are particularly impnrrait.

(c) Record of test activities.
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(d) Accurate drawings or photographs of birefringence patterns

including that prior to overcoring.

(e) Biaxial stresses indicated from calibration curves.

(f) Description of calibration investigations and resultant curves.

Where several inclusions are calibrated at once, a reference to description

elsewhere may be sufficient.

Notes

The stress induced in a stiff inclusion will be about 1.5 times the com-

parable stress in the host rock provided the elastic modulus of the inclusion

exceeds that of host by a factor of 5 or more (Roberts 1968).
2 Diamond core drilling is recommended for obtaining the necessary close

tolerance between wall and inclusion.
3 The test is most commonly conducted in tunnel walls where water is usu-

ally not a major problem.
4The 9-in. hole is sometime started first and advanced beyond any dis-

* turbed zone along the excavated surface.
5 1f the light is retrievable, it is withdrawn temporarily for overcoring.

References
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SUGGESTED METHOD FOR DETERMINING

ROCK MASS DEFORMABILITY USING A
PRESSURE CHAMBER

Scope

I. (a) This test determines the deformability of a rock mass by subjecting the

cylindrical wall of a tunnel or chamber to hydraulic pressure and measuring the resultant

rock displacements. Elastic or deformation moduli are calculated in turn.

(b) The test loads a large volume of rock so that the results mey be used to

represent the true properties of the rock mass, taking into account the influence of joints

and fissures. The anisotropic deformability of the rock can also be measured.

(c) The results are usually employed in the design of dam foundations and for the

proportioning of pressure shaft and tunnel linings.

(d) Two other methods are available for tunnel-scale deformability. See RTH-366

and RTH-367 to compare details. Potentially large impacts, especially in terms of cost,

of variations at this scale justify the separation of methods.

(e) This method reflects practice described in the references listed at the end.

Apparatus

2. Equipment for excavating and lining the test chamber including:

(a) Drilling and blasting materials or mechanical excavation equipment. l*

(b) Materials and equipment for lining the tunnel with concrete or flexible

membrane.

3. A reaction block (Figure I) usually comprising a tunnel bulkhead of sufficient

strength and rigidity to resist the force applied by the pressurizing fluid. The bulkhead

must also be waterproof. Reusable bulkheads are possible where several sites are to be

investigated.

4. Loading equipment to apply the hydraulic pressure to the inner face of the

lining including:

NtlNumbers refer to NOTES at end of the text.
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(a) A hydraulic pump -apable of applying the required pressure and of holding this

pressure constant within 5% over a period of at least 24 hr. together with all necessary

hoses, connectors and fluid. 2

(b) Water seals to contain the pressurized water behind the bulkhead and along any
vulnerable seams and boundaries of the membrane. Special water seals are a;so required

to allow the passage of extensometer rods through the lining and instrumentation lines

thro.ugh the bulkhead. Pressurized water should not be allowed to escape into the rock

since this may greatly affect the test results.

5. Load measuring equipment comprising one or more hydraulic pressure gages or

transducers of suitable range and capable of measuring the applierd pressure with an

accuracy better than ±2%',

6. (a) Displacement measuring equipment to monitor rock movements radial to

the tunnel with a precision better than 0.01 mm. Equipment may be extensometers,

vibrating wire deflectomneters, joint meters, or multipurpose strain meters. Changes in

tunnel diameter have been measured with spring-loaaed invar wires using LVDT's to

sense. All measuring systems must be waterproof and designed to stand the pressure to

which they are to be subjected.

Procedure

7. Preparation

(a) The test chamber location is selected taking into account the rock conditions,

particularly the orientation of the rock fabric elements such as joints, bedding, and

foliation in relation to the orientation of the proposed tunnel or opening for which results

are required.

(b) The test chamber is excavated to the required dimensions. 1,3 Where possible,

the dead end of the tunnel serves as one end of the test chamber, thus eliminating the

need for a second bulkhead.

(c) The geology of the chamber is recorded and specimens taken for index testing

as required.

(d) Extensorneter holes are accurately marked and drilleu, ensuring no inter-

ference between loading and measuring systems. Directions of measurement should be

chosen with regard to the rock fabric and any other anisotropy.

(e) The bulkhead is installed.
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(f) The chamber is lined with flexible, impermeable membrane. To protect this

lining from sharp irregularities, the wallrock is first covered with thin reinforced

concrete walling, gypsum board, or plaster. Rubber membrane may be stapled and

vacuumed into place and the whole sprayed with rubber.

(g) Measuring equipment is installed and the equipment is checked. For multiple

position extensometers the deepest anchor may be used as a reference provided it is

situated at least 2 chamber diameters from the lining. Alternatively the measurements

may be related to a rigid reference beam passing along the axis of the chamber and

anchored of not less than I chamber diameter from either end of the chamber.

(h) Check water seals for leakage, if necessary by filling and pressurizing the

chamber. Leaks are manifested as anomalous pressure decay and visible seepage through

the bulkhead.

8. Testing

(a) The test is carried out in at least three loading and unloading cycles, a higher

maximum pressure being applied at each cycle. 2

(b) For each cycle the pressure is increased at an average rate of 0.05 MPaonin to

the maximum for the cycle, taking not less than 3 intermediate sets of load-displacement

readings in order to define a set of pressure-displacement curves.

(c) On reaching the maximum pressure for the cycle the pressure is held constant
±2% of maximurn test pressure) recording displacements as a function of time until

approximately 80% of the estimated long-term displacement has been recorded. Each

cycle is completed by reducing the pressure to near-zero at the same average rate,

taking a further three sets of pressure-displacement readings.

(d) For the final cycle the maximum pressure is held constant until no further

displacements are observed. The cycle is completed by unloading in stages taking

readings of pressure and corresponding displacements.

(e) The test equipment is then dismantled. 3

Calculations

9. (a) The value of E is calculated from

E =U) (I + v)
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where:

E = modulus of elasticity,

Pi= internal pressure,

a = radius to rock face - assuming circular chamber,

r = radius to point here deflection is measured,

Ur = change in radius due to pressure, and

v = Poisson's ratio

and rock is regarded as linearly elastic.

(b) Where only surface deflections are measured, the equation is reduced to:

pia

E=-.---- (I +v)

Reporting

10. The report should include the following:

(a) Drawings, photographs, and detailed description of the test equipment,

chamber preparation, lining, and testing.

(b) Geological plans and section of the test chamber showing features that may

affect the test results.

(c) Tabulated test observations together with graphs of displacement versus

applied pressure and displacement versus time at constant pressure for each of the

displacement measuring locations.

(d) Transverse section of the test chamber showing the total and plastic dis-

placements rcsulting from the maximum pressure. The orientations of significant

geological fabrics should be shown on this figure for comparison with any anisotropy of

test results. Calculated moduli should be shown also.
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NOTES

I The recommended diameter is 2 m., with a loaded length about 5 m. The chamber

should be excavated with as little disturbance as possible. Material disturbed by blasting

may need to be removed since it tends to produce moduli lower than found at depth.

However, blast effects are representative if the test results are applied directly as a
"model" test to the case of a blasted full-scale tunnel.

2 Maximum test pressure varies from 1.5 to 4.0 MPa.
3 TO assess the effectiveness of grouting, a second, adjacent chamber may be

prepared. Grouting is carried out after completion of testing in the ungrouted chamber,

and the equipment is then transferred to the grout chamber.
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PRESSUREMETER TESTS IN SOFT ROCK

1. Scope

The pressuremeter test consists of lowering an inflatable cylindrical

probe into a predrilled borehole, expanding the probe laterally against

the borehole wall, and recording the increase in size of the probe and

associated pressure within the probe. This method covers the procedure

for testing in soft rocks.

2. Principle of the Method

The pressuremeter probe is placed in the ground by lowering it into

a predrilled hole. Once the probe is placed at the desired depth, the

pressure in the probe is increased in equal increments and the associated

increase on probe volume is recorded. The test is terminated if yielding

in the rock becomes large. This procedure is repeated at the desired

depth intervals but not closer than the length of the probe to the

previously tested zone. A pressure-volume curve is plotted and a pres-

suremeter modulus is calculated.

3. Apparatus

3.1 The pressuremeter consists of two basic components: the probe

and the pressure regulator-volumeter. Various sizes of probes are avail-

able to accommodate different borehole diameters. The probe consists of

a light, flexible inner sheath and heavy, durable outer sheath, as shown

schematically in Fig. 1. The inner sheath is pressurized with a liquid

(water) through ports in the brass cylinder. The outer sheath is pres-

surized with a gas (normally dry nitrogen) through ports at each end of

the cylinder. During testing, the outer sheath is kept at a pressure

slightly less than that within the inner sheath. Normally, a pressure

differential of 30 to 45 psi is maintained between sheaths since dif-

ferences greater than 45 psi could possibly cause a rupture of the inner

0



RTH 362- 89

sheath. The bursting strength of the outer sheath depends on the deformability

of the material being tested, but pressures in the range of 1000 to 1500 psi can

often be obtained unless the surrounding medium has deformed excessively.

3.2 The purpose of the double-sheath arrangement is to simulate plane

strain conditions. All volume change measurements are made within the inner

sheath, although pressure is distributed along the entire length of the outer

sheath; thus, end effects are greatly reduced.

3.3 The probe pressure is controlled by the pressure regulator-volumeter.

The change of volume of the probe caused by the applied probe pressure is also

monitored by this device. The probe is connected to the pressure

regulator-volumeter by means of a coaxial tube, the inner tube being filled with

liquid and the outer tube with gas.

4. Calibration

4.1 The probe must be calibrated to correct for its compressibility and

inertia (Fig. 2). The compressibility of the sheaths, the fluid, and the co-

axial tubing is determined by placing the probe into a rigid container, such as

a pipe, and measuring the pressure-volumeter relationship. During a field test,

the volume increase caused by the compressibility (V p) of the probe system is

deducted from that recorded by the volumeter at the corresponding field test

pressure.

4.2 The inertia of the system is determined by inflating the instrument

with no confining pressure and again determining the pressure-volume relation-

ship. The pressure (P p) required to inflate the probe to a given volume under

no confinement can then be deducted from the (field) recorded pressure (plus

pressure due to the head of water), which results in the true pressure exerted

on the borehole wall during a field test.

4.3 Corrections for temperature changes and head losses due to circulating

fluid are usually small and may he disregarded in routine tests.
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4.4 Hydrostatic pressure (P.) existing in the probe due to the column of

fluid in the testing equipment must be determined before each test. This is

accomplished by measuring the test depth (H) and multiplying the unit weight of

the test fluid by the distance from the probe to the pressure gauge. This

pressure must be added to the pressure readings obtained on the readout device.

5. Procedure

5.1 Drilling of the borehole must be performed in such a manner as to

cause the least possible disturbance to the walls of the borehole and produce an

adequate hole diameter for testing. The hole is advanced to the test level and

cleaned of any debris or cuttings.

5.2 With the probe still at the surface, the fluid circuit valve open, and

without applying pressure, an accurate setting of the zero volume reading (Vo)

is accomplished by adjusting the water level in the instrument to zero. The

volume circuit is then closed to prevent any further change in the volume of the

measuring circuit. The probe is lowered to the test depth in this condition.

Failure to close the valve will result in probe expansion as it is lowered into

the hole. The test depth is determined as the depth to the midpoint of the

probe.

5.3 Once the probe is positioned, the volume circuit is opened and the

probe allowed to equalize under the hydrostatic head. Since the probe and inner

coaxial tube are initially water-filled, a pressure equal to the head of water

is exerted on the borehole walls at the beginning of each test. During loading,

the pressure is increased in approximately 30-psi increments by controlling the

pressure regulator valve. Volume measurements are recorded at lapsed times of

15, 30, and 60 sec after each pressure increase. The 60-sec readings are used

for the modulus calculations. Typically, relatively large volume changes occur

at low pressures as the probe is seated against the borehole wall; thus, the

test usually indicates hardening response until the seating pressure p0 is

reached (Fig. 3). This is followed by an essentially linear response range up
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to some pressure pe" Above pe, the curve again becomes nonlinear, but

softening, as the material around the borehole begins to fail.

5.4 Once the maximum loading has been reached, or upon reaching the maxi-

mum expanded volume of the probe, the test is terminated; the probe is deflated

to its original volume and withdrawn or repositioned in the hole at the next

test depth. Cyclic testing may be performed when required by alternately in-

flating and deflating the probe.

6. Calculation

6.1 Calculate the pressure transmitted to the rock by the probe from the

pressure readings as follows:

P "P + P7 - Pp

where P - pressure exerted by the probe on the rock (psi)

Pg pressure reading on control unit (psi) 0

P hydrostatic pressure between control unit and

probe (psi)

P = pressure correction due to inertia of in-P
strument (psi)

For determination of P see paragraph 4.2. The pressure P7 shall be the hydro-P

static pressure as follows:

P -H x 7 t

where

H - vertical distance from probe to pressure gauge (ft)

-= unit weight of measuring fluid in instrument

(lb/ft )

0



RTH 362-89

6.2 Calculate the increase in volume of the probe from the volume

readings. The corrected increase in volume of the probe is calculated as

follows:

V -VR - VP

V Corrected volume increase of probe (cm3)

VR - Volume reading on readout device (cm 3

V - Volume correction (cm 3)

The volume correction, Vp, shall be determined as outlined in paragraph 4.1.

6.3 Plot the pressure-volume increase curve by entering the corrected

volume of the ordinate and the corrected pressure on the abscissa. Connect the

points by a smooth curve. This curve is the corrected pressuremeter test curve

and is used in the determination of the test results (Fig. 3).

7. Modulus Interpretations

If it is assumed that the material surrounding the pressuremeter probe be-

haves in a linear elastic manner and that the theory of thick-walled cylinders

is applicable, then the applied internal pressure increment p and tangential

and radial stress increments Aa and A r, respectively, are related by

- ace0 &or - Ap

for compression positive. The volumetric strain Av/v of a unit length of the

borehole probe may be related to the radial strain e in the material byr

Av w(r + Ar)2 - wr 22r -2r
2V ur r

0



RTH 362- 89

where v is the average total volume per unit length of the deformed borehole. 0
From Hooke's law

1
£ n(a - vo)S" - r - 6
E r

where v is Poisson's ratio and E is Young's modulus. Thus

E Mý- 2(1 +v)
A V

or

GE yAp
2 (0 +v Av

The above equations may be used to interpret the Young's modulus, E, from the

pressuremeter tests only if Poisson's ratio is independently determined or

assumed. The last equation indicates that the pressuremeter results can be used

as a direct measure of shear modulus, G.

8. Limitations

The accuracy of the pressuremeter test is dependent in part upon the

stiffness of the material being tested. For stiffer materials, the deter-

mination of the instrument compressibility (e.g., apparent change in volume per

unit pressure when the probe is completely restrained from external volume

change) is important since an increasing proportion of the measured volume

response results from the instrument and not the material. The effect of any

uncertainties in the instrument stiffness SI of the pressuremeter (SI is the

reciprocal of the compressibility) on the predicted shear modulus is shown on

Fig. 4. As seen in the figure, shear modulus calculations for materials in

which the ratio of the instrument stiffness to shear modulus (S I/G) is small

will be less accurate than when the ratio is large, if the instrument compres-

sibility at the time of the test is not accurately known.

9. Report

For each pressuremeter test a data form similar to Fig 5 shall be used.
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SITE DATE BORING NO. DEPTH OPERATOR PACE

PROBE SIZE & TYPE REMARKS

TIME LOAD VOLUME - CMJ CREEP DIFF REMARKS
PSI 15 30 _ _ (30-60) (60 SEC)

SEC SEC SEC qKr

FiF 5: Data Sheeý
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SUGGESTED METHOD FR DETERMINING

ROCI, MASS DEFORMABILITY USING A

HYDRAULIC DRILLHOLE DILATOMETER

Scope

I. (a) This test determines the deformability of a rock mass by subjecting a

section of drillhole to hydraulic pressure and measuring the resultant wall dis-

placements. I Elastic moduli and deformation moduli are calculated in turn.

(b) The results are employed in design of foundations and underground

construction.

(c) The dilatometer is self-contained and tests are relatively inexpensive

compared to similar tests at a larger scale. 2 Also, the wall is damaged only minimally by

the drilling of the hole and usually remains cepresentative of the undisturbed rock

condition. These advantages, however, come at a sacrifice of representation of the

effects of joints and fissures which are usually spaced too widely to be fully represented

in the loaded volume around the drillhole.

(d) This method reflects practice described in the references at the end.

(e) Another type of dilatometer for drillholes transmits pressure to the rock

through mechanical jacks: See RTH-368.

Apparatus

2. Drilling equipment to develop access hole in a given orientation without

disturbing the wallrock. 3

3. A drillhole dilatometer similar to that in Figure I, which consists of:

(a) stainless steel cylinder

(b) Rubber (neoprene) jacket surrounding the steel cylinder and sealed at both ends

to confine pressurized fluid between the jacket and the steel cylinder

(c) Two end plugs containing pipes, electric wires, and relief valves.

(d) Linear differential transformers oriented along different diameters of the

drillhole (commonly four at 45-degree sectors). Deflections as large as 5 mm are

imeasured, commonly with accuracy of about 0.001 mm.

4. Hydraulic pump capable of applying the required pressure and of holding this
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Figure I. E_-xample hydraulic drillhole dilitometer.
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pressure constant within 5% for a period of at least 2 hr. together with all necessary

hoses, connectors, and fluid.

5. Hydraulic pressure gages or transducers of suitable range and capable of

measuring the applied pressure with accuracy better than 2%.

Procedure

6. Preparation

(a) The positions for testing are planned with due regard to the location of drilling

station and the rock conditions to be investigated. The effects of geological structure

and fabric are particularly important.

(b) The hole is drilled and logged. The log is studied for possible modifications in

positions for testing. Multiple testing positions in one hole should be separated by at

least 0.5 m.

(c) The dilatometer is assembled and inserted into the hole, commonly using an

attachable pole to position and rotate and taking special care with trailing lines.

(d) The rods of the linear differential transformers are seated against the wall.

7. Testing

(a) The dilatometer is pressurized in increased stages, with pressure released

between stages. Typically, the stage pressures are 25, 50, 75, and 100 percent of the

planned maximum of the complete test.4

(b) Pressure is increased at a rate of 0.5 MPa/min. or less.

(c) On reaching the planned pressure for the stage, the pressure is held constant

for at least I min. to detect and define nonelastic deformation. Each stage is completed

by releasing pressure at a prescribed rate up to 0.5 MPa/min.

(d) The test history is documented with no less than four sets of measurements

during pressure increase and two during pressure decrease. Supplementary notes are

necessary to describe any complexities not otherwise revealed (such as nonelastic

deformation).

(e) The pressure is released and fluid withdrawn. The rods of the linear

differential transformers are retracted away from the wall and the dilatometer is

removed from the hole.0
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Calculations

8. For presumed quasi elastic conditions, an elastic modulus is calculated from

E- ' a 0+•

Ur

where

p = fluid pressure

a = hole radius

Ur = change in radius

v = Poisson's ratio

Where permanent deformation (nonelastic) occurs also, that portion of Ur should be

excluded from the equation.

Reporting

9. The report should include for each test or all tests together the following:

(a) Position and orientation of the test, presented numerically, graphically, or

both ways.

(b) Logs and other geological descriptions of rock near the test. The structural

details are particularly important.

(c) Tabulated test observations together with graphs of displacement versus

applied pressure and displacement versus time at constant pressure for each of the
displacement measuring devices (e.g. linear differential transformers).

(d) Transverse section of hole showing the displacements resulting from the

pressure in all orientations tested. Calculated moduli are indicated also.
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Notes

In very deformable rocks, the diametral strain can also be determined indirectly

from changes in volume of pressurizing fluid. See RTH-362 for that procedure.
2 See RTH-361, -366, and -367 for similar test at tunnel scale.
3 Diamond core drilling is recommended for obtaining the necessary close tolerance

when using dilatometer only slightly smaller than the hole and displacement measuring

devices with very limited stroke.
4 Typically, the maximum pressure is about IS MPa.

References

Lama, R. D., and Vutukuri, V. S., Handbook on Mechanical Properties of Rock, Vol.111.
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Stagg, K. G., "In Situ Tests on the Rock Mass," in Rock Mechanics in Engineering
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SUGGESTED

METHOD FOR DETERMINING ROCK MASS

DEFORMABILITY

BY LOADING A RECESSED CIRCULAR PLATE

Scope

I. (a) This test determines the deformability characteristics of a rock mass by

loading a flat surface at the end of a drill hole or other recess and measuring the

resultant displacement of that surface. Elastic or deformation moduli are calculated as

well as time dependent (creep) properties.

(b) Several depth horizons may be tesied from the some setup using a large-

diameter drill to advance between tests. The direction of loading necessarily coincides

with the drill hole axis, usually near-vertical, so that no information can be obtained

regarding rock anisotropy.

(c) Plate bearing tests are commonly used to provide information for the design of

foundations.

(d) This method is a modification of practice suggested by the International

Society for Rock Mechanics. See Reference. That previous version provides details not

included here.

(e) Another method, differing in the loading system, is available for comparison

and consideration in RTH-365.

Apparatus

2. Equipment for drilling, cleaning, and preparing a test hole at least 500 mmI*

in diameter. The hole may need casing. A reamer and other special tools are useful in

flattening the bearing surface ( 5 mm) perpendicular to the hole axis C ± 30) and for

removing water and debris.

3. Core drill for taking samples to at least 3 m below the bearing surface, the

diameter to be less than 10% that of the bearing plate.

* *Numbers refer to NOTES at the end of the text.
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4. Circular bearing plate of diameter at least 500 mm and sufficiently rigid to

distort by not more than I mm under the test conditions (Figures I and 2)2.

5. Hollow loading column to transmit the applied force centrally to the test plate

without detrimental buckling.

6. Hydraulic jack and reaction anchors such that:

(a) Loads can be varied throughout the required range and can be held constant to

within 2% of a selected value for a period of at least 24 hr.

(b) The travel of the jack is greater than the sum of anticipated displacements of

the plate and reaction beam.

Wc) Reaction anchors are located further than 10 test hole diameters from the

bearing plate.

7. Equipment (load cell or proving ring) to measure the applied load with an

accuracy better than ± 2% of the maximum reached in the test.

8. Equipment to measure axial displacement of the plate 3 with accuracy better

than 0.05 mm. The reference anchors should be at least 10 test hold diameters from the

loading plate and reaction anchors.

Procedure

9. Preparation

(a) The site is selected to allow testing at the actual foundation level with loading

in the direction of foundation loading. Alternatively rock considered typical of antici-

pated conditions may be tested. Attention should be given to locations for reaction and

reference anchors and to ground water and other influential conditions.

(b) Test hole and anchor holes are drilled and logged. The test hole is cased if

necessary for stability throughout the test.

(c) Exploratory core is taken to a depth of at least 3 m below the proposed test

horizon, and the choice of horizon confirmed or modified.

(d) Ground water encountered in the test hole should be lowered by pumping from

well points surrounding the test area or otherwise during installation of the bearing

plate.

(e) The bearing surface is trimmed, one or more layers of mortar or plaster are

placed, and the bearing plate installed before the last layer has set. The delay between

excavation of the surface and installation of the plate should not exceed 12 hr. 4
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Figure 2. Details of plate test equipment.



RTH-364- 89

(f) Reaction and reference anchors are installed 10 or more diameters away and

the equipment assembled and checked. A small seating load (approximately 5% of the

maximum test value) is applied and held until the start of testing.

(g) The water table should be allowing 'to return to its normal elevation before the

start of testing.

10. Testing

(a) With the seating load applied, load and displacement should be observed and

recorded over a period not less than 48 hours to establish datum values and to assess

variations due to ambient conditions. 5

(b) Loads and load increments to be applied during the test should be selected to

cover a range 0.3-1.5 qo, where qo is the stress intensity produced by the proposed

structure.
6

(c) Load is increased in not less than five approximately equal increments to a

maximum of approximately 1/3 the maximum for the test. At each increment the load is

held constant ( ±3%) and plate displacement recorded intermittently until it stabilizes.6

The procedure is continued for decreasing load increments until the seating load is again

reached.

(d) Procedure (c) is repeated for maximum cycle loads of approximately 2/3 and

3/3 the maximum for the test.

(e) The equipment is removed from the test hole and further tests may be carried

out on deeper horizons by re-drilling in the same hole.

Calculations

II. (a) Graphs are plotted of incremental settlement (or uplift in the case of

unloading) against the logarithm of time (Figure 3).

(b) Bearing pressure versus settlement curves are plotted for each test (Figure 4).

(c) Deformqtion modulae may be determined using tangents to the pressure-

settlement curves as follows:

E dq D 2l
=-dt- -i D~- ).lc
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where

q is applied pressure

p is settlement

D is plate diameter

v is Poisson's ratio

1c is a depth correction factor from Figure 5

(d) A time-dependent parameter R (known as the creep ratio) is determined for

each load increment. The parameter R is defined as the incremental settlement per

cycle of log time divided by the total overall settlement due to the applied pressure. The

relationship between R and applied pressure may be presented graphically (Figure 6).

Reporting

12. The report should include the following

(a) Diagrams and detailed descriptions of the test equipment and methods used for

drilling, preparation, and testing.

(b) Plans and sections showing the location of tests in relation to the generalized

topography, geology, and ground-water regime.

(c) Detailed logs and descriptions of rock at least 3 m above and below each

tested horizon.

(d) Tabulated test results, graphs of displacement versus time for each load

increment, and graphs of load versus displacement for the test as a whole.

(e) Derived values of deformability parameters, together with details of methods

and assumptions used in their derivation. Variations with depth in the ground should also

be shown graphically as 'deformability profiles' superimposed on the log of the test hole.

Notes

'The test hole should preferably be of sufficient diameter to allow manual

inspection, and preparation of the bearing surface. Otherwise preliminary coring is

needed to provide adequate samples of ground conditions.
2Steel plate unreinforced by webs, should be at least 20 mm thick for a diameter of

500 Mm.
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3 If required, the displacement of rock at any level below the bearing plate ,nay be

monitored, using rods passiny through a hole in the center of the plate and rigi Aly

anchored in the exploratory drillhole.
4 Particularly when testing weaker rocks there will be rebound, loosening, and

possibly swelling associated with excavation of the bearing surface and changes in ground

water conditions.
5 Small fluctuations in displacement are likely to result from changes in the ground

water regime, temperature, and other environmental effects.
6 At higher applied loads the displacement may not completely stabilize in a

reasonable time; a criterion that readings should continue until the rate of displacement

is less than 2% of the incremental displacement per hour may be *,sed. This criterion

may be modified to suit the purpose of the test. The final increment in any one cycle

should be held for as long as practical if the displacement is still increasing.

Reference

International Society of Rock Mechanics, "Suggested Method for Field Deformability

Determination Using a Plate Test Down a Borehole," International Journal c. Rock
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ABSTRACT: The Bureau of Reclamation's present method of conducting
uniaxial jacking tests incorporates the desirable features and techniques
developed over many years of testing. Successful tests yielding usable data
are attributed to thorough pre-test geologic exploration; careful site prepa-
ration;,special drilling and explosive excavation techniques; and well-planned
procedures for installation and removal of specialized equipment. Non-
engineering factors, such as good contractor-test team relationship, also play
a critical role in a successful test program. The process where hydraulic
flatjacks are used to apply desired loads to prepared rock surfaces within a
tunnel is described. Instrumentation to measure resulting displacement is
referenced within the rock mass and is independent of the loading system.
Details of all phases of conducting the tests are presented. In addition, a
discussion is given of some of the problems, solutions, and philosophies
that evolved while tests were being planned or conducted. This discussion
is of value to those conducting in situ jacking tests or those preparing stand-
ards for the tests.

KEY WORDS: rocks, uniaxial tests, geologic investigations, logging (record-
ing), mapping, drilling equipment, instruments, installing, evaluation, tests,
jacking

The Bureau of Reclamation has performed a variety of in situ tests in
recent years. The most frequently utilized, because of economy and
usable data, is the uniaxial jacking test. This test determines how founda-
tion rock reacts to controlled loading and unloading cycles and provides
data on deformation moduli, creep, rebound, and set.

I Engineers and civil engineering technician, Rock Mechanics Section, Division of
General Research. U.S. Dcpartment of the Interior. Bureau of Reclamation, Denver,
Colo. 80225.
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Previously published articles 2,.3 provide a general discussion of the
uniaxial jacking test procedures together with some typical graphs and
explanations of data obtained. In consonance with the purpose of this
symposium, this paper updates that information and explains in more
detail the sequential procedures utilized to accomplish the test.

Test Site Selection

Prior to selecting a test site location, all available surface and subsurface
geologic data are compiled and analyzed. A three-dimensional portrayal
of these data is prepared, either in plotted form or by construction of a
plastic model.

Exploratory tunnels are generally driven into the rock mass to 'her
investigate geologic conditions and to provide access to test site locations.
Ideally, these tunnels are oriented parallel to the horizontal projection of
the resultant thrust that the proposed structure will exert on the founda-
tion. Test adits are driven from the tunnels so that test loads applied to
surfaces of the adit will be oriented in the same direction as loads from
the proposed structure. To provide additional data on possible variations
in properties of the rock mass, test loads may also be applied normal and
parallel to geologic structure. Therefore, sufficient mapping and probe
drilling are performed to delineate the geology in the test adit. After
reviewing all available information, the precise location of a test site is
designated by a team of geologists and engineers who must determine that
the test location is representative of conditions to be found in a significant
portion of the rock mass. In this case, significance is determined by the
relative influence on the deformability of total rock mass. That is, a small
volume of relatively deformable material may be as significant to overall
rock mass deformation as a much larger volume of more competent ma-
terial. In making this evaluation, a number of factors must be considered.
These include: (I) spatial orientation and stress intensity of the loads to
be transmitted to the rock mass by the proposed structure, (2) the various
types of material found in the rock mass and the relative volume and loca-
tion of each, (3) spatial orientation of rock structure, that is, bedding,
foliation, jointing, etc., and its relationship to applied loads from the
structure, and (4) fracture density of the rock mass.

2 Wallace, G. B., Slebir, E. J., and Anderson, F. A. in Determination of the In Situ
Modulus of Deformation of Rock, ASTAf STP 477. American Society for Testing
and Materials, 1970, pp. 3-26.

3 Wallace, G. B., Slebir, E. J., and Anderson. F. A. in Eleventh Symposium on
Rock Mechanics. University of California, Berkeley, Calif., 16-19 June 1969, Ameri-
can Institute of Mining, Metallurgical, and Petroleum Engineers, 1970, pp. 461-498.
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Preparation of the Test Site

After site selection, the area is prepared for testing by removing blast-
damaged material using pneumatic chipping hammers and drills. Although
only a 34.2 in. (87 cm) diameter area of rock is actually loaded during
a test, an area approximately 5 ft (1.52 m) in diameter is prepared to
reduce the restraining influence of the surrounding rock. If the rock can-
not be removed with pneumatic tools and blasting is required, the wire-
lath system, shown schematically in Fig. 1, has proved to be successful.
Four wooden laths are installed in drill holes located approximately
4.5 ft (1.37 m) from the center of the area to be loaded. Wires are strung
from lath to lath forming a square reference plane over the test area.
Percussion-drilled blasting holes, 15/8 in. (4.13 cm) in diameter, are driven
to terminate in a common plane at a predetermined depth parallel to the
wire-lath reference plane. The holes are spaced on 4 to 5 in. (10.16 to
12.7 cm) centers to ensure shearing of rock along a flat plane during
blasting. Starting with the shallowest blasting holes, the test area is exca-
vated in three to five separate shots using either 4 in. (10.16 cm) of 70
percent dynamite tamped at the bottom of each hole or several windings
of detonating cord (18 in.) (44.7 cm) placed at the bottom of each hole
and detonated with electric blasting caps. This procedure produced a test
area with minimum blast damage and minor final cleanup.

Drilling for Instrumentation

After two diametrically opposite test areas have been prepared, a 20-ft
(6.10-m) deep Nx (3-in. (7.6-cm) diameter) hole is drilled into the
center of each area. Care must be exercised to ensure the two holes are
aligned coaxially. This is essential for proper alignment of the test equip-
ment and to allow accurate measurements to be made between the cen-
troids of the loaded surfaces. The upper hole is drilled first to minimize
debris entering the lower hole. After a hole is completed, a special bit
is used to produce a 5-in. (12.7-cm) diameter counterbored recess at the
collar of the hole. This step ensures a good coupling between the rock
and the extensometer installed in the hole to measure deformation. Addi-
tional details are presented in the section on instrument installation.
Figure 2 shows a test area with the instrument hole and counterbored
recess complete.

Maximum core recovery with ensured correct orientation is important
for the geologic and structural evaluation of the test site. To accomplish
these objectives, two procedures are involved.
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FIG. 2-Instrumentation hole with counterbored recess. (Note the termination of
blasting holes on the final rock sur/ace.)

The first procedure utilizes a split tube inner core barrel to obtain better
quality core specimens. This inner barrel keeps the core from rotating
while the outer barrel transfers torque and thrust to the diamond cutting
bit. After a drill run, the split tube barrel is retrieved and placed in a
horizontal position, the end fastening rings are removed, and half of the
split inner tube is replaced by a cardboard split tube. The assembly is then
rotated 180 deg so the cardboard half cylinder is on the bottom supporting
the core. The remaining piece of the inner barrel is then removed.

The second procedure involves the use of a clay pot impression for
orienting recovered core. At the end of a drill run, a special pot made of
drill casing and loading poles is filled with oil base clay, oriented, and
lowered to the bottom of the hole. An impression of the hole bottom is
matched with the next core run.

Logging and Mapping at the Test Site

The core from the two instrumentation holes is locd to determine
rock type, strike and (lip of foliation, bedding and joints, Ahether breaks

0
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(joints) are mechanical or natural, weathering and alteration, plus any
other pertinent features. After the core has been inspected, the drill holes
are logged using a TV borehole camera. Prior to logging, the holes are
washed and, if possible, filled with water to give a clearer picture. Bore-
hole conditions observed during the TV examination are compared with
core logs to verify the frequency, location and magnitude of significant
geologic features. (Note: The Bureau of Reclamation already had the TV
camera and appurtenant equipment for use in other work. A borescope-
type device can be utilized for this phase of the work.) Next the prepared
test areas are measured and mapped, and a geologic cross section through
the test axis is prepared. Finally, the test site location in relation to the
established survey of the tunnel is determined.

Measurement Locations

After comparing TV and rock core logs to verify existing geologic con-
ditions, a composite drill hole log is assembled and used to select locations
for instrumentation. Locations within each hole are selected to receive
mechanically expandable anchors to serve as reference points for displace-
ment measurements. Figure 3 shows some typical anchor locations for
various geologic conditions. Some points are located to indicate strain in
solid rock, others to span joint or fracture systems, and some to span
lithology changes. Results of early tests 2.3 show that most of the signifi-
cant portion of deformation occurs in the first several feet of rock nearest
the applied load. It was also noted that displacement of the loaded surface
is not always symmetrical with respect to the center of the loaded area;
that is, displacement on one side of the center might be greater than on
the other side. These two conditions led to the development of a semi-
standard arrangement of anchor locations. Instead of utilizing seven
anchors, the bottom three anchors have been replaced by a single anchor
located within a few inches of the bottom of the hole and fitted with three
metering rods. The reason for this procedure is presented in the section
on testing. The remaining four anchors are normally located within the
upper half of the drill hole. In general, careful logging of the borehole
allows anchors to be placed in competent rock rather than within unde-
sirable fractured or jointed zones.

Instrumentation Installation

After the anchor depths in each instrument hole are established, a 3-in.
(7.6-cm) diameter stainless steel borehole collar sleeve is inserted into
each hole. The outside flange of the sleeve fits into the counterbored
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recess previously descr;'" -i and is covered with mortar to secure it to the
rock. Figure 4 shows a test area with the sleeve installed. After the
mortar has set, a final inspection is made to ensure that the hole is clear
of all obstructions. At this point, the Retrievable Borehole Extcnsometer
(REX-7P) can be installed. 'Ihe REX-7P is a seven-position extensom-
eter, which, except for lead wires to the readout device, is installkd -rtirelv
within the instrumentation hole. The instrument, developed by the Bureau
of Reclamation, has been granted U.S. Patent No. 3,562,916. Detailed
drawings, installation, and operating instructions are presented in the patent
documents and will be summarized only briefly in this paper.

The instrument consists of anchors installed at depth within the bore-
hole, a sensor head including seven linear variable differential transformers
(LVDT) located at the collar of the borehole, and thin-wall stainless
steel metering rods relating the movement of the anchors to that of the
sensor head. The device has a sensitivity and repeatability of 100 -4- 1in.

(0.00025 cm) and reliably measures rock movement to 200 ± /,in.

FIG. 4-Ins.trunentation hole with horehole collar sh'e e instailbd and cover cap
in place (Note fitting joe tunnel diameter gace at (enter o( r'ovcr ap and eit 10,,
for lead ýiire.s on tipper left of .be "'.

0v
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(0.0005 cm). Each anchor, with its metering rod attached, is installed
by expanding it radially against the drill hole with a placing tool. Each
subsequent anchor is installed at a lesser depth than the previous one and
has holes which allows metering rods from previously set anchors to pass
through. The sensor head containing the LVDT's is attached to the bore-
hole collar sleeve after all anchors and metering rods are in place. After
all LVDT's are set, the lead wires are covered with plastic tubing to protect
them during placement of the concrete bearing pad.

Finally, a cover cap is screwed over the borehole collar sleeve. The
cap contains fittings which serve as reference points for the tunnel diameter
gage which is inserted between the two diametrically opposite REX-7P's to
provide a redundant measurement of total displacement. All measure-
ments with the REX-7P are referenced within the borehole and, therefore,
within the rock mass. This arrangement of referencing all measurements
within the rock mass eliminates the necessity of monitoring the deformation
of various other components of equipment during load applications and
release.

Equipment Installation

The complete setup of the test equipment is shown schematically in
Fig. 5. To handle the various components of equipment, a hoist supported
by steel pins inserted in holes drilled in the vicinity of the test site is used.
A timber platform is used to assure proper alignment of test equipment.
Installation of equipment is greatly facilitated if the platform surface is
accurately located. It should be just far enough away from the center line
axis of the instrumentation holes so that minimal amounts of wedges and
shims are sufficient to align the equipment into final position. This final
placement will ensure that the center line of the test equipment coincides
with the axis of the instrumentation holes. With the platform in place,
wood blocking is positioned against the lower rock test area. The test
equipment is then assembled upward from the blocking, starting with the
baseplate with four concave bearing shoes attached. Four screws with
convex ends are then positioned against the bearing shoes. Four sets of
,ohl,,mns xxith th•;r ecnnnecrting plates are placed on the screws. The top
plate is then installed, and the total unit is forced together by chain come-
alongs attached to the base and top plates. The blocking on the lower end
is then removed as the unit is supported by the platform. Flatjacks 34.2 in.
(87 cm) in diameter with a 2-in. (5.08-cm) diameter hole in the center
and particle board separators are fitted on both base and top plates. Al-
though only one flatjack is required on each end of the test setup for load



44 FIELD TESTING AND INSTRUMENTATION OF ROCK

0

z

0 0 3

-I 0

Dw 0 a m

41c
W 0o

- w 3: 00 u
z J t 0 ].. bu



MISTEREK ET AL ON UNIAXIAL JACKING TESTS 45

application, an additional jack may be inserted to guard against loss of
the entire test setup in case one flatjack was to rupture or if large deforma-
tions are anticipated. The flatjack and particle board assembly is held
against the base and top plates by special "C" clamps to take up any
slack and keep jacks in alignment. A bolt with a hemispherical gage point
for the tunnel diameter gage is inserted through the center hole in the base
and top plates, flatjacks, and particle board and screwed into each borehole
collar cap. The bolt is isolated from the concrete bearing pad placement
by a rubber sleeve.

The space between the flatjack asembly and the rock surface is formed
and filled with small aggregate concrete (1¼ to 3/s in.) (0.63 to 0.95 cm).
Placing the bottom pad first and then securing the test setup from moving,
prevents misaligning the equipment while placing the top concrete pad.
After 12 h, the forms are stripped so that the rock surface interface with
the concrete pad can be observed. A concrete pad with forming material
removed is shown in Fig. 6.

The hydraulic system is composed of a 1½/2-hp electric pump (10 000-
psi (700-kg/cm 2 ) maximum output pressure), high-pressure hose with
miscellaneous fittings, and a 2000-psi (140-kg/cm 2 ) laboratory test gage.
This system provides pressure to the hydraulic flatjacks, which, because the
jacks have bL.en calibrated previously in the laboratory, results in a known
load being applied to the rock.

Testing

The uniaxial jacking test loading and unloading procedures have been
presented in detail in previous publications 2.3 and are only briefly reiter-
ated here. Loads are applied in 200-psi (14-kg/cm 2 ) increments from
200 to 1000 psi (14 to 70 kg/cm2-) with periods of no load between each
incremental loading. Frequently, loads are maintained for a 48-h period
followed by a 24-h period of no load. However, this should not be con-
sidered a standard, for in some rock, very little deformation occurs after
12 to 18 h of loading. In these cases, considerable time can be saved if
deformation characteristics of the rock mass are monitored to determine
the point in time at which the creep rate becomes insignificant and that
time is then used as a terminal point for a load or unload cycle.

While the test is in progress, deformation as indicated by the REX-7P
transducers and by the tunnel diameter gage are recorded at intervals
ranging from 15 min to 2 h. The REX-7P measures displacements be-
tween the bottom anchor and three points 120 deg apart at the collar of
the hole. This provides a method of measuring tilting that might occurg htmgh cu
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at the collar of the hocdue to dh;TernTia1 ýurfac-' rock deformation. The
surface deformation and tlh,- remaining measurements are then adjusted
for any tilt. The Lunnel oan~e age provides a measurement of total
displacements bet,,ýeen the two loaded rock surfaces. The policy of record-
ing frequent readings and of maigredundant measurements (the tunnel
diameter gage) has contributed to our confidence in the reliability of
measured displacements.

Removal of Equipment nr'e h.ssfrurreritation

After the test is com-ited, teinstallation procedure is reversed and
the entire test setup i.s rctrizcvct. for subscquent. use. The centers of the
two concrete bearin,', pads, are then pa.-tal~y excavated with pneumatic
chipping hammers to allow scc5 for the removal of the REX-7P's.
Finally, the concrete o~.! arc sc:joxwn with a small explosive charge
so as not to create salfe~y 'ýa-arc* 'v hav no them- released by the action
of gravity at som~e later date_.

Philosophies, Prohle~nwi, a~nd"S~ in

The procedures ard ceiýýnnmets nrosenýted are a result of apprc;ximately
30 tests performed ,,e .ýy,, 2er&&t,-i. licns* all tests were conducted
by the same 71ndividuals-' tic-:efor-2 d1-c ovciall experience, comments, and
conclusions expres,'.e i, !'bs ' - those of a limited number of in-
dividuals.

In situ jackingt- nc-t. arc a s conducted in tunnels where the
test environirn-,n is ant~:T' 'cG ~untly, access to the test site is

uifL~Llgtng is :.. 1 _j '-i ,ý tlb- >ource Of power is unstable or
unreliable. arid. moc! <-ncrw>,. ?''~' n th- tunnel canl play havoc with
the electronic Intuenm s'ý ý;-'ýther data. These conditions place
an extra burde ~t'i~ :cen advance planning, careful
selection of inci.:,!mcn;ta~l_:. 2 :i e best instrumentation pro-
cedures, and btlherddr oai~ and data gathering sys-
tems become 0s1ut... -cjc cil sa init est Progr"am.

The complete Mu~w :vcnt.ý ' 'i.,votsly discussed involves the help
and cooperailon of ;t antrJco ii' 'i miners, drillers, and other person-
nel. BureuO Rcaatmr ofi .ný!n ýr iu d t( chnicians have found that a
general !xpLanation !,I)~ ~iii J Ii I otactor personnel of what, how, and
why certain seq a.. r~cc', ot ;hc so ;'epvae anMd eoiiiprnent. installation
ire to be pet foimed r!,'or lo ý!irn c \kork %kill result in a more suc-
cessful test.
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Although riecautions are ta. _n to minimize the damagirc effects of

blasting and surface preparation of the test area, the damage cannot be
eliminated compl'-tely. This condition leads to tb,: question of how to

evaluate the results to arrive at a deformation modulus which best repre-
sents the behavior of the rock mass when subjected to loads from the

structure to be built. That is, should an effort be made to determine a
modulus in which the effect of the damaged surface rmaterial is eliminated-
either by the type of displacement measurements made or by a mathe-

matical treatment of the data? In the case of a concrete dam (v'hich is
the usual structure for which the Bureau of Reclamation conducts in situ

jacking tests), a similar blast-damaged or somewhat disturbed zone is

created by the excavation for the keyways and foundation. This zone is
undoubtedly much deeper than the disturbed zone at a test site. However.
ihe load from the structure is also much gre:ter, spread over a larger area
and, therefore, affects the rock mass to a much greater depth. (So al-

though there is no assurance tha" the relative effects of the two disturbed
zones are equal or even comparable, they have been at least considered.)
In the absence of specific information indicating the desirability of a dif-
ferent approach, the effect of the disturbed zone is included in the calcu-
lation of deformation modulus for the jacking tests.

Although in situ jacking tests are usually conducted in tunnels, data from

the tests are converted to deformation moduli by utilizing the mathematical

theory for a load applied to the boundary of a semi-infinite solid, as shown
on Fig. 7. As there is little physical resemblance between a tunnel and a
semi-infinite solid, a potential source of significant error may exist. Unless

open cracks in the tunnel arch, invert, or walls allow free movement, de-
formation of the loaded area will be resisted because a portion of the force
will be required to deform the adjacent tunnel surfaces. An analytical

study has been made to evaluate the magnitude of the possible error. It
was concluded that the distance between the loaded are: and a restrain-
ing tunnel surface should be at least equal to the radius of the !oaded area

so that any restraint would not affect calculated moduli significantly.
Either of two philosophies can be embraced in regard to load distribu-

tion and location of displacement measurements for in situ jacking tests.

In one case, displace-ients are measured at or beneath the surface of the
loaded area. At this location, elastic theory indicates that the magnitude
of the displacement is highly dependent on the distribution of the applied
load. In the second case, displacements are measured at or b'-neath the

rock surface at a point some distance from the loaded area. For these
locations, displacement is dependent on the total force applied and the
distance from the resultant of the force to the point of measurement, but
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14* t t I -

ANALYSIS CONDITION (IDEALIZED)

(MINIMUM) (MMIMUM)

SITE CONDITION A (IDEALIZED)

NOTES

I. R= Radius of
4r loaded area

2.Not to scale

SITE CONDITION 8 (IDEALIZED)

FIG. 7-Analysis versus site conditions.

is affected little by the load distribution. For the second case, however,
the displacements will be much smaller, requiring much more sensitive
measuring devices or resulting in a serious loss of accuracy in calculated
moduli. For the Bureau of Reclamation tests, the first philosophy is used,
and every effort is made to ensure that the applied load is uniformly

* distributed.
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Following are some of the specific problems encountered during Bureau
of Reclamation tests; some have explicit solutions, others lend themselves
only to recommendations or suggestions:

1. Preparing test site-Obtaining an understanding between contractor's
crew and test engineers on the importance of careful treatment of rock
during all excavation phases. Define the work carefully in specifications
so that the contractor is aware that test site excavation will be more time
consuming and more costly than when merely advancing a tunnel. Main-
tain constant liaison with the shift foreman who supervises the excavation
crew.

2. Drilling of instrumentation holes and retrieving maximum undis-
turbed core-Because of his past experience with unit price contracts, a
contractor frequently has a tendency to have his crew drill for footage
against time. To ensure the necessary high quality workmanship, define
work carefully in specifications and also state that an owner's representa-
tive must be present during drilling operations. Develop liaison with
drillers and emphasize that good "undisturbed" core recovery is important
for instrumentation location. (A compliment to individuals involved in a
good site preparation or drill hole and core recovery will usually result in a
repeat performance.)

3. Line power-During a test, a separate source of line power is de-
sirable for electronic instrumentation. Even though voltage regulators are
utilized, periodic high power consumption by the contractor can cause
problems.

4. Metal to concrete contact-Any component of the measuring system
coming in contact with concrete should not be made of aluminum. Ex-
perience has shown that when fresh concrete is placed in contact with
aluminum, a chemical reaction can occur. Under conditions at a test site,
this reaction can have an adverse effect on the accuracy of deformation
measurements.

5. Traffic through test area-Avoid letting traffic pass the test setup.
Additional probe drilling, heading advance, or other activities beyond
test site location should be scheduled to take place before or after the
jacking tests. The test equipment occupies the majority of the adit open-
ing, and hauling other equipment through the test site area containing all
the required instrumentation and electronics may result in the loss of
valuable data.

Conclusions

I. The equipment and procedures used by the Bureau of Reclamation
to conduct in situ jacking tests produce satisfactory results.
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2. Thorough pre-test geologic exploration is essential to ensure that the
site selected is representative of the rock mass.

3. The position of the loaded area within the tunnel should be selected
to prevent tunnel side walls from significantly affecting deflections.

4. Careful site preparation is essential for good test results.
5. Since in situ jacking tests are nearly always conducted in areas of

adverse environmental conditions, the best of instrumentation procedures
and a redundancy in the loading and measuring systems are important.

6. Although standardization of in situ jacking tests is a desirable goal,
it is a goal that may be difficult to achieve. Variations in the needs, avail-
able resources, and design philosophy of the user may preclude a uni-
versally acceptable standard.

0
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SUGGESTED METHOD FOR DETERMINING

ROCK MASS DEFORMABILITY USING A

MODIFIED PRESSURE CHAMBER

Scope

I. (a) This test determines the deformability of a rock mass by subjecting the

cylindrical wall of a tunnel or chamber to hydraulic pressure and measuring the resultant

displacements. Elastic moduli or deformation moduli are calculated in turn.

(b) The test loads a large volume of rock so that the results may be used to repre-

sent the true properties of the rock mass, taking into account the influence of joints and

fissures. The anisotropic deformability of the rock can also be measured.

(c) The results are usually employed in the design of darn foundations and for the

proportioning of pressure shaft and tunnel linings.

(d) Two other methods are available for tunnel-scale deformability. See RTH-361

and RTH-367 to compare details. Potentially large impacts, especially in terms of cost,

Of variations at this scale, justify the detailing of each method separately.

(e) This method reflects practice described in the reference at the end.

Apparatus

2. Equipment for excavating and lining the test chamber including:

(a) Drilling and blasting materials or mechanical excavation equipment.'

(b) Materials and equipment for lining the tunnel with concrete or flexible

membrane.2

3. A reaction frame (Figure i) composed of a set of steel rings of sufficient

strength and rigidity to resist the force applied by pressurizing fluid must also act as a

waterproof membrane.

4. Loading equipment to apply a uniformly distributed radial pressure to the

lining including:

(a) A hydraulic pump capable of applying the required pressure and of holding this

pressure constant within 5% over a period of at least 24 hr. together with all necessary

hoses, connectors, and fluid. 3

*Numbers refer to NOTES at the end of the text.
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Figure 1. Example partial pressure chamber
loading system.
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(b) Water seals to contain the pressurized water between the lining and the

reaction frame. Special water seals are also required for extensometer rods passing

through the lining and reaction frame: pressurized water should not be allowed to

escape into the rock since this will greatly affect the test results.

5. Load measuring equipment comprising one or more hydraulic pressure gages or

transducers of suitable range and capable of measuring the applied pressure with an

accuracy better than ± 2%.

6. (a) Displacement measuring equipment to monitor rock movements radial to

the tunnel with a precision better than 0.01 mm. Single or multiple position extenso-

meters are suggested but joint meters and other measuring devices are also available.

Procedure

7. Preparation

(a) The test chamber location is selected taking into account the rock conditions,

particularly the orientation of the rock fabric elements such as joints, bedding, and

foliation in relation to the orientation of the proposed tunnel or opening for which results

are required.

(b) The test chamber is excavated to the required dimensions I

(c) The geology of the chamber is recorded and specimens taken for index testing

as required.

(d) The test section is lined with concrete. 2

(e) The reaction frame and loading equipment are assembled.

(f) Holes for extensometers or other measuring devices are accurately marked and

drilled, ensuring no interference between loading and measuring systems. Directions of

measurement should be chosen with regard to the rock fabric and any other anisotropy.
(g) Measuring equipment is installed and checked. For multiple position

extensometers, the deepest anchor may be used as a reference provided it is situated at

least 2 chamber diameters from the lining. Alternatively the measurements may be

related to a rigid reference beam passing along the axis of the chamber and anchored not

less than I diameter from either end of the test section.

(h) Check water seals for leakage, if necessary by filling and pressurizing the

hydraulic chamber. Leaks are manifested as anomalous pressure decay and visible

seepage through the reaction fraine.
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8. Testing

(a) The test is carried out in at least three loading and unloading cycles, a higher

maximum pressure being applied at each cycle.

(b) For each cycle the pressure is increased at an average rate of 0.05 MPa/min to

the maximum for the cycle, taking not less than 3 intermediate sets of load-displacement

readings in order to define a set of pressure-displacement curves.

(c) On reaching the maximum pressure for the cycle the pressure is held constant

(t 2% of maximum test pressure) recording displacements as a function of time until

approximately 80% of the estimated long-term displacement has been recorded. Each

cycle is completed by reducing the pressure to near-zero at the same average rate,

taking a further three sets of pressure-displacement readings.

(d) For the final cycle the maximum pressure is held constant until no further

displacements are observed. The cycle is completed by unloading in stages taking

readings of pressure and corresponding displacements.

Calculations

9. (a) The value of deformation modulus is calculated as follows

Pi a 2
E =-(I +v )

where:

E modulus of deformation

Pi= internal pressure

a = radius to rock face - assuming circular chamber,

r radius to point here deflection is measured,

Ur = change in radius due to pressure, and
v = Poisson's ratio.

(b) The elastic modulus is sometimes represented by using only the portion of Ur

which is recovered upon unloading.

Reporting

10. The report should include the following:

(a) Drawings, photographs, and detailed description of the test equipment,
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chamber preparation, lining, and testing.

(b) Geological plans and section of the test chamber showing features that may

affect the test results.

(c) Tabulated test observations together with graphs of displacement versus

applied pressure and displacement versus time at constant pressure for each of the

displacement measuring locations.

(d) Transverse section of the test chamber showing the total and plastic dis-

placements resulting from the maximum pressure. The orientations of significant geo-

logical fabrics should be shown on this figure for comparison with any anisotropy of test

results. Calculated moduli should be shown also.

NOTES

IThe recommended diameter is 2.5 m, with a loaded length equal to this diameter.

The chamber should be excavated with as little disturbance as possible. Material

disturbed by blasting may need to be removed since it tends to produce moduli lower than

found at depth. However blast effects are representative if the test results are applied

directly as a "model" test to the case of a blasted full-scale tunnel.
2 When testing only the rock, the lining should be segmented so that it has negligible

resistance to radial expansion; in this case the composition of the lining is relatively

unimportant, and it may be of either shotcrete or concrete. Alternatively when it is

required to test the lining together with the rock, the lining should not be segmented and

its properties should be modeled according to those of the prototype.
3 Maximum hydraulic pressure varies from 5 to 10 MPa.

Reference

International Society for Rock Mechanics, "Suggested Method for Measuring Rock Mass

Deforinability Using a Radial Jacking Test," International Journal of Rock Mechanics and

Mininq Sciences, v. 16, 1979, pp. 208-2 14.
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SUGGESTED METHOD FOR DETERMINING

ROCK MASS DEFORMABILITY USING A

RADIAL JACK CONFIGURATION

Scope

1. (a) This test determines the deformability of a rock mass by sub-

jecting the cylindrical wall of a tunnel or chamber to uniformly distributed

radial Jack loading and measuring the resultant rock displacements. Elastic

or deformation moduli are calculated in turn.

(b) The test loads a large volume of rock so that the results may be

used to represent the true properties of the rock mass, taking into account

the influence of joints and fissures. The anisotropic deformability of the

rock can also be measured.

(c) The results are usually employed in the design of dam founda-

tions and for the proportioning of pressure shaft and tunnel linings.

(d) Two other methods are available for tunnel-scale deformability.

See RTH-361 and RTH-366 to compare details. The large impacts, especially in

terms of cost, of variations at this scale justify the separation of methods.

(e) This test is expensive to perform, and therefore, should only be

used in cases where the information to be gained is of critical importance to

the success or failure of the project. Laboratory tests, together with plate

bearing and borehole jack tests and seismic surveys may provide adequate esti-

mates of deformability at less cost.

(f) This method largely follows the method in the ISRM and ASTM ref-

erences listed at the end of this method.

Apparatus

2. Equipment for excavating and lining the test chamber including:

(a) Drilling and blasting materials or mechanical excavation

equipment. 
1*

0 *Numbers refer to NOTES at then end of the text.
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(b) Concreting materials and equipment for lining the tunnel, i

together with strips of weak jointing material for segmenting the lining.

3. A reaction frame (Figure 1) composed of a set of steel rings of suf-

ficient strength and rigidity to resist the force applied by flat jacks. The

frame must be provided with smooth surfaces; hardwood planks are usually

inserted between the flat jacks and the steel rings.

4. Loading equipment to apply a uniformly distributed radial pressure to

the inner face of the concrete lining, including:

(a) A hydraulic pump capable of applying the required pressure and

of holding this pressure constant within 5% over a period of at least 24 hr

together with all necessary hoses, connectors, and fluid.

(b) Flat jacks, designed to load the maximum of the full circumfer-

ence of the lining, with sufficient separation to allow displacement measure-

ments, and w!th a bursting pressure and travel consistent with the anticipated

loads and displacements.

5. Load measuring equipment comprising one or more hydraulic pressure
3

gages or transducers of suitable range and capable of measuring the applied

pressure with an accuracy better than ±2%.

6. Displacement measuring equipment to monitor rock movements radial to

the tunnel with a precision better than 0.01 mm. Single or multiple position

extensometers are suggested but joint meters and other measuring devices are

also available. Measured movements must be related to fixed reference points,

outside the zone of influence of the test section.

Procedure

7. Preparation

(a) The test chamber location is selected taking into account the

rock conditions, particularly the orientation of the rock fabric elements such

as joints, bedding and foliation in relation to the orientation of the pro-

posed tunnel or opening for which results are required.

(b) The test chamber is excavated to the required dimensions. 1' 4

Generally, the test chamber is about 3 m diam and 9 m long or longer.

(c) The geology of the chamber is mapped and recorded and specimens

taken for testing as required, e.g. laboratory strain gaged uniaxial and tri-

axial testing.
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1. Measuring profile. 2. Distance equal to the length of active loading.

3. Control extensometer. 4. Pressure gage. 5. Reference beam. 6. Hydrau-

lic pump. 7. Flat Jack. *. Hardwood lagging. 9. Shotcrete. 10. Excava-

tion diameter. 11. Measuring diameter. 12. Extensometer drill holes.

13. Dial gage extensometer. 14. Steel rod. 15. Expansion wedges.
16. Excavation radius. 17. Measuring reference circle. 18. Inscribed

Circle. 19. Rockbolt anchor. 20. Steel ring.

O Figure 1. Radial jacking test schematic.



(d) The ci!.- iT. "t i th1. c on. r-te 2

Ce) Thi, ea ctýC I fi a'. (,:1e ,rai eo ,upmenc are assembled.

(f) Holes for extensonaters Ir other measuring devices are accu-

rately marked and driliod, ensuring no interference between loading and mea-

suring system. Locatirns cc radial measurement should be chosen with regard

to the rock fabric and any othý- arsctropy. These holes should be con-

tinuously cored and e12. (:ore rarefu~ly lo-gged. These holes may be drilled

before the test Fectic.: is lined. biot Ithis complicates the lining formwork.

(g) Measuring- equ-iDment i.- inst-iiied and checked. With multiple

position extensometeru, the mie, ancr .ay be used as a reference provided

it is situated at leas_ '2 cOarabrr '3:anertrs from the lining. Alternatively

the measurements nay i.e reLt:d I_, r; •ifi reference beam passing along the

axis of the chamber "rd .•nchmre'- rac !ess ,-har I diameter from either end of

the test section ( "'ure

8. Testing

(a) The t.c H: carried cu_ý_ -n at least three loading and unloading

cycles, a higher m-aximu, ,'Pst,',. uing applied at each cycle.5 Maximum test

pressures are typicall-, about 1000 psi (7 MIPa), but should correspond to

expected actual loads.

(b) For :-Zc, .:- ti !-,eesure Is increased at an average rate of

0.05 to 0.7 MPaim, ..... .n.. , t h cvcle. Three to 10 or more inter-

mediate sets c. d . cvner o rec±4ings are taken for each load increment

to define a se, ac, ncu-vs (e.g. Figure 2). Data acqui-

sition may be a.t: .

(c) 0) a.,..n-'e e - . p,-nssure for the cycle the pressure is

held constant (z , m-v:"' teat .asjre; while recording displacements as

a function of tire 1;1-:pr! .'0 of T!he estimated long-term dis-

placement has VTi h .7',. Q-qch cycle is completed by reducing

the pressure t.. 7-';a -iverie rate, taking a further three

sets of pressure-K .iace'o nt rea-tincs

(,I) For t-he ft'n.! cc ! the iayir'um pressure is held constant for
6

24 hr of displacn-.r..t s .- rv,.,o t .... .*,aoate areep. The cycle Is completed

by unloading In st:;I ;iI. t.,-10•,, reiddnf.zs ccf pressure and corresponding

dtspl acenieuz.s.
4

(e) The te!ct Ps!Tr' -T o4s Oie-,, dismantled and moved. *
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Figure 3. Typical displacement-time curves

at constant applied pressure.
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Calculations

9. (a) A solution is given only for the cas'- of a single measuring cir-

cle with extensometer anchors immediately behind the lining. This solution,

which also assumes linear-elastic behavior for the rock, is usually adeqLate

in practice although it is possible to analyze more complex and realistic test

configurations using for example finite element analysis.

(b) The load applied through the flat jacks are first corrected to

given an equivalent distributed pressure p, on the test chamber lining.
J.

LbPl = 2-r-r I Pm

P1 = distributed pressure on the lining at radius r

Pm = manometric pressure in the flat jacks

b = flat jack width (see Figure 4)

rI = inner radius of lining

The equivalent pressure p2 at a "measuring radius" r 2 just beneath the lining

is calculated, this radius being outside the zone of irregular stresses

beneath the flat jacks and the lining and loose rock.

P2 = r2"l r 2.7.r2 r m

(c) Superposition of displacements (Figure 5) for two "fictitious"

loaded lengths is used to approximate the equivalent displacements for an

"infinitely long test chamber,"'7 based on the measured displacements of the

relatively short test chamber with respect to its diameter.

SAA +A A + + A 3 = + A1 + 2 -A BI

(d) The result of the long duration test ( d) under maximum pressure

(max p 2 ) is plotted on the displacement graph (Figure 2). Test data for each

cycle are proportionally corrected to give the complete long-term pressure-

displacement curve. The clatic and plastic components of the total
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symbols used in calculations.
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end effects.
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. deformation are obtained graphically from the plotted deformation measurements

at the final unloading:

At = A + Ap e

(e) The elastic modulus E and the deformation modulus V are obtained

from the pressure-displacement graphs (Figure 2) using the following formulas

based on the theory of elasticity:

P2 r 2  (V + 1)

e

P2 r 2  (v + 1)
V = •Av

t

where P 2 is the maximum test pressure and v is an estimated value for

Poisson's ratio.

"(f) Alternatively to (e) above, the moduli of undisturbed rock may

be obtained taking into account the effect of a fissured and loosened region

by using the following formulas:

P2 " r 2 v + I r 3E = +lIn--
A V r 2e2

P2 ' r2 v + I n r 3
At A r2

Where At is the total deformation, from all loading cycles, and Ae is the

rebound deformation from the last loading cycle. Other variables are as pre-

viously defined. Where r 3 is the radius to the limit of the assumed fissured

and loosened zone.

(g) As one example of the application of radial jack tests, the

dimensions of pressure linings can be determined directly by graph. See

S Lauffer and Seeber 1961. However, such empirical applications should only be

applied with caution and good judgement.
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Reporting i

10. The report should include the following:

(a) Drawings, photographs, and detailed description of the test

equipment, chamber, chamber preparation, lining, and testing.

(b) Geological plan and section of the test chamber showing and

describing features that may affect the test results. Logs of borings made

for the extensometer installations, and indexed photographs of the rock cores.

(c) Tabulated test observations together with graphs of displacement

versus applied pressure pm or p2, and displacement versus time at constant

pressure for each of the displacement measuring locations including displace-

ments at the rock to lining interface. Tabulated "corrected" values together

with details of the corrections applied. See Figures 2 and 3 and Table 1

(graphs are usually drawn only for the maximum and minimum displacements).

Wd, Transverse section of the test chamber showing the total plastic

displacements resulting from the maximum pressure (Figure 6). The orienta-

tions of significant geological fabrics should be shown on this figure for

comparison with any anisotropy of test results.

(e) Detailed test procedure actually used and any variations and

reasons for these from the method described herein, as well as any pertinent

or unusual observations.

(f) The graphs showing displacements as a function of applied pres-

sure (Figure 2) should be annotated to show the corresponding elastic and

deformation moduli and data from which these were derived.

(g) Equations and methods used to reduce and interpret results

should be clearly presented, along with one worked out example.

(h) All simplifying assumptions should be listed, along with discus-

sion of pertinent variations between assumptions and actual size conditions

and their possible influence on the results measured. Any corrections should

be fully documented.

(i) Results summary table, including test location, rock type, test

pressure range, and modulus values for different depth increments around the

chamber.

(J) Individual test summary tables for each measurement point.

(k) Results of complementary tests, such as laboratory modulus.
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Table 1. Suggested Layout for Test Data Sheet
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45

Figure 6. Typical illustration for showing
displacement as a function

of direction.

0



RTH-367- 89

Notes

1The recommended diameters is 2.5 to 3 m, with a loaded length equal to

3 times this diameter. The chamber should be excavated with as little distur-

bance as possible, which implies the use of controlled blasting methods, such

as line drilling or channel drilling. Alternatively, partial face mechanical

excavation equipment may be used if available.
2 When testing only the rock, the lining should be segmented so that it

has negligible resistance to radial expansion; in this case the composition of

the lining is relatively unimportant, and it may be of either shotcrete or

concrete. Alternatively when it is required to test the lining together with

the rock, the lining should not be segmented and its properties should be mod-

eled according to those of the prototype.
3 Measurements are usually made with mechanical gages. Particular care is

required to guarantee the reliability of electric transducers and recording

equipment.
4 To assess the effectiveness of grouting, two test chambers may be pre-

pared adjacent to each other. Grouting is carried out after completion of

testing in the ungrouted chamber, and the equipment is then transferred to the

grouted chamber. Alternatively the same chamber may be retested after

grouting.
5Typically the maximum pressure appiied in this test is 5 - 10 MPa.
6 1n the case of "creeping" rock it may be necessary to stop loading even

though the displacements continue. Not less than 80% of the anticipated long-

term displacement should have been reached.
7This superposition is made necessary by the comparatively short length

of test chamber in relation to its diameter. Superposition is only strictly

valid for elastic deformations but also give a good approximation if the rock

is moderately plastic in its behavior.
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SUGGESTED METHOD FOR DETERMINING

ROCK MASS DEFORMABILITY USING A

DRILLHOLE-JACK DIALOMETER

Scope

1. (a) This test determines the deformability of a rock mass by sub-

jecting a section of drill hole to mechanical Jack pressure and measuring the

resultant wall displacements. Elastic moduli and deformation moduli are cal-

culated in turn.

(b) The results are employed in design of foundations and under-

ground construction but are mostly used as semiquantitative index values

revealing variability from point to point in a rock mass.

(c) The dilatometer is self-contained, and tests are relatively
1

inexpensive compared to similar tests at a large scale. Also, the wall is

damaged only minimally by the drilling of the hole and usually remains

representative of the undisturbed rock condition. These advantages, however,

come at a sacrifice of representation of the effects of joints and fissures

which are usually spaced too widely to be fully represented in the loaded vol-

ua~e around the drill hole.

(d) This method reflects practice described in the references at the

end.

(e) Another type of dilatometer for drillholes transmits hydraulic

pressure to the rock through a soft membrane. See RTH-363.

Apparatus

2. Drilling equipment to develop the access hole, in a given orientation

without disturbing the wallrock. 2

3. A drill hole-jack dilatometer similar to that in Figure 1, which con-

sists of:

(a) Metal frame holding the other units and having parts and connec-

tions to external equipment.
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(b) Two half-cylindrical, rigid steel plates of same curvature as

wall of drillhole. Alternatively, the plates can be flexible as where they

are faced with curved flat jacks as shown in Figure 2.

(c) Loading jacks or wedges functioning to drive the plates against

the wall. A stroke of about 5 mm is needed beyond any requirements for seat-

ing the plates.

(d) Linear differential transformers oriented diametrically with

potential resolution of 2 microns.

4. Hand-operated hydraulic pump and flexible hose and steel plumbing to

withstand working pressure to 70 MPa.

5. Hydraulic pressure gages or transducer of suitable range and capable

of measuring the applied pressure with accuracy better than 2 percent.

Procedure

6. Preparation

(a) The positions for testing are planned with due regard to the

location of drilling station and the rock conditions to be investigated. The

effects of geological structure and fabric are particularly important.

(b) The hole is drilled and logged. The log is studied for possible

modifications in positions for testing. Multiple testing positions in one

hole should not overlap but may join where two or more loading directions are

to be distinguished.

(c) Evaluate the texture and strength of the wall to confirm suit-

ability of method. Otherwise, consider relocation or use of another

dilatometer.

(d) The dilatometer is assembled and inserted into the hole, com-

monly using an attachable pole to position and rotate and taking special care

with trailing lines.

(e) The bearing plates are brought into initial contact with the

wall with adjustments as necessary to minimize eccentricity and stress

concentrations.

(f) The rods of the linear differential transformers are seated

against the wall.
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* BOREHOLE TESTS

(a) Goodman jack model 52 101 hard rock jack
(Courtesy Slope Indicator Co.).

(b) Goodman jack model 52 102 soft rock jack
(Courtesy Slope Indicator Co.).

O~r Im(5d j ( [ffl. and V ik~r i, 1 9 78)
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* 7. Testing

(a) The dilatometer is pressurized in increased stages, with pres-

sure released between stages. Typically the stage pressures are 25, 50, 75,
3

and 100 percent of the planned maximum of the complete test.

(b) Bearing pressure is increased at a rate of 0.5 MPa/min or less.

(c) On reaching the planned pressure for the stage, the pressure is

held constant for at least I min to detect and define nonelastic deformation.

Each stage is completed by releasing pressure at a prescribed rate up to

0.5 MPa/min.

(d) The test history is documented with four or more sets of mea-

surements during pressure increase and two during pressure decrease. Supple-

mentary notes are necessary to describe any complexities not otherwise

revealed (such as nonelastic deformation).

(e) The hydraulic pressure is released from the loading jacks. The

rods of the linear differential transformers are retracted. The loading

plates are retracted from the wall and the dilatometer is removed from the

. hole.

Calculations

8. The axiosymmetrical relationship for elastic deformation does not

apply directly for dilatometers with split loading. Modified expressions have

been developed for the specific apparatus. The expression for the dilatometer

in Figure 1 is

E = 'Pd.K(v, 8 )
AUd

where

=p - pressure increment

AUd = diametral displacement increment

d = diameter of hole

K(v,8) = constant dependent on Poisson's ratio and angle of loaded arc S.

Such characteristics as K(v,a) are supplied by the manufacturer since hey are

uniatie to each particular design. 4
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Where permanent deformation (nonelastic) occurs also, that portion of ýUd

should be excluded from the equation for calculating modulus of elasticity.

However, total deformation should be used to compute modulus of deformation,

with the same equation.

Reporting

9. The report shouli include for each test or all tests together the

following:

(a) Position and orientation of the test, presented numerically,

graphically, or both ways.

(b) Logs and other geological descriptions of rock near the test.

The structural details are particularly important.

(c) Tabulated test observations together with graphs of displacement

versus applied pressure and displacement versus time at constant pressure for

each of the displacement measuring devices (e.g., linear differential

transformers).

(d) Transverse section of hole showing the displacements resulting

from the pressure in all orientations tested. Calculated moduli are indicated

also.

Notes

See RTH-361, -366, -367 for similar test at tunnel scale.
2 Diamond core drilling is recommended for obtaining the necessary close

tolerance whea using dilatometer only slightly smaller than the hole and dis-

plac2ment measuring devices with very limited stroke.
3Typically, the maximum pressure is about 15 MPa.
4 Representation of the effects of a combination of complexities by this

empirical factor K(v,B) has been found unsatisfactory for most purposes except

indexing (Heuze and Amadei 1985).
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SUGGESTED METHOD FOR IN SITU DETERMINATION OF
ROCK MASS PERMEABILITY USING WATER PRESSURE TESTS

1. Introduction

1.1 The water pressure test consists of the injection of water into

a borehole at a constant flow rate and pressure. Water enters the rock

mass along the entire length of borehole or along an interval of the

borehole (test section) which has been sealed off by one or more packers

(Fig. 1). Water pressure tests can be conducted in media above or below

the groundwater table and anisotropic permeability can be estimated by

orienting test boreholes in different directions. Permeability can be

computed by assuming a continuous porous medium, or individual fissures

and fissure sets within the rock mass can be considered.

2. Test Procedures and Interpretation

2.1 Test Layout and Setup - In many cases, initial exploration

boreholes are routinely pressure tested prior to determining location

and orientation of predominant fissure sets. Some boreholes should be

specifically located for pressure testing as information concerning

fissure networks is obtained. A pressure test affects a region, possi-

bly within only a few feet of the borehole. Consequently, test bore-

holes should be as closely spaced as practicable. Extrapolation of test

data between boreholes can be aided by determination of fissure con-

tinuity through examination of core logs or visual inspection of bore-

hole walls with a borehole television or conventional type camera.

Fault zones should be located and tested separately as they may be zones

of exceptionally high or low permeability with respect to the surround-

ing region.

2.1.1 Where the scope of the exploration program will allow it,

predominant fissure sets should be tested individually by orienting

boreholes to intersect only the fissure set under investigation.

Permeabilities of fissure sets can be combined to obtain overall direc-

tional permeabilities. Where fissures are numerous and randomly
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oriented, the borehole orientation should be perpendicular to the plane

in which permeability is to be measured. The majority of pressure tests

will be conducted in vertical boreholes; however, some test boreholes in

other orientations are needed to estimate the anisotropy of the rock

mass. In rock exploration programs, groups of inclined boreholes are

generally needed to determine reliable estimates of joint set orienta-

tions. These boreholes could be pressure tested to aid in estimating

anisotropic permeability.

2.1.2 Generally, a borehole should be tested at intervals along its

length to determine a permeability profile. A knowledge of the charac-

teristics and location of intersected fissures is desirable in choosing

test section lengths. Such information can be obtained from core

examination (Note 1). When possible, test section lengths should be

chosen to isolate fissure sets. Where fissures are numerous, test

lengths can be limited to 5 or 10 ft (1.5 or 3 m). Where fissures are

infrequent, a longer test length may be utilized. In many cases,

fissure networks may be considered too complex to require special care

in selecting test section lengths. However, it is good practice to test

in 5- to 10-ft (1.5- to 3-m) intervals to allow detection of localized

high- or low-permeability zones.

NOTE 1--Visual inspection with a borehole television camera or film

camera would be beneficial and should be used where economically feasible.

2.1.3 Intervals along the borehole length should be tested using

either the single or double packer method. The single packer setup

shown in Fig. 1 is used when testing as drilling progresses. This

technique is advantageous because it reduces the amount of drill cuttings

available for clogging fissures since each section is tested before

being exposed to the cuttings produced by further drilling. Also,

errors due to packer leakage are minimized since only one packer is

used. The double packer method (Fig. 1) can be used to test or retest

sections of previously drilled boreholes.
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PRESSURE GAGE
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b. DOUBLE PACKER TECHNIQUE

Fig. 1. Pressure test setups--pressure measured
at the ground surface.
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2.2 Drilling Operations - Prior to pressure testing, the borehole

should be surged with water in an effort to remove some of the cuttings

and dust. Reverse rotary drilling should be considered for use in

boreholes drilled specifically for pressure testing. The removal of

cuttings through the drill stem will minimize the clogging of rock

fissures.

2.3 Test Equipment - The basic equipment consists of a water

supply, pump, packers, flow pipe, and measuring devices. A pump with a

minimum capacity of 50 gpm (3150 cu cm/sec) against a pressure of 100

psi (689.5 kPa) is recommended, and only clean water should be used. A

progressing cavity-type positive displacement pump is recommended for

pressure testing since it maintains a uniform pressure. The type and

length of packer needed are dependent on the character of the rock mass

to be tested. In most cases, the pneumatic packer will suffice; however,

if problems arise, the cup leather or mechanical packers may be substituted.

All packers should be at least 18 in. (450 mm) in length. The flow pipe

should have a diameter as large as possible to reduce pressure losses

between the ground surface and the test section.

2.3.1 Measuring devices are required for determination of volume

flow rate and pressure. Flow rate is conveniently measured at the

surface, and it is preferred that flow rate be measured continuously

rather than averaged by measuring the volume of flow over a known period

of time. Multiple gages may be required to measure flow rates ranging

from less than 1 gpm (63 cu cm/sec) to as much as 50 gpm (3150 cu cm/sec).

2.3.2 It is recommended that pressure be measured directly within

the test section by, for example, installation of an electric transducer.

The transducer will also provide a measurement of the existing ground-

water pressure at the level of testing. The transducer can be connected

to a chart recorder and the initial groundwater pressure indicated as

zero. Pressure changes recorded during testing would then be a direct

measurement of the excess pressure which is needed in permeability

calculations. In most cases, transducer systems will not be readily
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available. Consequently, pressure will be measured with surface gages.

In these instances, pressure loss between the surface and test section

must be considered.

2.3.3 When excess pressures are to be determined from surface gage

readings, pressure loss between surface and test section must be estimated.

Head loss during flow is generally caused by (a) friction, bends,

constrictions, and enlargements along the flow pipe; and (b) exit from

the flow pipe into the test section. The majority of pressure loss will

be caused by friction. Friction losses are dependent on pipe roughness

and diameter, and are directly proportional to the square of the flow

velocity. Friction losses can be determined experimentally by laying

the flow pipe on level ground and pumping water through it at several

different velocities while measuring the gage pressure at two points

along the pipe. The difference in the gage pressures is the friction

loss over the distance between the gages. A plot of friction loss per

unit length versus velocity can be obtained from the results. Friction

losses can also be estimated from elementary fluid mechanics formulas,

tables, and charts.

2.3.4 In most tests, pressure losses caused by pipe bends, constric-

tions, and enlargements will be insignificant; however, such losses can

be checked from relationships given in elementary fluid mechanics

textbooks or determined experimentally by pumping on the ground surface

and measuring the pressure drop across critical portions of the flow

pipe. The pressure loss at the exit from the flow pipe into the test

section can be ignored since it is offset by the addition of a velocity

head at the surface pressure gage (see paragraph 2.4.3).

2.4 Test Program - The general sequence of operations for using the

single packer technique as the borehole progresses is listed below.

Changes in the sequence applying to the double packer test are noted.
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(a) Step I - Drill the desired length of test section, Z,

(usually 5 or 10 ft (1.5 or 3 m)) and remove the drill equipment. Where

the double packer method is to be used, the borehole is drilled to any

desired depth.

(b) Step 2- Study the core to determine the location,

number, and characteristics of fissures intersecting the proposed test

interval. If only equivalent permeability is to be computed based on

test section length, Z, fissure information is not needed. However,

such information, when correlated with measured permeability, is helpful

in understanding the influence of various fissures or fissure sets on

the overall permeability of the mass.

(c) Step 3- Insert the flow pipe and packer, and seal the

packer against the borehole wall. To ensure the best possible seal,

additional inflation (or tightening) of packers should be accomplished

under each test pressure. When tightening packers, a significant and

lasting increase in test pressure accompanied by a decrease in flow rate

is an indication that the seal has been improved.

(d) Step 4 - Conduct tests using a series of test pressure.

(e) Step 5 - Remove the packer and flow pipe, and begin

drilling as in Step 1. In the double packer test, packers are moved to

a new test zone; removal of test equipment will be required to alter the

test section length as necessary.

2.4.1 The actual pressure testing is conducted in Step 4. The

recommended test procedures are:

(a) Inject water into the borehole and establish a constant

pressure.

(b) Take readings of pressure and flow rate over a 3- to

5-min period to ensure that steady-state conditions have been attained.

If volume of flow rather than voliume flow rate is measured, the average

volume flow rate should be checked at 30-sec to 1-mmn intervals and

compared with the overall average volume flow rate for the 3- to 5-min
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period. At the end of the test, conduct a pressure drop test. This is

done simply by shutting off the pump and recording the drop in pressure

with time.

(c) Increase or decrease the flow rate (and pressure) and

conduct the next test.

2.4.2 The test program should be designed to check for turbulent

flow and the effects of fissure widening. This requires that in a

selected number of test sections, a series of tests be conducted at

different pressures. A minimum of three tests, each at an increased

pressure, are required to detect the nonlinear flow rate versus pressure

relationship characteristic of turbulent flow. However, more tests

should be conducted as necessary to completely describe any nonlinear

behavior. Typical flow rate versus pressure curves are shown in Figs. 2-

6. Consistency of results should also be checked by repeating the tests

in the same sequence. A significant increase in permeability under the

lower pressu:is would indicate the possibility of permanent fissure

expansion.

0

o Fig. 2. Typical result of
_J
"LL water pressure tests con-
w ducted at a series of in-

3 creasing pressures (after_J
0 Louis and Maini, 1970;
> Zeigler, 1975).

EXCESS PRESSURE, P

ZONE I - LINEAR LAMINAR REGIME

ZONE 2- TURBULENCE EFFECTS

ZONE 3 - TURBULENCE OFFSET BY FISSURE
EXPANSION. OR PACKER LEAKAGE

ZONE 4 - PREDOMINANCE OF FISSURE EXPAN-
SION OR PACKER LEAKAGE
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a. TEST CONDUCTED IN A VERTICAL BOREHOLE
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WATER TABLE AT A DEPTH OF 10 FT
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' 600 -- FLOW TO 920 CM /SEC
U AFTER 4 MIN PUMPING

500
ALLOWABLE PRESSURE,

I- P (MAX)= 28 PSI
Id 400

0
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EXCESS PRESSURE Po0 PSI

b. TEST CONDUCTED IN A VERTICAL BOREHOLE
BETWEEN DEPTHS OF 40 AND 45 FT. GROUND-

WATER TABLE AT A DEPTH OF 10 FT

Fig. 3. Results of pressure tests in horizon-
tally bedded sedimentary rock (after Morgenstern

and Vaughan, 1963; Zeigler, 1975).
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Fig. 4. Pressure test in a vertical borehole between

depths of 13.3 and 18.8 ft (after Maini, 1971;
Zeigler, 1975).
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Fig. 5. Pressure test in a vertical borehole between
depths of 58.3 and 63.8 ft (after Maini, 1971;

Zeigler, 1975).
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Fig. 6. Results of pressure tests (after Maini, 1971; Zeigler, 1975).
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2.4.3 A typical test sequence using five separate pressures is as

follows:

Excess Pressure at Cfnter
Test No. of Test Section, o

1 1/5 P (MAX)
0

2 2/5 P (MAX)0

3 3/5 P (MAX)0

4 4/5 P (MAX)0

5 P (MAX)
0

6 1/5 P (MAX)0

7 3/5 P (MAX)0

8 P (MAX)
0

The range of pressures over which tests should be conducted can be

estimated by choosing P (MAX) to equal 1 psi/ft (22.62 kPa/m) of depth0

above the water table and 0.57 psi/ft (12.89 kPa/m) of depth below the

water table. It is not intended that the computed P (MAX) be inter-

preted as a limit below which only laminar flow will occur; it should be

used only as a guide in selecting a series of test pressures. Test

results should be plotted as they are obtained to determine if further

testing of the interval at other pressures is necessary to completely

describe any nonlinear behavior.

2.5 Test Data Reduction - The quantities required for use in

computing permeability parameters are:

(a) Length of the test section, X (L).

(b) Radius of borehole, r ((L).

(c) Number, n, and location of fissures intersecting the

borehole test section.

(d) Elevation of groundwater table (L).

(e) Voltune flow rate, Q (L 3 /T).

(f) Excess pressure head at the center of the test section,

H (L).0
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2.5.1 The test section length, £, is simply the distance between

the packer and borehole bottom (single packer test) or between the two

packers (double packer test) as shown in Fig. 1. The radius of the

borehole, ro, is determined from the drill equipment. The number, n,

and location of fissures intersecting the borehole test section are

obtained from study of the core or a borehole camera survey. The

fissure data are not needed if only equivalent permeability is computed

based on the assumption that the tested medium is homogeneous and

isotropic. The elevation of the groundwater table is determined before

testing and assumed to remain constant during testing.

2.5.2 The volume flow rate, Q, will have been continuously recorded

or determined by averaging the volume of flow over known time periods.

The excess pressure head at the center of the test section, Ho, is a

measure of pressure in height of water and is determined from

H = _£2 (1)
0 Yw

where

P = excess pressure at center of test section (F/L 2 )

y -= unit weight of water (F/L )

If total pressure in the test section is measured during the test with,

for example, an electric transducer, the excess pressure head, Ho, is

given by

P
P t Pt i

H =- (2)
0 Yw Yw

where

P = total pressure at the center of the tesc section (F/L )
t

P = pretest (or natural) groundwater pressure at the center of
the test section (F/L 2
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The pressure head (Pt /Y w) will generally be equivalent to the height of
1

the groundwater table above the center of the test section. In tests

above the groundwater table, P t./w will be zero. If a natural ground-
1

water pressure exists and is set equal to zero on the recording device,

the excess pressure, Po, and not total pressure will be recorded during

testing and H would be determined from Equation 1.0

2.5.3 The excess pressure head, H0 , can also be determined from

gage pressure measured at the ground surface. The following relationship

is derived by application of Bernoulli's equation

2P g v 2(3

H = + -r + H(gravity) - h (3)
o Yw 2g t

where
wP = pressure measured at the surface gage (F/L )

g

V = flow velocity at the surface gage (L/T)
g 2
g = acceleration due to gravity (LIT2)

H(gravity) = excess pressure head due to the height of the water in
the flow pipe (Fig. i) (L)

ht = sum of all the head losses between the surface gage and
the test section (L)

By assuming the test section and surrounding medium to behave as a large

reservoir, the head loss at the exit from the flow pipe to the test9

section can be approximated as v2/2g, where v is the flow velocity at
e e3.6

the exit point as noted by Vennard. Equation 3 can be revised to

2 2
P v v

H = + -- + + H(gravity) - h -e (4a)
V 2g L 2g1w
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where hL = friction head loss plus minor losses due to pipe bends,

constrictions, and enlargements (L). Pipe diameters at the surface and

test section are usually equal, such that v = v . Also, the minorg e
pressure losses due to pipe bends, constrictions, and enlargements can

normally be ignored. Consequently, the pressure head, Ho, can be

expressed as

P
H = -E + H(grdvity) - hf (4b)
0 w

where hf = friction head loss (L).

2.6 Equivalent Permeability - An equivalent permeability should be

computed for each test section. Equivalent permeability is computed

based on the assumption that the tested medium is homogeneous and

isotropic. An equivalent permeability can be computed for laminar or

turbulent flow, whichever is indicated by the test data. Radial flow

will be assumed since the geometry of the test section (in particular,

the high borehole length to diameter ratio) tends to dictate radial flow

in a zone near the borehole which is most affected by the pressure test:

(a) Laminar flow governed by Darcy's law (v = kie , where v =

discharge velocity (L/T), k = laminar equivalent permeability (L/T),e

and i = hydraulic gradient (L/C):

k =__-9 -ln R 5
e LH 2-r o

0

The radius of influence, R, can be estimated from X/2 to Z. To compute

ke, a value of volume flow rate, Q, and corresponding excess pressure

head, H0 , are chosen from a straight-line approximation of a plot of Q

versus H . The straight line must pass through the origin as shown in

Fig. 4.
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(b) Turbulent flow governed by the Missbach law (vm = k'i,
e

where k' = turbulent equivalent permeability (L/T) , and m = degree ofe
nonlinearity):

Qm(Rl-m - r i-m(
k ' = o(6)

e (2.m) H (1 - m)
0

The radius of influence, R, can be estimated from t/2 to L. The degree

of nonlinearity, m, is determined as the arithmetic slope of a straight-

line approximation to a plot of log H versus log Q. The log-log plot0

may involve all or only a portion of the test data. The value of m

should be between 1 and 2. To compute k' values of flow rate, Q, and
e

corresponding excess pressure head, Ho, are chosen from the approximated

straight-line log-log plot.

2.6.1 In computing equivalent permeability of particular fissure

systems, test section length, X, should be replaced by the term nbavg

where n is the number of fissures intersecting the test section, and

b is the average spacing between fissures intersecting the testavg

section. Substitution of nb for Z is important where fissures areavg

clustered over a small portion of the test interval. A fairly even

distribution of fissures along the test length will normally yield

Znb
avg

2.7 Permeability of Individual Fissures - Laminar or turbulent

permeabilities are estimated for individual fissures by assuming the

test section to be intersected by a group of parallel and identical

fissures. Each fissure is assumed to be an equivalent parallel plate.

Flow is assumed to be radial and to occur only within the fissures. The

material between fissures is assumed impermeable. The following equa-

tions are applicable:

(a) Laminar flow governed by Darcy's law (v = k. (where k.3 3
laminar fissure permeability (L/T))). The equivalc t parallel plate

aperture, e, is computed from Equation 7 below and used to compute the

permeability of each fissure, k., from Equation 8:
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Q In (R/r 0) 12p 1/3

e= 27rnH°0 YwI

where p = dynamic viscosity of water (F-T/L )

and
2

e yw

k. = e yi (8)
J 12p w

To compute e, corresponding values of Q and H are chosen from a straight-
0

line approximation of Q versus H , which must pass through the origin as
0

shown in Fig. 4. The radius of influence, R, can be estimated between

Z/2 and Z.

(b) Turbulent flow governed by Missbach's law (vy = k.i,

where k! = turbulent fissure permeability (L/T)m):

Qm(Rl-m -r 1-m)
kt. 0 (9)

3 (27rne)m H (1 - m)
0

To apply Equation 9, an equivalent parallel plate aperture, e, must

first be estimated from the linear portion of the flow rate, Q, versus

pressure, H0, curve (i.e., zone 1, Fig. 2) as given by Equation 7. The

degree of nonlinearity, m, is the slope of a straight-line approximation

to a log-log plot of H versus Q. The log-log plot may involve all or0

only a portion of the test data. Corresponding values of Q and H can0

be chosen from the straight-line log-log plot for substitution in

Equation 9. The radius of influence, R, can be chosen between Z/2 and

2.8 Directional Permeability - Equivalent permeabilities computed

for fissure sets must be interrelated to obtain overall directional

permeabilities which are needed in continuum seepage analyses.

Directional permeabilities can be obtained by adding the equivalent 0
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permeabilities of fissure sets (computed via Equation 5 or 6) oriented

in the same direction. This procedure is illustrated for an assumed

laminar flow in the three cases shown in Fig. 7. In case (a), the zone

tested contains one set of horizontal fissures (fissure set 1). The

vertical borehole in case (a) will give a measure of the laminar equiva-

lent permeability, k , of fissure set 1. Permeability in the verticale1

direction, k (V), would be that of the intact rock since there are noe

vertical fissures. Permeabilities in a direction contained within the

horizontal plane (such as k (HI) and k ((H2) in Fig. 7) would be inter-e e

preted as k , since k is based on a radial flow.

2.8.1 In case (b) there are two intersecting fissure sets: the

horizontal fissures (fissure set 1) and a series of vertical fissures

(fissure set 2). The pressure test boreholes are oriented so that each

intersects only one of the fissure sets. It is assumed that each test

measures only the permeability of the intersected fissure set. In

computing directional permeabilities both fissure sets 1 and 2 can

transmit flow in the horizontal direction, H2; consequently, their

equivalent permeabilities are summed (k e(H2) = kel + k e2). In the

vertical direction, V, and horizontal direction, H1, the equivalent

permeability of each fissure set is considered separately (ke(V) = ke2,

k (HI) = k ). 2e e

2.8.2 In case (c) there are three intersecting fissure sets. Three

boreholes are each oriented to intersect only one of the fissure sets.

The directional permeabilities are each the sum of equivalent permea-

bilities corresponding to two fissure sets (k e(V) = k + ke

ke (H1)- ke; ke (H2)= ke + 2e

2.8.3 When only vertical boreholes are tested, but structures such

as in case (b) and case (c) of Fig. 7 are known to exist, the additional

permeability added by the other fissure sets must be estimated. This
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DIRECTIONAL PERMEABILITY

k. IV) = k (INTACT ROCK)

k. (HIO = k.

FISSURE SET I

H2

-HI

V = VERTICAL

H = HORIZONTAL

CASE a ONE FISSURE SET

DIRECTIONAL PERMEABILITY

It-.-k k. IVI = ke2"91 k, (HI) = k,

FISSURE SET 2"V k 0 (H2) = k. * k,

V

k a2
FIsR ET,-., •••SSURE SET I- 2

FISSURE SET? FISSURE SET I
•-HI

V " VERTICAL

H = HORIZONTAL

CASE b. FISSURE NETWORK

CONSISTING OF TWO FISSURE SETS

DIRECTIONAL PERMEABILITY

Itel k. (w = k, + k.!] FISSU E SET• 3t. (Ho1 = 4. k.3
FISSURE SET 2• ke 3 H21 = III I, + ke 2

.,• 1 I H--J--FISSURE SET 3 H2

FISURE SET I H,

FISSURE SET It v = VERTICAL

H = HORIZONTAL

CASE c. FISSURE NETWORK
CONSISTING OF THREE FISSURE SETS

Fig. 7. Directional permeability from superposition of
laminar equivalent permeabilities of fissure sets.
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can be done based on the assumption that fissures not tested have the

same equivalent parallel plate aperture as the tested fissures. Any

difference in equivalent permeability between the fissure sets would be

a function of the difference in fissure frequency. For example, in case

(b) in Fig. 7 under conditions of laminar flow,

b
avg (k =k (O

1 avg 2

where

b = average fissure spacing of tested fissure set 1avg1

b = average fissure spacing of untested fissure set 2avg2

2.8.4 The procedure of adding permeabilities of separate fissure

sets relies heavily on the assumption that pressure tests reflect only

the permeability of the fissure sets intersecting the test section.

This assumption is based on the theoretical rapid loss in pressure away

from the borehole. The assumption is likely to become less accurate as

average fissure spacing within secondary fissure sets (i.e., fissures

tending to parallel the borehole) is decreased. In complex fissure

networks with fissure spacings less than 1 ft, it is recommended that

the method of Snow,3.4, 3.5 based on the assumption of a homogeneous

anisotropic continuum, be used in computing directional permeabilities.

2.8.5 The problem of combining fissure set permeabilities is avoided

by using discontinuum rather than continuum seepage analyses. In the

discontinuum analyses, fissures can be oriented to correspond to the

field geologic structure and assigned individual permeabilities and/or

equivalent parallel plate openings as determined from pressure tests.

However, a three-dimensional analysis such as that presented by Wittke

et al. 3 would be required in many situations. In structures similar

to case (c) in Fig. 7, a two-dimensional seepage analysis in any of the
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indicated directions would consider only two of the three fissure sets.

For example, in direction Hi, fissure set 3 would be ignored, although

it may be a major contributor to seepage in direction Hi.
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PREFACE

This handbook is a compilation of standard and recommended rock testing
methods and has been prepared for use in both the laboratory and the field.

Preparation of the handbook was authorized and funded by the Office, Chief
of Engineers, U.S. Army The cooperation of the American Society for Testing and
Materials, the International Society for Rock Mechanics, and the U.S. Bureau of Rec-
lamation in permitting the use of a number of their standards is appreciated.

Suggestions for revisions, corrections, and additions are welcomed. Correspon-
dence concerning such matters should be addressed either to the Commander, U.S.
Army Engineer Waterways Experiment Station (ATTN: CEWES-GS-R), 3909 Halls
Ferry Road, Vicksburg, MS 39180-6199; or to the Office, Chief of Engineers, U.S.
Army (ATTN: Engineering Division, Civil Works), Washington, DC 20314-1000.

In order that this handbook may be of greatest service, it is intended that it be
kept up to date by the issuance of supplementary items and the revision of existing
items whenever necessary. To facilitate such revisions, the handbook has been is-
sued in loose-leaf form.

The handbook has been prepared in the Geotechnical Laboratory (GL) and
* Structures Laboratory (SL) of the U.S. Army Engineer Waterways Experiment Sta-

tion (WES). It was compiled by Ms. M. Eileen Glynn and Mr. Willie E. McDonald
under the direct supervision of Messrs. Jerry S. Huie, Chief, Rock Mechanics
Branch, GL; and Kenneth L. Saucier, Chief, Concrete Technology Division, SL; and
the general guidance of Dr. Don C. Banks, Chief, Soil and Rock Mechanics Divi-
sion, GL. Dr. W. F. Marcuson III was Chief of GL; Mr. Bryant Mather was Chief
of SL. Commander of WES during publication of this handbook was COL Bruce K.
Howard, EN. Director was Dr. Robert W. Whalin.
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0 Standard Terminology Relating to
Soil, Rock, and Contained Fluids1

Tese deftn.ition were prepared jointly by the American Society of Civil Engineers and the Amercihn Socielyfor Testing and Materals.

INTRODUCTION

A number of the definitions include symbols and indicate the units of measurement. The
symbols appear in italics immediately after the name of the term, followed by the unit in
parentheses. No significance should be placed on the order in which the symbols are presented
where two or more are given for an individual term. The applicable units are indicated by capital
letters, as follows:

F-Force, such as pound-force, ton-force, newton
L-Length, such as inch, foot, centimetre
T-Time, such as second, minute
D-Dimensionless
Positive exponents designate multiples in the numerator. Negative exponents designate

multiples in the denominator. Degrees of angle are indicated as "degrees."
Expressing the units either in SI or the inch-pound system has been purposely omitted in order

to leave the choice of the system and specific unit to the engineer and the particular application, for
example:

FL---may be expressed in pounds-force per square inch, kilopascals, tons per square foot, etc.
LT-'t-may be expressed in feet per minute, centimetres per second, etc.
Where synonymous terms are cross-referenced, the definition is usually induded with the earlier

term alphabetically. Where this is not the case, the later term is the more significant.
Definitions marked with (ISRM) are taken directly from the publication in Ref 42 and are

included for the convenience of the user.
For a list of ISRM symbols relating to soil and rock mechanics, refer to Appendix Xl.
A list of references used in the preparation of these definitions appears at the end.

AASHTO compaction-see compaction test. pressure.
"A" Horizon-see horizon. absorption-the assimilation of fluids into interstices.
abras-on-a rubbing and wearing away. (ISRM) absorption loss-that part of transmitted energy (me-
abrasion-the mechanical wearing, grinding, scraping or chanical) lost due to dissipation or conversion into other

rubbing away (or down) of rock surfaces by friction or forms (heat, etc.).
impact, or both. accelerator-a material that increases the rate at which

abrasive-any rock, mineral, or other substance that, owing chemical reactions would otherwise occur.
to its superior hardness, toughness, consistency, or other activator-a material that causes a catalyst to begin its
properties, is suitable for grinding, cutting, polishing, function.
scouring, or similar use. active earth pressure-see earth pressure.

abrasiveness-the property of a material to remove matter active state of plastic equilibrium-see plastic equilibrium.
when scratching and grinding another material. (ISRM) additive-any material other than the basic components of a

absorbed water-water held mechanically in a soil or rock grout system.
mass and having physical properties not substantially adhesion-shearing resistance between soil and another
different from ordinary water at the same temperature and material under zero externally applied pressure.

Symbol Unit

Unit Adhesion c. FL-2
This terminology is under the jurisdiction of ASTM Committee D-1 9 on Soil Total Adhesion C. F or F'L-1

and Rock and is the direct responsibility otSubcommittee DIS.93 on Terminology adhesion-shearing resistance between two unlike materials
foe Soi. Rock. and Contairne Fluids.

Cwrent edition approved Oct. 27. 1989. and Feb. I, 1990. Published March under zero externally applied pressure.
1990. Originally published as D653 - 42 T. LAst previous edition D653 -89. admixture-a material other than water, aggregates, or

This extensive list of definitions represents the joint effors of Subcommittee cementitious material, used as a grout ingredient for
Di3.93 on Terminology for SoiL Rock, and Contained Fluids of ASTM
Committee D-I8 on Sod and Rock. and tUe Committee on Definitions and cement-based grouts.
Sundards ofO the Geoe:chnical Engineerng Division of the Amaican Society of adsorbed water-water in a soil or rock mass attracted to the
Civil EngineerL. These two groups function together as the Joint ASCE/ASTM particle surfaces by physiochemical forces, having proper-
Comminte on Nomenclature in Soil and Rock Mechanics. This list incorporates
some terms from ASTM Definitions D 1707, Terms Relating to Sod Dynamics. ties that may differ from those of pore water at the same
whtwtic discontinued in 1967. temperature and pressure due to altered molecular ar-
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rangement; adsorbed water does not include water that is angle of obliquity, a, 6, 0, 4' (degrees)-the angle between

chemically combined within the clay minerals, the direction of the resultant stress or force acting on a
adsorption-the attachment of water molecules or ions to given plane and the normal to that plane. W

the surfaces of soil particles, angle of repose, a (degrees)-angle between the horizontal
advancing slope grouting-a method of grouting by which and the maximum slope that a soil assumes through

the front of a mass of grout is caused to move horizontally natural processes. For dry granular soils the effect of the
by use of a suitable grout injection sequence. height of slope is negligible; for cohesive soils the effect of

aeolian deposits-wind-deposited material such as dune height of slope is so great that the angle of repose is
sands and loess deposits. meaningless.

aggregate-as a grouting material, relatively inert granular angle of shear resistance-see angle of internal friction.
mineral material, such as sand, gravel, slag, crushed stone, angle of wallfriction-see angle of external friction.
etc. "Fine aggregate" is material that will pass a No. 4 angular aggregate-aggregate, the particles of which possess
(6.4-mm) screen, well-defined edges formed at the intersection of roughly

"Coarse aggregate" is material that will not pass a No. 4 planar faces.
(6.4-mm) screen. Aggregate is mixed with a cementing anisotropic mass-a mass having different properties in
agent (such as Portland cement and water) to form a grout different directions at any given point.
material. anisotropy-having different properties in different direc-

agitator tank-a tank, usually vertical and with open top, tions. (ISRM)
with rotation paddles used to prevent segregation of grout apparent cohesion--see cohesion.
after mixing, aquidude-a relatively impervious formation capable of

air-space ratio. G. (D)--ratio of: (1) volume of water that absorbing water slowly but will not transmit it fast enough
can be drained from a saturated soil or rock under the to furnish an appreciable supply for a well or spring.
action of force of gravity, to (2) total volume of voids. aquifer-a water-bearing formation that provides a ground

air-void ratio, G, (D)-the ratio of: (1) the volume of air water reservoir.
space, to (2) the total volume of voids in a soil or rock aquitard-a confining bed that retards but does not prevent
mass. the flow of water to or from an adjacent aquifer, a leaky

alkali aggregate reactiod-a chemical reaction between towfi waterc
Na20 and K20 in the cement and certain silicate minerals confining bed.ap te cmen andcerainsiliate~iea~s n te agre arching--the transfer of stress from a yielding part of a soil
in the cement and certain ilicate minerals in the aggre- adjoining
gate, which causes expansion resulting in weakening and of the mass. less-yielding or restrained parts
cracking of Portland cement grout. See reactive aggregate. area grouting-grouting a shallow zone in a particular area

allowable bearing value (allowable soil pressure), q,, p. utilizing holes arranged in a pattern or grid.
(FL- 2)-the maximum pressure that can be permitted on
foundation soil, giving consideration to all pertinent Discussion-Tbis type of routing is someuma referre to as
factors, with adequate safety against rupture of the soil blanket or consolidation gouting.
mass or movement of the foundation of such magnitude area of influence of a well, a (L2)-area surrounding a well
that the structure is impaired. within which the piezometric surface has been lowered

allowable pile bearing load, Q, P. (F)-the maximum load when pumping has produced the maximum steady rate of
that can be permitted on a pile with adequate safety flow.
against movement of such magnitude that the structure is area ratio of a sampling spoon, sampler, or sampling tube, A,
endangered. (D)-the area ratio is an indication of the volume of soil

alluvium-soil, the constituents of which have been trans- displaced by the sampling spoon (tube), calculated as
ported in suspension by flowing water and subsequently follows:
deposited by sedimentation.

amplification factor-ratio of dynamic to static displace- A, - [(D,- D,2/DI x 100
ment. where:

amorphous peal-see sapric peat. D, = maximum external diameter of the sampling spoon,
angle of external friction (angle of wall friction), 6 (degrees)- and

angle between the abscissa and the tangent of the curve D, = minimum internal diameter of the sampling spoon
representing the relationship of shearing resistance to at the cutting edge.
normal stress acting between soil and surface of another armor-the artificial surfacing of bed, banks, shore, or

material, embankment to resist erosion or scour.
angle of friction (angle of friction between solid bodies), Os armor stone-(generally one ton to three tons in weight)

(degrees)-angle whose tangent is the ratio between the stone resulting from blasting, cutting, or by other methods
maximum value of shear stress that resists slippage be- to obtain rock heavy enough to require handling two
tween two solid bodies at rest with respect to each other, individual pieces by mechanical means.
and the normal sixess across the contact surfaces. ash content-the percentage by dry weight of material

angle of internal friction (angle of shear resistance), 0, remaining after an oven dry organic soil or peat is burned
(degrees)-angle between the axis of normal stress and the by a prescribed method.
tangent to the Mohr envelope at a point representing a attenuation-reduction of amplitude %ith time or distance.
given failure-stress condition for solid material. 'B" horizon-see horizon.
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backpack grouting-the filling with grout of the annular bit-any device that may be attached to or is an integral part
space between a permanent tunnel lining and the sur- of a drill string and is used as a cutting tool to bore into or
rounding formation, penetrate rock or other materials.

"Discusion-Same as crown grouting and backfi.U grouting. blaine fineness-the fineness of powdered materials, such as
cement and pozzolans, expressed as surface area usually in

back-packing-any material (usually granular) that is used to square centimetres per gram.
fill the empty space between the lagging and the rock blanket grouting-a method in which relatively closely
surface. (ISRM) spaced shallow holes are drilled and grouted on a grid

baffle-a pier, weir, sill, fence, wall, or mound built on the pattern over an area, for the purpose of making the upper
bed of a stream to parry, deflect, check, or regulate the portions of the bedrock stronger and less pervious.
flow or to float on the surface to dampen the wave action. blastibility-index value of the resistance of a rock forma-

base-in grouting, main component in a grout system. tion to blasting. (ISRM)
base course (base)-a layer of specified or selected material blasting cap (detonator, initiator)-a small tube containing a

of planned thickness constructed on the subgrade or flashing mixture for firing explosives. (ISRM)
subbase for the purpose of serving one or more functions bleeding-in grouting, the autogeneous flow of mixing water
such as distributing load, providing drainage, minimizing within, or its emergence from, newly placed grout caused
frost action, etc. by the settlement of the solid materials within the mass.

base exchange-the physicochemical process whereby one bleeding rate-in grouting, the rate at which water is released
species of ions adsorbed on soil particles is replaced by from grout by bleeding.
another species. blocking-wood blocks placed between the excavated sur-

batch-in grouting, quantity of grout mixed at one time. face of a tunnel or shaft and the main bracing system.
batch method-in grouting, a quantity of grout materials are (ISRM)

mixed or catalyzed at one time prior to injection, body force-a force such as gravity whose effect is distributed
batch mixer-in grouting, a machine that mixes batches of throughout a material body by direct action on each

grout, in contrast to a continuous mixer. elementary part of the body independent of the others.
bearing capaciy-see ultimatebearing capacity. (ISRM)
bearing capacity (of a pile), (.Q P, (F)-the load per pile bog--a peat covered area with a high water table and a

required to produce a condition of failr. surface dominated by a carpet of mosses, chiefly
bedding-applies to rocks resulting from consolidation of sphagnum. It is generally nutrient poor and acidic. It may

sediments and exhibiting surfaces of separation (bedding be treed or treeless.
planes) between layers of the same or different material, bond strength-in grouting, resistance to separation of set
that is, shale, siltstone, sandstone, limestone, etc. (ISRM) grout from other materials with which it is in contact; a

bedding-collective term signifying the existence of layes of collective expression for all forces such as adhesion,
beds. Planes or other surfaces dividing sedimentary rocks friction, and longitudinal shear.

of the same or different lithology. bottom charge-concentrated explosive charge at the bottom
bedrock--the more or less continuous body of rock which of a blast hole. (ISRM)bndedroc-the movbrde n o sscontinus. by oboulder clay-a geological term used to designate glacial drift

underlies the overburden soils. (ISRM) that has not been subjected to the sorting action of water
bedrock itedge---rock of relatively great thickness and and therefore contains particles from boulders to clayextent in its native location. sizes.

bench-(l) the unexcavatcz rock having a nearly horizontal boulders-a rock fragment, usually rounded by weathering

surface which remains after a top heading has been or abrasion, with an average dimension of 12 in. (305 mm)

excavated, or (2) step in a slope; formed by a horizontal or more.

surface and a surface inclined at a steeper angle than that browater stone-{generally three tons to twenty tons in

of the entire slope. (ISRM) weight) stone resulting from blasting, cutting, or other
bending-process of deformation normal to the axis of an means to obtain rock heavy enough to require handling

elongated structural member when a moment is applied individual pieces by mechanical means.
normal to its long axis. (ISRM) bueiding-a bulge, bend, bow, kink, or wavy condition

bentonitic clay-a clay with a high content of the mineral produced in sheets, plates, columnk, or beams by compres-
montmorillonite, usually characterized by high swelling on sire stresses.
wetting. bulb ofpressure-see pressure bulb.

berm-a shelf that breaks the continuity of a slope, bulkhead-a steep or vertical structure supporting natural or
biaxial compression-compression caused by the application artificial embankment.

of normal stresses in two perpendicular directions. (ISRM) bulking-the increase in volume of a material due to
biaxial state of stress-state of stress in which one of the manipulation. Rock bulks upon being excavated; damp

S three principal stresses is zero. (ISRM) sand bulks if loosely deposited, as by dumping, because the
binder (soil binder)-portion of soil passing No. 40 (425-pm) apparent cohesion prevents movement of the soil particles

U.S. standard sieve, to form a reduced volume.
binder-anything that causes cohesion in loosely assembled buoyant unit weight (submerged unit weight)-see unit

substances, such as clay or cement. weight.
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burden-in an explosive blasting, the distance between the chemical grout-any grouting material characterized by
charge and the free face of the material to be blasted. being a true solution; no particles in suspension. See also

burden-distance between charge and free surface in direc- particulate grout.
tion of throw. (ISRM) chemical grout system-any mixture of materials used for

"C'" Horizon-see horizon. grouting purposes in which all elements of the system axe

California bearing ratio, CBR (D)-the ratio of. (1) the force true solutions (no particles in suspension).

per unit area required to penetrate a soil mass with a 3-in.2  chip-crushed angular rock fragment of a size smaller than a

(19-cm) 2 circular piston (approximately 2-in. (51-mm) few centimetres. (ISRM)

diameter) at the rate of 0.05 in. (1.3 mm)/min, to (2) that chisel-the steel cutting tool used in percussion drilling.
required for corresponding penetration of a standard (ISRM)
material. The ratio is usually determined at 0.1-in. (2.5- circuit grouting-a grouting method by which grout is

mm) penetration, although other penetrations are some- circulated through a pipe extending to the bottom of the
times used. Original California procedures required deter- hole and back up the hole via the annular space outside
mination of the ratio at 0.1-in. intervals to 0.5 in. (12.7 the pipe. Then the excess grout is diverted back over a
mm). Corps of Engineers' procedures require determina- screen to the agitator tank by means of a packing gland at
tion of the ratio at 0. 1 in. and 0.2 in. (5.1 mm). Where the the top of the hole. The method is used where holes tend
ratio at 0.2 in. is consistently higher than at 0.1 in., the to cave and sloughing material might otherwise clog
ratio at 01 in. is used. openings to be grouted.

camouflet-the underground cavity created by a fully con- clay (clay soil)-fine-grained soil or the fine-grained portion
tamined explosive. (ISRM) of soil that can be made to exhibit plasticity (putty-like

capillary action (capillarity)--the rise or movement of water properties) within a range of water contents, and that
in the interstices of a soil or rock due to capillary forces. exhibits considerable strength when air-dry. The term has

capillaryflow-see capillary action, been used to designate the percentage finer than 0.002 mm

capillary fringe zone-the zone above the free water eleva- (0.005 mm in some cases), but it is strongly recommended
tion in which water is held by capillary action. that this usage be discontinued, since there is ample

capillary head, h (L)-the potential, expressed in head of evidence from an engineering standpoint that the proper-

water, that causes the water to flow by capillary action. ties described in the above definition are many times more

capillary migration-see capillary action. importanL

capillary r (height of capillary rise), h1 (L)-.the hight clay size-that portion of the soil finer than 0.002 mmSrise(heigh tiof toawhhllae rise hbyh t (0.005 mm in some cases) (see also clay).above a free water elevation to which water wil rise by clay soil-see clay.
capillary action. cleavage-in crystallography, the splitting, or tendency to

capillary water-water subject to the influence of capillary split, along planes determined by the crystal structure. In
catalyst-a material that causes chemical reactions to n.egin petrology, a tendency to cleave or split along definite,
catalyste-those materialthatcauses theiat, iacmitions ceen. parallel, closely spaced planes. It is a secondary structure,
catalyst systen--those materials that, in combination, cause commonly confined to bedded rocks.

chemical reactions to begin; catalyst systems normally cleavage---the tendency to cleave or split along definite
consist of an initiator (catalyst) and an activator, parallel planes, which may be highly inclined to the

cation-an ion that moves, or would move toward a cathode; bedding. It is a secondary structure and is ordinarily
thus nearly always synonymous with positive ion. accompanied by at least some recrystallization of the rock.

cazicn exchange-see base exchange. (ISRMI
cavity-a natural underground opening that may be small or cleavage planes-the parallel surfaces along which a rock or

large. mineral cleaves or separates; the planes of least cohesion,
cavity-underground opening created by a fully contained usually parallel to a certain face of the mineral or crystal.

explosive. (ISRM) cleft water-water that exists in or circulates along the
cement factor-quantity of cement contained in a unit geological discontinuities in a rock mass.

volume of concrete or grout, expressed as weight, or closure-the opening is reduced in dimension to the extent
volume (specify which). that it cannot be used for its intended purpose. (ISRM)

cement grout-a grout in which the primary cementing agent closure-in grouting, closure refers to achieving the desired
is Portland cement. reduction in grout take by splitting the hole spacing. If

cementitious factor-quantity of cement and other closure is being achieved, there will be a progressive.
cementitious materials contained in a unit volume of decrease in grout take as primary, secondary, tertiary, and
concrete or grout, expressed as weight or volume (specify quanternary holes are grouted.
which). cobble (cobblestone)-a rock fragment, usually rounded or

centrifuge moisture equivalent-see moisture equivalent. semirounded, with an average dimension between 3 and
chamber-a large room excavated underground, for ex- 12 in. (75 and 305 mm).

ample, for a powerhouse, pump station, or for storage. coefficient of absolute viscosity-see coefficient of viscosity.
(ISRM) coefficient of active earth pressure-see coefficient of earth

chamber blasting (coyotehole blasting)-a method of quarry pressure.
blasting in which large explosive charges are confined in coefficient of compressibility (coefficient of compression), a,
small tunnel chambers inside the quarry face. (ISRM) (LF-')-the secant slope, for a given pressure increment.
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of the pressure-void ratio curve. Where a stress-strain of a load-settlement curve obtained from a plate load test. curve is used, the slope of this curve is equal to aJ/(l + e). on a soil using a 30-in. (762-mm) or greater diameter
coefficient of consolidation, c, (L 2T-')-a coefficient utilized loading plate. It is used in the design of concrete pave-

in the theory of consolidation, containing the physical ments by the Westergaard method.
constants of a soil affecting its rate of volume change. coefficient of transmissibility-the rate of flow of water in

c, = k (I + e)/a,-y, gallons per day through a vertical strip of the aquifer I ft
where: (0.3 m) wide, under a unit hydraulic gradient.
k = coefficient of permeability, LT-', coefficient of uniformity, C., (D)-the ratio D6oD 1 o, where
e - void ratio, D, D6o is the particle diameter corresponding to 60 % finer on
a, = coefficient of compressibility, L2F-'. and the cumulative particle-size distribution curve, and D10 is
-. - unit weight of water, FL-3. the particle diameter corresponding to 10 % finer on the
Diicussion--In the literature puhtisbed pror to 1935. the coe~fi- cumulative particle-size distribution curve.

deat of conolidf tia, usually desina-ted e, was defined by the coefficient of viscosity (coefficient of absolute viscosity), V
equation: (FrL- 2)---the shearing force per unit area required to

c - k/a,.,, (I + e) maintain a unit difference in velocity between two paralel

T orgial definition of the coefficient of conolidation may be layers of a fluid a unit distance apart.
found in somine more teoat papers and care should be tad= to avoid coefficient of volume compressibility (modulus o volume
Cofusion, change), m, (L 2F-)--the compression of a soi layer per

coefficient of earth pressure, K(D)--the principal stress ratio unit of original thickness due to a given unit increase in

at a point in a soil mass. pressure. It is numerically equal to the coefficient of

coefiden of earth piressure active K,4 (D)--the min- compressibility divided by one plus the original void ratio,
imum ratio of : (1) the minor principal stress, to (2) the or aj(l + e).

major principal stress. This is applicable where the soil has cohesion-shear resistance at zero normal stress (an equiva-
yielded sufficiently to develop a lower limiting value of the lent term in rock mechanics is intrinsic shear strength).
minor principal stress. (ISRM)

coefficdent of earth pressure, at rest. 4 (D)-the ratio cohesion, c (F- 2 )--the portion of the shear strength of a soil
oC (1) the minor principal stress, to (2) the major principal indicated by the term c, in Coulomb's equation, s - c + p
stress. This is applicable where the soil mass is in its tan 0. See Intrinsic shear strength.

S natural state without having been permitted to yield or apparent cohesion-cohesion in granular soils due to
without having been compressed. capillary forces.

coelicient of earth pressure, passive. KP (D)--the max- cohesionless soil-a soil that when unconfined has little or
imum ratio of: (1) the major principal stress, to (2) the no strength when air-dried and that has little or no
minor principal stress. This is applicable where the soil has cohesion when submerged.
been compressed sufficiently to develop an upper limiting cohesive soil-a soil that when unconfined has considerable
value of the major principal stuss, strength when air-dried and that has sgnificant cohesion

coefficient of friction (coefficient of friction between solid when submerged.
bodies), f(D)-the ratio between the maximum value of collar-in grouting, the surface opening of a borehole.
shear stress that resists slippage between two solid bodies colloidal grout-in grouting, a grout in which the dispersed
with respect to each other, and the normal stress across the solid particles remain in suspension (colloids).
contact surfaces. The tangent of the angle of friction is 0s. colloidal mixer-in growing, a mixer designed to produce

coefficient of friction, f-a constant proportionality factor, colloidal grout.
p±, relating normal stress and the corresponding critical colloidal particles-particles that are so small that the
shear stress at which sliding starts between two surfaces: surface activity has an appreciable influence on the prop-
T = pt- a. (1SRM) erties of the aggregate.

coefficient of internal friction, 11 (D)-the tangent of the communication-in grouting, subsurface movement of grout
angle of internal friction (angle of shear resistance) (see from an injection hole to another hole or opening.
internal friction). compaction-the densification of a soil by means of mechan-

coefficient of permeability (permeability), k (LT-')-the rate ical manipulation.
of discharge of water under laminar flow conditions compaction curve (Proctor curve) (moisture-density curve)-
through a unit cross-sectional area of a porous medium the curve showing the relationship between the dry unit
under a unit hydraulic gradient and standard temperature weight (density) and the water content of a soil for a given
conditions (usually 20"C). compactive effort.

coefficient of shear resistance-see coefficient of internal compaction test (moisture-density test)-a laboratory com-
friction, g± (D). pacting procedure whereby a soil at a known water content

coefficient of subgrade reaction (modulus of subgrade reac- is placed in a specified manner into a mold of givenS tion), k, k, (FL 3 )--ratio of: (1) load per unit area of dimensions, subjected to a compactive effort of controlled
horizontal surface of a mass of soil, to (2) corresponding magnitude, and the resulting unit weight determined. The
settlement of the surface. It is determined as the slope of procedure is repeated for various water contents sufficient
the secant, drawn between the point corresponding to zero to establish a relation between water content and unit
settlement and the point of 0.05-in. (1.3-mm) settlement, weight.
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compressibility-property of a soil or rock pertaining to its consolidation grouting-injection of a fluid grout, usually
susceptibility to decrease in volume when subjected to sand and Portland cement, into a compressible soil mass
load. in order to displace it and form a lenticular grout structure

compression curve-see pressure-void ratio curve, for support.
compression index, Cc (D)-the slope of the linearportion of Discussion-in rock. grouting is performed for the purpo•e 6f

the pressure-void ratio curve on a semi-log plot. strengthening the rock mass by filling open fractures and thus

compression wave (irrotational)-wave in which element of eliminating a source of settlement.
medium changes volume without rotation. consolidation ratio, U, (D)-the ratio ofr (1) the amount of

compressive strength (unconfined or uniaxial compressive consolidation at a given distance from a drainage surface
strength), pc. q,,. C. (FL-)--the load per unit area at and at a given time, to (2) the total amount of consolida-
which an unconfined cylindrical specimen of soil or rock tion obtainable at that point under a given stress incre-
will fail in a simple compression test. Commonly the ment.
failure load. is the maximum that the specimen can consolidation test-a test in which the specimen is laterally
withstand in the test. confined in a ring and is compressed between porous

compressive stress-normal stress tending to shorten the plates.
body in the direction in which it acts. (ISRM) consolidation-time curve (time curve) (consolidation curve)

concentration factor, n (D)-a parameter used in modifying (theoretical time curve)-a curve that shows the relation
the Boussinesq equations to describe various distributions between. (1) the degree of consolidation, and (2) the
of vertical stressm elapsed time after the application of a given increment of

conjugate joints (faults)-two -sets of joints (faults) that load.
formed under the same stress conditions (usually shear constitutive equation-force deformation function for a par-
pair). (ISRM) ticular materi (ISRM)

consistency-the relative ease with which a soil can be contact grouting-see backpack grouting.
deformed. contact pressure, p (FL-)-the unit of pressure that acts at

consistency-in grouting, the relative mobility or ability of the surface of contact between a structure and the uwider-
freshly mixed mortar orgrout to flow, the usual measure- lying soil or rock mass.
ments are slump for stiff mixtures and flow for more fluid continuous mixer-a mixer into which the ingredients of the
grouts. mixture are fed without stopping, and from which the

consistenc index-see relative consistency. mixed product is discharged in a continuous stream.
consolidated-drained test (slow test)-a soil test in which contraction-linear strain associated with a decrease in

essentially complete consolidation under the confining length. (ISRM)
pressure is followed by additional axial (or shearing) stress controlled blasting-includes all forms of blasting designed
applied in such a manner that even a fully saturated soil of to preserve the integrity of the remaining rocks, that is,
low permeability can adapt itself completely (fully consol- smooth blasting or pre-splitting. (ISRM)
idate) to the changes in stress due to the additional axial controlled-straln test-a test in which the load is so applied
(or shearing) stress. that a controlled rate of strain results.

consolidated-undrained test (consolidated quick test)-a soil controlled-stress test-a test in which the stress to which a
test in which essentially complete consolidation under the specimen is subjected is applied at a controlled rate
vertical load (in a direct shear test) or under the confining convergence--generally refers to a shortening of the distance
pressure (in a triaxial test) is followed by a shear at between the floor and roof of an opening, for example, in
constant water content the bedded sedimentary rocks of the coal measures where

consolidation-the gradual reduction in volume of a soil the roof sags and the floor heaves. Can also apply to the
mass resulting from an increase in compressive stress. convergence of the walls toward each othet. (ISRM)

initial consolidation (initial compression)-a compara- core-a cylindrical sample of hardened grout, concrete, rock,
tively sudden reduction in volume of a soil mass under an or grouted deposts, usually obtained by means of a core
applied load due principally to expulsion and compression drill.
of gas in the soil voids preceding primary consolidation. core drlling; diamond drlling-a rotary drilling technique,

primary consolidation (primary compression) (primary using diamonds in the cutting bit, that cuts out cylindrical
time effect)-the reduction in volume of a soil mass caused rscg damonds ing ad
by the application of a sustained load to the mass and due ock samples. (ISRM)
principally to a squeezing out of water from the void core recovery-ratio of the length of core recovered to the
spaces of the mass and accompanied by a transfer of the length of hole drilled, usually expressed as a percentage.
load from the soil water to the soil solids. cover-the perpendicular distance from any point in the roof

secondary consolidation (secondary compression) (sec- of an underground opening to the ground surface. (ISRM)
ondary time effect)-the reduction in volume of a soil cover-in growing, the thickness of rock and soil material
mass caused by the application of a sustained load to the overlying the stage of the hole being grouted.
mass and due principally to the adjustment of the internal crack-a small fracture, that is, small with respect to theW
structure of the soil mass after most of the load has been scale of the feature in which it occur. (ISRM)
transferred from the soil water to the soil solids, crater-excavation (generally of conical shape) generated by

consolidation curve-see consolidation time curve. an explosive charge. (ISRM)
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creep-slow movement of rock debris or soil usually imper- deformability-in grouting, a measure of the elasticity of the
ceptible except to observations of long duration. Time- grout to distort in the interstitial spaces as the sediments
dependent strain or deformation, for example, continuing move.
strain with sustained stress. deformation-change in shape or size.

critical circle (critical surface)-the sliding surface assumed deformation-a change in the shape or size of a solid body.
in a theoretical analysis of a soil mass for which the factor (ISRtM)
of safety is a minimum, deformation resolution (deformation sensitivity) Rd

critical damping-the minimum viscous damping that will ratio of the smallest subdivision of the indicating scale of a
allow a displaced system to return to its initial position deformation-measuring device to the sensitivity of the
without oscillation, device.

critical density-the unit weight of a saturated granular degree-dys-the dfference between the average tempera-
mateial below which it will lose strength and above which ture each day and 32ff (C). In common usage degree-
it will gain strength when subjected to rapid deformation. days are positive for daily average temperatures above
The critical density of a given material is dependent on 32dF and negative for those berlw 3tmF (see frt ezing
many factors. index).

critical frequency, fi-frequency at which maximum or degree of consolidation (percent consolidation), U (D)-xth
minimum amplitudes of excited waves occur. ratio, expressed as a percentage, of o (1) the amount of

critical height, H, (L)-the maximum height at which a consolidation at a given time within a soil ma to (2) the
vertical or sloped bank of soil or rock will stand unsup- total amount of consolidation obtainable under a given
ported under a given set of conditions. stress condition.

critical hydraulic gradient-seo hydraulic gradient. degrees-of-freedom-the minimum number of indepndent
critical slope-the maximum angle with the horizontal at coordinates required in a mechanical system to define

which a sloped bank of soil or rock of given height will completely the positions of all parts of the system at any
stand unsupported. instant of time. In general, it is equal to the number of

critical surface-see critical circle, independent displacements that are possible.
critical void ratio-see void ratio, degree ofsaturation-sepla ercent saturation.
crown-also roof or back, that is, the highest point of the degree of saturation-the extent or degree to which the voids

cross section. In tunnel lhat is, the term is used to in rock contain fluid (water, g or oil). Usually expressedS designate either the arched roof above spring lines or all of in percent related to total void or pore space. (ISRM)
the lining except the floor or invert. (ISRM) degree of sensitivity (sensitivity ratio)-see remolding index.

cryology-the study of the properties of snow, ice, and delay-time interval (fraction of a second) between detona-
frozen ground. tion of explosive charges. (ISRM)

cure-in grouting, the change in properties of a grout with density-the mass per unit, p (ML-3 ) kg/m 3.
time. density of dry soil or rock, Pd (ML') kg/m3 -the mass

cure time-in grouting, the interval between combining all of solid particles per the total volume of soil or rock.
grout ingredients or the formation of a gel and substantial density of saturated soil or rock, p., (ML-3) kg,&I,. -_the
development of its potential properties. total mass per total volume of completely saturated soil or

curtain grouting-injection of grout into a sub-surface for- rock.
mation in such a way as to create a barrier of grouted density of soil or rock (bulk density), p (ML- 3) kg/
material transverse to the direction of the anticipated m 3 -- the total mass (solids plus water) per total volume.
water flow. density of solid particles, p, (ML-3) kg/m3-the mass

cuttings-small-sized rock fragments produced by a rock per volume of solid particles.
drill. (ISRM) density of submerged soil or rock, P,.b (ML-3) kg/

damping-reduction in the amplitude of vibration of a body m'--the difference between the density of saturated soil or
or system due to dissipation of energy internally or by rock, and the density of water.
radiation. (ISRM) density of water, p,. (ML-3) kg/mr--the mass per

damping ratio-for a system with viscous damping, the ratio volume of water.
of actual damping coefficient to the critical damping detonation-an extremely rapid and violent chemical reac-
coefficient. tion causing the production of a large volume of gas.

decay time-the interval of time required for a pulse to decay (ISRM)
from its maximum value to some specified fraction of that deviator stress, A, a (FL- 2)-the difference between the
value. (ISRM) major and minor principal stresses in a triaxial test

decomposition-for peats and organic soils, see humification. deviator of stress (strain)-the stress (strain) tensor obtained
decoupling-the ratio of the radius of the blasthole to the by subtracting the mean of the normal stress (strain)

radius of the charge. In general, a reducing of the strain components of a stress (strain) tensor from each normalS wave amplitude by increasing the spacing between charge stress (strain) component. (ISRM)
and blasthole wall. (ISRM) differential settlement-settlement that varies in rate or

deflocculating agent (deflocculant) (dispersing agent)-an amount, or both, from place to place across a structure.
agent that prevents fine soil particles in suspension from dilatancy-property of volume increase under loading.
coalescing to form flocs. (ISRM)
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dilatancy-the expansion of cohesionless soils when subject Discussion-The most common drill mud is a water-bentonite
to shearing deformation. mixture, however, many other materials may be added or substituted •

direct shear test-a shear test in which soil or rock under an to increase density or decrease viscosity.
applied normal load is stressed to failure by moving one dry pack-a cement-sand mix with minimal water content
section of the sample or sample container tshear box) used to fill small openings or repair imperfections in
relative to the other section. concrete.

discharge velocity, v, q (LT-')-rate of discharge of water dry unit weight (dry density)-see unit weight.
through a porous medium per unit of to.al area perpendic- ductility--condition in which material can sustain perma-
ular to the direction of flow. nent deformation without losing its ability to resist load.

discontinuity surface-any surface across which some prop- (ISRM)
erty of a rock mass is discontinuous. This includes fracture dye tracer-in grouting, an additive whose primary purpose
surfaces, weakness planes, and bedding planes, but the is to change the color of the grout or water.
term should not be restricted only to mechanical conti- earth-see soil.
nuity. (ISRM) earth pressure-the pressure or force exerted by soil on any

dispersing agent-in grouting, an addition or admixture that boundary.
promotes dispersion of particulate grout ingredients by Unt
reduction of interparticle attraction.

dispersing agent-see deflocculating agent. PFL-'

dispersion-the Dhenomenon of varying speed of transmis- Fo7x F or FL-'

sion of waves, depending on their frequency. (ISRM) active earth pressure. PA -p,-the minimum value of
displacement--a change in position of a material point- earth pressure. This condition exists when a soil mass is

(ISRM) permitted to yield sufficiently to cause its internal shearing
displacement grouting-injection of grout into a formation resistance along a potential failure surface to be completely

in such a manner as to move the formation; it may be mobilized.
controlled or uncontrolled. See also penetration grouting, earth pressure at rest. P,, p,-the value of the earth

distortion-a change in shape of a solid body. (ISRM) pressure when the soil mass is in its natural state without
divergence loss-that part of transmitted energy lost due to having been permitted to yield or without having been

spreading of wave rays in accordance with the geometry of compressed.
the system passive earth pressure. Pf,, p-the maximum value of

double amplitude-total or peak to peak excursion, earth pressure. This condition exists when a soil mass is
drag bit--a noncoring or full-hole boring bit, which scrapes compressed sufficiently to cause its internal shearing w

its way through relatively soft strata. (ISRM) resistance along a potential failure surface to be completely
drain--a means for intercepting, conveying, and removing mobilized.

water. effect diameter (effective size), Do, D, (L)-particle diam-
drainage curtain-in grouting, a row of open holes drilled eter corresponding to 10 % finer on the grain-size curve.

parallel to and downstream from the grout curtain of a effective drainage porosity-see effective porosity.
dam for the purpose of reducing uplift pressures. effective force, F(F)--the force transmitted through a soil or

Diikusioi--Depth is ordinarily approximately onethird to one- rock mass by intergranular pressures.
half that or the grout curtain. effective porosity (effective drainage porosity), n, (D)--the

drainage gzllery-in growing, an opening or passageway ratio of: (i) the volume of the voids of a soil or rock mass
from which grout holes or drainage curtain holes, or both, that can be drained by gravity, to (2) the total volume of
are drilled. See also grout gallery. the mass.

drawdown (L)-vertical distance the free water elevation is effective pressure-see stress.
lowered or the pressure head is reduced due to the removal effective size-see effective diameter.
of free water. effective stress-see stress.

drill-a machine or piece of equipment designed to pene- effective unit weight-see unit weight.
trate earth or rock formations, or both. efflux time-time required for all grout to flow from a flow

drillability-index value of the rcsistance of a rock todrilling. (ISRM) cone..
drill carriage; jumbo-a movable platform, stage, or frame elasticity--property of material that retur-.s to its originaldril cariae; umb-a ovale patfrmstae, r fame form or condition after the applied force is removed.

that incorporates several rock drills and usually travels on formo
the tunnel track; used for heavy drilling work in large (ISRM)
tunnels. (ISRM) elastic limit-point on stress strain curve at which transition

drilling pattern-the number, position, depth, and angle of from elastic to inelastic behavior takes place. (ISRM)
the blastholes forming the complete round in the face of a elastic state of equilibrium-state of stress within a soil mass
tunnel or sinking pit. (ISRM) when the internal resistance of the mass is not fully

drill mud-in grouting, a dense fluid or slurry used in rotary mobilized.
drilling; to prevent caving of the bore hole walls, as a elastic strain energy-potential energy stored in a strained
circulation medium to carry cuttings away from the bit solid and equal to the work done in deforming the solid
and out of the hole, and to seal fractures or permeable from its unstrained state less any energy dissipated by
formations, or both, preventing loss of circulation fluid, inelastic deformation. (ISR"1)
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electric log-a record or log of a borehole obtained by facing-the outer layer of revetment.
lowering electrodes into the hole and measuring any of the failure (in rocks)---exceeding the maximum strength of the
various electrical properties of the rock formations or rock or exceeding the stress or strain requirement of a
materials traversed, specific design. (ISRM)

electrokinetics-involves the application of an electric field fa.*ure by ruoture-see shear failure.
to soil for the purpose of dewatering materials of very low failure criterion-specification of the mechanical condition
permeability to enhance stability. The electric field pro- under which solid materials fail by fracturing or by
duces negative pore pressures near a grout pipe that deforming beyond some specified limit. This specification
facilitates grout injection. may be in terms of the stresses, strains, rate-of-change of

emulsifier-a substance that modifies the surface tension of stresses, rate-of-change of strains, or some combination of
colloidal droplets, keeping them from coalescing, and these quantities, in the materials.
keeping them suspended. failure criterion-theoretically or empirically derived stress

emulsion--a system containing dispersed colloidal droplets. or strain relationship characterizing the occurrence of
endothermic-pertaining to a reaction that occurs with the failure in the rock. (ISRM)

adsorption of heat. false set-in grouting, the rapid development of rigidity in a
envelope grouting-grouting of rock surrounding a hydraulic freshly mixed grout without the evolution of much heat.

pressure tunnel for purpose of consolidation, and prima- Discussion-Such rigidity can be disped and pLasticity repiaed
rily, reduction of permeability. by further mixing without the addition of'water, *rmause stiffening.

epoxy--a multicomponent resin grout that usually provides hitation s early tiffenins. and rubber set am other much used
very high, tensile, compressive, and bond strengths, terms referring to the same phenomenon.

equipotential line-see piezometric line. fatigue-the process of progressive localized permanent
equivalent diameter (equivalent size), D (L)-the diameter of atruetua cess ofcprressin eloal pectent

a hypothetical sphere composed of material having the structural change occurrn ing a material subjected to
same specific gravity as that of the actual soil particle and consitions that produce fluctuating stresses and strains atof uc sze ha i wil etlein a given liquid at the same some point or points and that may culminate in cracks or
of such size that it will settle partiven complete fracture after a sufficient number of fluctuations.
terminal velocity as the actual soil particle. fatigue-decrease of strength by repetitive loading. (ISRM)

equivalent flaid-a hypothetical fluid having a unit weight fatigue--decreas on sreng-th curve belo w i ch no
such that it will produce a pressure against a lateral fatigue limit-point on stress-strain curve below which no
support presumed to be equivalent to that produced by the fatigue can be obtained regardless of number of loadingS actual soil. This simplified approach is valid only when cycles. (ISRM)
deformation conditions are such that the pressure in- fault-a fracture or fracture zone along which there has been
creases linearly with depth and the wall friction is ne- displacement of the two sides relative to one another
glected. parallel to the fracture (this displacement may be a few

excess hydrostatic pressure-see hydrostatic pressure. centimetres or many kilometres). (See also Joint fault set

exchange capacity-the capacity to exchange ions as mea- and joint fault system. (ISRM)

sured by the quantity of exchangeable ions in a soil or fault breccia-the assemblage of broken rock fragments
rock. frequently found along faults. The fragments may vary in

excitation (stimulus)-an external force (or other input) size from inches to feet. (ISRM)
applied to a system that causes the system to respond in fault gouge-a clay-like material occurring between the walLs
some way. of a fault as a result of the movement along the fault

exothermic-pertaining to a reaction that occurs with the surfaces. (ISRM)
evolution of heat. fiber-for peats and organic soils, a fragment or piece of

expansive cement-a cement that tends to increase in plant tissue that retains a recognizable cellular structure
volume after it is mixed with water. and is large enough to be retained after wet sieving on a

extender-an additive whose primary purpose is to increase 100-mesh sieve (openings 0.15 mm).
total grout volume. fibric peat-peat in which the original plant fibers are

extension-linear strain associated with an increase in slightly decomposed (greater than 67 % fibers).
length. (ISRM) fibrous peat-sec fibric peat.

external force.-a force that acts across external surface field moisture equivalent-see moisture equivalent.
elements of a material body. (ISRM) fill-man-made deposits of natural soils or rock products

extrados-the exterior curved surface of an arch, as opposed and waste materials.
to intrados, which is the interior curved surface of an arch. filling-generally, the material occupying the space between
(ISRM) joint surfaces, fqults, and other rock discontinuities. The

fabric-for rock ,r sotd, the spatial configuration of all filling material may be clay, gouge, various natural ce-
textural and structural features as manifested by every menting agents, or alteration products of the adjacent
recognizable material unit from crystal lattices to large rock. (ISRM)O scale features requiring field studies. filter bedding stone-(generally 6-in. minus material) stone

fabric-the orientation in space of the elements composing placed under graded riprap stone or armor stone in a layer
the rock substance. (ISRM) or combination of layers designed and installed in such a

face (heading)-the advanced end of a tunnel, drift, or manner as to prevent the loss of underlying soil or finer
excavation at which work is progressing. (ISRM) bedding materials due to moving water.
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filter (protective filter)-a layer or combination of layers of flow value, N, (degrees)--a quantity equa! to tan [45 deg +
pervious materials designed and installed in such a (0/2)].
manner as to provide drainage, yet prevent the movement fluidifier-in grouting, an admixture employed in grout to
of soil particles due to flowing water. increase flovwability without changing water content.

final set-in grouting, a degree of stiffening of a grout fly ash-the finely divided residue resulting from the com-
mixture greater than initial set, generally stated as at, bustion of ground or powdered coal and which is trans-
empirical value indicating the tim, 'n hours and minutes ported from the firebox through the boiler by flue gases.
that is required for cement paste to stiffen sufficiently to fold-a bend in the strata or other planar structure within
resist the penetration of a weighted test needle. the rock mass. (ISRM)

fineness-a measure of particle-siz- foliation-the somewhat laminated structure resulting from
fineness modulus-an empirical factor obtained by adding segregation of different minerals into layers parallel to the

the total percentages of an aggregate sample retained on schistosity. (ISRM)
each of a specified series of sieves, and dividing the sum by footing-portion of the foundation of a structure that
100; in the United States, the U.S. Standard sieve sizes are: transmits loads directly to the soil.
No. 100 (149 pm), No. 50 (297 pm), No. 30 (590 gtm), No. footwall--the mass of rock beneath a discontinuity surface.
16 (1,190 ptm), No. 8 (2,380 pim), and No. 4 (4,760 gtm) (ISRM)
and 3/s in. (9.5 mm), 3/4 in. (19 mm), 1½/2 in. (38 mm), 3 in. forced vibration (forced oscillation)--vibration that occurs if
(76 mm), and 6 in. (150 mm). the response is imposed by the excitation. If !he excitation

fines--portion of a soil finer than a No. 200 (75-gm) U.S. is periodic and continuing, the oscillation is steady-state.
standard sieve. forepoling-driving forepoles (pointed boards or steel rods)

finite alement-one o" the regular geometrical shapes into ahead of the excavation, usually over the last set erected, to
which a figure is subdivided for the purpose of numerical furnish temporary overhead protection while installing the
stress analysis. (SRM) next seL (ISRM)

fishing tool-in grouting, a device used to retrieve drilling foundation-lower part of a structure that transmits the load
equipment lost or dropped in the hole. to the soil or rock.

fi.ssure-a gapped fracture. (ZSRM)
flash set-in grouting, the rapid development of rigidity in a foundation soil-upper part of the earth mass carrying the

freshly mixed grout, usually with the evolution of consid- load of the structure..
erable heat; this rigidity cannot be dispelled nor can the fracture-the general term for any mechanical discontinuity
plasticity be regained by further mixing without addition in the rock: "-"refore is the collective term for joints, ,
of water, also referred to as quick set or grab se' faults, m aKs, etc. 'ISRM)

floc-loose, open-structured mass formed in a suspension by z vtre-a break in the mechanical continuity of a body of
the aggregation of minute particles. rock caused by stress exceeding the strength of the rock.

floccnanon--the process of forming flocs. Includes joints and faults.
flocndent strmauc --,-see soil structure. :r tre frequency-the number of natural discontinuities in
floor--bottom of near horizontal surface of an excavation, a roc. oi sou mass per unit length, measured along a core

approximately parallel and opposite to the roof. (ISRM) or as exposed in a planar section such as the wall of a
flow channel-the portion of a flow net bounded by two tunnel.

adjacent flow fines, fracture pattern-spatial arrangement of a group of fracture
flow cone-in grouting, a device for measurement of grout surfaces. (ISRM)

consistency in which a predetermined volume of grout is fracturing-in grouting, intrusion of grout fingers, sheets,
permitted to escape through a precisely sized orifice, the and lenses along joints, planes of weakness, or between the
time of efflux (flow factor) being used as the indication of strata of a formation at sufficient pressure to cause the
consistency. strata to move away from the grout

flow curve-the locus of points obtained from a standard fragmentation-the breaking of rock in such a way that the
liquid limit test and plotted on a graph representing water bulk of the material is of a convenient size for handling.
content as ordinate on an arithmetic scale and the number (ISRM)
of blows as abscissa on a logarithmic scale, free water (gravitational water) (ground water) (phreatic

flow failure-failure in which a soil mass moves over water)-water that is free to move through a soil or rock
relatively long distances in a fluid-like manner. mass under the influence of gravity.

flow index, F,,. If (D)--the slope of the flow curve ottained free water elevation (water table) (ground water surface) (free
from a liquid limit test, expressed as the difference in water water surface) (ground water elevation)-elevations at
contents at 10 blows and at 100 blows, which the pressure in the water is zero with respect to the

flow line-the path, that a particle of water follows in i:s atmospheric pressure.
course of seepage under laminar flow conditions. freezing index, F (degree-days)--the number of degree-days

flow net-a graphical representation of flow fines -nd between the highest and lowest points on the cumulative
equipotential (piezometric) lines used in the study of degree-days-time curve for one freezing season. It is used
seepage phenomena, as a measure of the combined duration and magnitude of

flow slide-the failure of a sloped bank of soil in which the below-freezing temperature occurring during any given
movement of the soil mass does not take place along a freezing season. The index determined for air tempera-
well-defined surface of sliding. tures at 4.5 ft (1.4 m) above the ground is commonly
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designated as the air freezing index, while that determined the land surface where it impedes the movement of groundO for temperatures immediately below a surface is known as water and consequently causes a pronounced difference in
the surface freezing index, the potentiometric level on opposite sides of the barrier.

free vibration-vibration that occurs in the absence of forced ground-water basin-a ground-water system that has defined
vibration. boundaries and may include more than one aquifer of

frequency, f(T-')-number of cycles occurring in unit time. permeable materials, which are capable of furnishing a
frost action-freezing and thawing of moisture in materials significant water supply.

and the resultant effects on these materials and on Dicussion-A basin is normally considered to include the suxface
structures of which they are a part or with which they are aea and the permeable materials beneath it. The snface-water divide
in contact. necd not coincide ith ground-water divide.

frost boil--(a) softening of soil occurring during a thawing ground-water discharge-the water released from the zone of
period due to the liberation of water form ice lenses or saturation; also the volume of water released.
layers. ground-water divide-a ridge in the water table or other

(b) the hole formed in flexible pavements by the potentiometric surface from which ground water moves
extrusion of soft soil and melt waters under the action of away in both directions normal to the ridge tine.
wheel loads, ground-water elektion-.-see free water elevation.

(c) breaking of a highway or airfield pavement under groundwater flow-the movement of water in the zone of
traffic and the ejection of subgrade soil in a soft and soupy satuation.
condition caused by the melting of ice lenses formed by ground-water leve--the level below which the rock and
frost action. subsoil, to unknown depths, are saturatcd. (ISRM)

frost heave-the raising of a surface due to the accumulation ground-water perhd-see perched ground-water.
of ice in the underlying soil or rock. ground-water redcrge--the process of water addition to the

fundamental frequency-lowest frequency of periodic varia- saturated zone; also the volume of water added by this
tion. process

gage length, L (L)--distance over which the deformation ground-water surface-see free water elevation.
measurement is made. grout-in soi and rock growinig, a material injected into a

gage protector-in grouting, a device used to transfer grout soil or rock formation to change the physical characteris-
pressure to a gage without the grout coming in actual tics of the formation.
contact with the gage. groutability-the ability of a formation to accept grout.

Sgag: saver-see gage protector. groutability ratio of granular formations-the ratio of the
gel-in grouting, the condition where a liquid grout begins to 15 % size of the formation particles to be grouted to the

exhibit measurable shear strength. 85 % size of grout particles (suspension-type Prout). This
gel time-in grouting, the measured time interval between ratio should be greater than 24 if the grout is to success-

the mixing of a grout system and the formation of a gel. fully penetrate the formation.
general shear failure-see shear failure. groutable rock bolts-rock bolts with hollow cores or with
glacial till (till)-material deposited by glaciation, usually tubes adapted to the periphery of the bolts and extending

composed of a wide range of particle sizes, which has not to the bottom of the bolts to facilitate filling the holes
been subjected to the sorting action of water. surrounding the bolts with grout.

gradation (grain-size distribution) (texture)-the proportions grouted-aggregate concrete-lconrete that is formed by
by mass of a soil or fragmented rock distributed in injecting grout into previously placed coarse aggregatd. See
specified particle-size ranges. also preplaced plaegate concrete.grain-size analysis (mechanical analysis) (particle-sz.e anloarpl-dagrgtecnceegrout cap-a "cap" that is formed by placing concrete alongysis)-the process of determining grain-size distribution, the top of a grout curtain. A grout cap is often used in

gravel-rounded or semirounded particles of rock that will weak foundation rock to secure grout nipples, control
pass a 3-in. (76.2-mm) and be retained on a No.m U leakage, and to form an impermeable barrier at the top of
(4.7 g-A m) U.S. standard sieve. a grout curtain.gravittional water-see freti water. grout gallery-an opening or passageway within a dam

gravity gouting-grouting under no applied pressure otheroperatio, or both
than the height of fluid in the hole. grout helder-a pipe assembly attached to a ground hole,

groin-bank or shore-protection structure in the form of a and to which the grout lines are attached for injecting
barrier placed oblique to the primary motion of water, grout. Grout injector is monitored and controled by
designedtcvalves and a pressure gate mounted on the

ground arch-the theoretical stable rock arch that develops header, sometimes called grout manifold.
some distance back from the surface of the opening and haesmfmscle ru aiodsupom s dtane bacning from th ugrout mix-the proportions or amounts of the various
supports the opening. (ISRM) materials used in the grout, expressed by weight or

ground tater--that part of the subsurfaceateter that is in the volume. (The words "by volume" or "by weight" shouldO l saturated zone. be used to specify the mix.)
Dtscursion--oosdl, at l subsurface water as distinct from surface grout nipple-in grouting, a short length of pipe, installed at

" water the collar of the grout hole, through which drilling is done
ground-water barrier-soil, rock, or artificial material which and to which the grout header is attached for the purpose

has a relatively low permeability and which occurs below of injecting grout.
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grout slope-the natural slope of grout injected into humus-a brown or black material formed by the partial
preplaced-aggregate or other porous mass. decomposition of vegetable or animal matter, the organic

grout system-formulation of different materials used to portion of soil.
form a grout. hydration-formation of a compound by the combining of

grout take-the measured quantity of grout injeted into a water with some other substance.
unit volume of formation, or a unit length of grout hole. hydraulic conductivity-see coefficient of permeability.

hanging wall-the mass of rock above a discontinuity hydraulic fracturing-the fracturing of an underground
surface. (ISRM) strata by pumping water or grout under a pressure in

hardener-in grouting, in a two component epoxy or resin, excess of the tensile strength and confining pressure; also

the chemical component that causes the base component called hydrofracturing.
to cure. hydraulic gradient, i, s (D)-the loss of hydraulic head per

hardess rcist nc ofa maeril t inenttio or unit distance of flow, dh/dL.
hardness-resistance of a material to indentation or critical hydraulic gradient, i, (D)-hydraulic gradient at

ra hard layer, composed chiefly of day, which the intergranular pressure in a mass of cohesionlesshardpan-a hadimpervious laecmoe hel fca, soil is reduced to zero by the upward flow of water.

cemented by relatively insoluble materials, that does not hydrostrtdc he robythe uprdsulow f water

become plastic when mixed with water and definitely hydrostatic head-the fluid pressure of formation water
liomitsthe doiwhenw movement of water and roo itey produced by the height of water above a given point.
limits the downward movement of water and roots. hydrostatic pressure, uo (F"L- 2)--a state of stress in which all

hesd--pressure at a point in a liquid, expressed in terms of the principal stresses are equal (and there is no shear
the vertical distance of the point below the surface of the stress), as in a liquid at rest; the product of the unit weight
liquid. (ISRM) of the liquid and the different in elevation between the

heat of hydration-heat evolved by chemical reactions with given point and the free water elevation.
water, such as that evolved during the setting and hard- exces hydrostatic pressure (hJyrostatic exress pressure),
ening of Portland cement. 5. u (FL-2)-the pressure that exists in pore water in

heave-upward movement of toil caused by expansion or excess of the hydrostatic pressure.
displacement resulting from phenomena such as: moisture hydrostatic pressure-a state of stress in which all the
absorption, removal of overburden, driving of piles, frost principal stresses are equal (and there is no shear stress).
action, and loading of an adjacent area. (ISRM)

height of capillary rise--sce capillary rise. hygroscopic capacity (hygroscopic coefficient), w, (D)-ratio
hemic peat--peat in which the original plant fibers are -of: (1) the weight of water absorbed by a dry soil or rock in

moderately decomposed (between 33 and 67 % fibers). a saturated atmosphere at a given temperature, to (2) the
heterogeneity-having different properties at different weight of the oven-dried soil or rock.

points. (LSRM) hygroscopic water content, wH (D)-the water content of an
homogeneity-having different properties at different points, air-dried soil or rock.

(ISRM) hysteresis-incomplete recovery of strain during unloading
homogeneity--having the same properties at all points. cycle due to energy consumption. (ISRM)

(ISRM) impedance, acoustic-the product of the density and sonic
homogeneous mass-a mass that exhibits essentially the velocity of a material. The extent of wave energy transmis-

same physical properties at every point throughout the sion and reflection at the boundary of two media is
mass. determined by their acoustic impedances. (ISRM)

honeycomb strudure-see sod struture. inelastic deformation-the portion of deformation under

horizon (soil horizon)-one of the layers of the soil prof stress that is not annulled by removal of stress. (ISRM)
distiongusoed princil by its taetrse, colo, pfile' inert-not participating in any fashion in chemical reactions.distinguished principally by its texture, color, structure, influence value, I (D)-the value of the portion of a"A"horizn--the uppermost layer of a soil profile from mathematical expression that contains combinations ofwhich inorganic colloids and other soluble materials have the independent variables arranged in dimensionless form.been leached. Usually contains remnants of organic life. inhibitor-a material that stops or slows a chemical reaction"B'" horizon-the layer of a soil profile in which from occurring.

B" horizonthe layr of a sil profle in w ich init.ii.al consolidation (initial comnpression)-see consolidation.material leached from the overlying -A" horizon is in st-a dereof stifenof1:routmxueenerally
accumulated. initial set-a degree of stiffening of a grout mixture generally

"C" horizon-undisturbed parent material from which stated as an empirical value indicating the time in hours
the overlying soil profile has been developed, and minutes that is required for a mixture to stiffen

humic peal-see sapric peaL sufficiently to resist the penetration of a weighted testhumi pea--se saric ealneedle.

humification--a process by which organic matter decom- injectabilite-. groutability.

poses. inorganic silt-see silt.
Discussion--The degree of humification for peats is indicated by in situ-applied to a rock or soil when occuming in the

the state of the fibers. In slightly decomposed material, most of the situation in which it is naturally formed oi deposited-
volume consists of fibers. In moderately decomposed material, the
fibers may be preserved but may break down with disturbance, such intergranular pressure-s• stress.
as rubbing between the fingerm, In highly decomposed materials, intermediate principal plant--see principal plane.
F"ers will be virtually absent- see von Post humification scale, intermediate principal strt ss-see stress.
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internal friction (shear resistance), (FL-2)-the portion of jumbo-a specially built mobile carrier used to provide a. the shearing strength of a soil or rock indicated by the work platform for one or more tunneling operations, such
terms p tan 0, in Coulomb's equation s = c + p tan ,. It is as drilling and loading blast holes, setting tunnel supports.
usually considered to be due to the interlocking of the soil installing rock bolts, grouting, etc.
or rock grains and the resistance to sliding between the kaolin-a variety of clay containing a high percentage of.
grains. kaolinite.

interstitial--occurring between the grains or in the pores in kaolinite-a common clay mineral having the general for-
rock or soil. mula Al2(Si20 5) (OH4); the primary constituent of kaolin.

intrinsic shear strength, S, (FL- 2)-the shear strength of a karst-a geologic setting where cavities are developed in
rock indicated by Coulomb's equation when p tan . (shear massive limestone beds by solution of flowing water. Caves
resistance or internal friction) vanishes. Corresponds to and even underground river channels are produced into
cohesion, c, in soil mechanics. which surface runoff drains and often results in the land

invert-on the cross section, the lowest point of the under- above being dry and relatively barren. (ISRM)
ground excavation or the lowest section of the lining, kelly--a heavy-wall tube or pipe, usually square or hexag-
(ISRM) onal in cross section, which works inside the matching

isochrome-a curve showing the distribution of the excess center hole in the rotary table of a drill rig to impart rotary
hydrostatic pressure at a given time during a process of motion to the drill string.
consolidation. lagging, n-in mining or tunneling, short lengths of timber,

isotropic mass--a mass having the same property (or prop- sheet steel, or concrete labs used to secure the roof and
erties) in all directions. sides of an opening behind the main- timber or steel

isotropic materal--a material whose properties do not vary supports. The process of installation is also called lagging
with direction, or lacing.

isotropy-having the same properties in all directions. laminar flow (streamline flow) (viscous flow)--flow in which
(ISRM) the head loss is proportional to the first power of the

jackhammer-an air driven percussion drill that imparts a velocity.
rotary hammering motion to the bit and has a passageway landslide-the perceptible downward sliding or movement
to the bit for the injection of compressed air for cleaning of a mass of earth or rock, or a mixture of both. (ISRM)
the hole of cuttings. landslide (slide)-the failure of a sloped bank of soil or rock

in which the movement of the mass takes place along a
Discussio r-Theae two chs cteistisi distinz u s h it from a th surface of sliding.

w pave~met bicaker Which i similar ha SiC Sld 5 I t , leaching-the removal in solution of the more soluble
jack-leg-a portable percussion drill of the jack-hammer materials by percolating or moving waters. (ISRM)

type, used in underground work; has a single pneumati- leaching-the removal of soluble soil material and colloids
cally adjustable leg for support. by percolating water.

jet grouting-technique utilizing a special drill bit with lime-specifically, calcium oxide (Ca0);, also loosely, a
horizontal and vertical high speed water jets to excavate general term for the various chemical and physical forms
alluvial soils and produce hard impervious columns by of quicklime, hydrated lime, and hydraulic hydrated lime.
pumping grout through the horizontal nozzles that jets ledge-see bedrock.
and mixes with foundation material as the drill bit is linear (normal) strain-the change in length per unit of
withdrawn, length in a given direction. (ISRM)

jetty-an elongated artificial obstruction projecting into a line of creep (path of percolation)---the path that water
body of water form a bank or shore to control shoaling and follows along the surface of contact between the founda-
scour by deflection of the force of water currents and tion soil and the base of a dam or other structure.
waves, line of seepage (seepage line) (phreatic line)-the upper free

joint-a break of geological origin in the continuity of a body water surface of the zone of seepage.
of rock occurring either singly, or more frequently in a set linear expansion, L, (D)-the increase in one dimension of a
or system, but not attended by a visible movement parallel soil mass, expressed as a percentage of that dimension at
to the surface of discontinuity. (ISRM) the shrinkage limit, when the water content is increased

joint diagram-a diagram constructed by accurately plotting from the shrinkage limit to any given water content.
the strike and dip of joints to illustrate the geometrical linear shrinkage, L, (D)-decrease in one dimension of a soil
relationship of the joir,- within a specified area of geologic mass, expressed as a percentage of the original dimension,
investigation. (ISRM) when the water content is reduced from a given value to

joint pattern-a group of joints that form a characteristic the shrinkage limit.
geometrical relationship, and which can vary considerably lineation-the par-dlel orientation of structural features that
from one location to another within the same geologic are lines rather than planes; some examples ar'- parallel
formation. (ISRM) orientation of the long dimensions of minerals; long axes

joint (fault) set-a group of more or less parallel joints, of pebbles; striac on slickensides; and cleavage-bedding
(ISRM) plane intersections. (ISRM)

joint (fault) system-a system consisting of two or more liquefaction-the process of transforming any soil from a
joint sets or any group of joints with a characteristic solid state to a liquid state, usually as a result of increased
pattern, that is, radiating, concentric, etc. (ISRM) pore pressure and reduced shearing resistance.
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liquefaction potential-the capability of a soil to liquefy or lugeon-a measure of permeability defined by a pump-in test
develop cyclic mobility, or pressure test, where one Lugeon unit is a water take of I

liquefaction (spontaneous liquefaction)-the sudden large L/min per metre of hole at a pressure of 10 bars.
decrease of the shearing resistance of a cohesionless soil. It major principal plane-see principal plane.
is caused by a collapse of the structure by shock or other major principal stress-see stress.
type of strain and is associated with a sudden but manifold-see grout header.
temporary increase of the prefluid pressure. It involves a marl-calcareous clay, usually containing from 35 to 65 %
temporary transformation of the material into a fluid calcium carbonate (CaC0 3).
mass. marsh-a wetland characterized by grassy surface mats

liquid, limit, LL. L, wL (D)--(a) the water content corre- which are frequently interspersed with open water or by a
sponding to the arbitrary limit between the liquid and closed canopy of grasses, sedges or other herbacious
plastic states of consistency of a soil. plants.

(b) the water content at which a pat of soil, cut by a mass unit weight-see unit weight.
groove of standard dimensions, will flow together for a mathematical model-the representation of a physical
distance of '/ in. (12.7 mm) under the impact of 25 blows system by mathematical expressions from which the
in a standard liquid limit apparatus. behavior of the system can be deduced with known

liquidity Index (water-plasticity ratio) (relative water con- accuracy. (ISRM)

tent), B. R,,, I'L (D)-the ratio, expressed as a percentage, matrix-in grouting, a material in which particles are em-

of. (1) the natural water content of a soil minus its plastic bedded, that is, the cement paste in which the fine
limit, to (2) its plasticity index. aggregate particles of a grout are embedded.

liquid-volume measurement-in grouting, measurement of maxidum amplitude (1, LT"', LT-')-deviation from mean
grout on the basis of the total volume of solid and liquid or zero pointconstituentsu maximum density (maximum unit weight)-see unit weight.
onstitu dentsc n omechanical analysis-see grain-size analysis.

lithology-the description of rocks, especially sedimentary mesicpeat--see heroic peal
olascs and especially in hand specimens and in outcrops, metering pump-a mechanical arrangement that permits
on the bas of such characteristics as color, structures, pumping of the various components of a grout system in
mineralogy, and particle size. any desired proportions or in fixed proportions. (Syn.

loam-a mixture of sand, silt, or clay, or a combination of proportioning pump, variable proportion pump.)
any of these, with organic matter (see humus). microseism--sismic pulseg of short duration and low ampli-

Discuxsion--I is sometimes called topsoil in contrast to the tide, often occurring previous to failure of a material or
subsoils that contain little or no organic matter. structure. (ISRM)

local shear failure-see shear failure, minor principal plane-see principal plane.
boess-a uniform aeolian deposit of silty material having an minor principal stress-see stress.

open structure and relatively high cohesion due t c mixed-In-place pile-a soil.cement pile, formed in place by
tation of clay or calcareous material at grain contacts. forng a grout mixture through a hollow shaft into the

ground where it is mixed with the in-place soil with an
Discussion-A characteristic ofloess deposits is that they can stand auger-like head attached to the hollow shaft.

with nearly vertical slopes, mixer-a machine employed for blending the constituents of

kWgrithmic decrement-the natural logarithm of the ratio of grout, mortar, or other mixtures.
any two successive amplitudes of like sign, in the decay of mixing cycle-the time taken for the loading, mixing, and
a single-frequency oscillation. unloading cycle.

longitudinal rod wave-see compression wave. mixing speed-the rotation rate of a mixer drum or of the
longitudinal wave, v, (LT-t)-wave in which direction of paddles in an open-top, pan, or trough mixer, when

displacement at each point of medium is normal to wave mixing a batch; expressed in revolutions per minute.
front, with propagation velocity, calculated as follows: modifier-in grouting, an additive used to change the normal

y, -I(Elp)[(l - v)/(l + vXI - 2y) f(\ +2)/p chemical reaction or final physical properties of a grout
system.

where: modulus of deformation-see modulus of elasticity.
E = Young's modulus, modulus of elasticity (modulus of deformation), E, M
p = mass density, (FL-)-the ratio of stress to strain for a material under
X and P = Lame's constants, and given loading conditions; numerically equal to the slope of
v = Poisson's ratio. the tangent or the secant of a stress-strain curve. The use of

long wave (quer wave), W (LT-')-dispersive surface wave the term modulus of elasticity is recommended for mate-
with one horizontal component, generally normal to the rials that deform in accordance with Hooke's law, the term
direction of propagation, which decreases in propagation modulus of deformation for materials that deform other-
velocity with increase in frequency. wise.

lubricity-in grouting, the physico-chemical characteristic of modulus of sutbgrade reaction-see coefficient of subgrade
a grout material flow through a soil or rock that is the reaction.
inverse of the. inherent friction of that material to the soil modulus of volume change-see coefficient of volume corn-
or rock; comparable to "wetness." pressibility.
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Mohr circle-a graphical representation of the stresses acting neutral stress-see stress.
on the various planes at a given point. newtonian fluid-a true fluid that tends to exhibit constant

Mohr circle of stress (strain)-a graphical representation of viscosity at all rates of shear.
the components of stress (strain) acting across the various node-point, line, or surface of standing wave system at
planes at a given point, drawn with reference to axes of which the amplitude is zero.
normal stress (strain) and shear stress (strain). (ISRM) normal force-a force directed normal to the surface element

Mohr envelope-the envelope of a sequence of Mohr circles across which it acts. (ISRM)
representing stress conditions at failure for a given mate- normal stress-see stress.
rial. (ISRM) normally consolidated soil deposit-a soil deposit that has

Mohr envelope (rupture envelope) (rupture line)-thc enve- never been subjected to an effective pressure greater than
lope of a series of Mohr circles representing stress condi- the existing overburden pressure.
tions at failure for a given material. no-slump grout---grout with a slump of I in. (25 mm) or less

Discunsion--According to Mohr's rupture hypothesis, a rupture according to the standard slump test (Test Method
envelope is the loos of points the coordinates of which represent the C 143).2 See also slump and slump test
combinations of normal and shearing stresses that will cause a given open cut-an excavation through rock or soil made through
material to faiL a hill or other topographic feature to facilitate the passage

moisture content-see water content. of a highway, railroad, or waterway along an alignment
moisture-density curve-see compaction curve- that varies in topographic relief. An open cut can be
moisture-density test--see compaction test. comprised of single slopes or multiple slopes, or multiple
moisture equivalent: slopes and horizontal benches, or both (ISRM)

centriftge moisture equivalent. WE. CME (D)-the optimum moisture content (optimum water content), OMC.
water content of a soil after it has been saturated with w. (D)--the water content at which a soil can be corn-
water and then subjected for I h to a force equal to 1000 pacted to a maximum dry unit weight by a given
times that of gravity. compactive effort.

field moisture equivalent. FME-the minimum water organic clay--a clay with a high organic content.
content expressed as a percentage of the weight of the
oven-dried soil, at which a drop of water placed on a orgaice silt-a silt with a high organic content.
smoothed surface of the soil will not immediately be organic soil-soil with a high organic content.
absorbed by the soil but will spread out over the surface Discusion--ln general organic soils are very coipress'ible and.and give it a shiny appearance. have poor load-ustaiting properties.

montmorillonlte-a group of clay minerals characterized by a organic terrain-see peatand.
weakly bonded sheet-like internal molecular structure; oscillation-the variation, usually with time, of the magni-
consisting of extremely finely divided hydrous aluminum tude of a quantity with respect to a specified reference
or magnesium silicates that swell on wetting, shrink on when the magnitude is alternately greater and smaller than
drying, and are subject to ion exchange. the reference.

muck-stone, dirt, debris, or useless material; or an organic outcrop-the exposure of the bedrock at the surface of the
soil of very soft consistency. ground. (ISRM)

mud-a mixture of soil and water in a fluid or weakly solid overbreak-the quantity of rock that is excavated or breaks
state. out beyond the perimeter specified as the finished exca-

mudjacking-sec slab jacking. vated tunnel outline. (ISRM)
multibench blasting-the blasting of several benches (steps) overburden-the loose soil sand, silt, or clay that overlies

in quarries and open pits, either simultaneously or with bedrock. In some usages it refers to all material overlying
small delays. (ISRM) the point of interest (tunnel crown), that is, the total cover

multiple-row blasting-the drilling, charging, and firing of of soil and rock overlying an underground excavation.
several rows of vertical holes along a quarry or opencast (ISRM)
face. (ISRM) overburden load-the load on a horizontal surface under-

muskeg-level, practically treeless areas supporting dense ground due to the column of material located vertically
growth consisting primarily of grasses. The surface of the above it. (ISRM)
soil is covered with a layer of partially decayed grass and overconsolidated soil deposit-a soil deposit that has been
grass roots which is usually wet and soft when not frozen. subjected to an effective pressure greater than the present

mylonite-a microscopic breccia with flow structure formed overburden pressure.
in fault zones. (ISRM) overconsolidation ratio, OCR-the ratio of preconsolidation

natural frequency-the frequency at which a body or system vertical stress to the current effective overburden stress.
vibrates when unconstrained by external forces. (ISRM) packerin growing, a device inserted into a hole in whichnatural frequency (displacement resonance), f,,-frequencyv akr-ngoanadvc netdit oei hc
naturalforewhi aeangy ( isp betent thesonan) diretionc of he grout or water is to be injected which acts to prevent returnfor which phase angle is 90" between the direction of the of the grout or water around the injection pipe; usually anS excited force (or torque) vector and tl-h direction of the expandable device actuated mechanically, hydraulically,
excited excursion vector, or pneumatically.

neat cement grout-a mixture of hydraulic cement and water
without any added aggregate or filler materials.

Discussion-This may or may not contain admixture. 2 A nnuai Book ofASTW Standards, Vo 04M0
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paddle mixer-a mixer consisting essentially of a trough percent fines-amount, expressed as a percentage by weight,
within which mixing paddles revolve about the horizontal of a material in aggregate finer than a given sieve, usually
axis, or a pan within which mixing blades revolve about the No. 200 (74 pxm) sieve.
the vertical axis. percent saturation (degree of saturation), SS, (D)-the ratio,

pan mixer-a mixer comprised of a horizontal pan or drum expressed as a percentage, of: (1) the volume of water in-a
in which mixing is accomplished by means of the rotating given sod or rock mass, to (2) the total volume of
pan of fixed or rotating paddles, or both; rotation is about intergranular space (voids).
a vertical axis. perched ground water-confined ground water separated

parent material-material from which a soil has been from an underlying body of ground water by an unsatur-
derived. ated zone.

particle-size analysis-see grain-size analysis. perched water table-a water table usually of limited area
partide-size distribution-see gradation, grain-size distribu- maintained above the normal free water elevation by the

tion. presence of an intervening relatively impervious confining
particulate grout-any grouting material characterized by stratum-

undissolved (insoluble) particles in the mix. See also perched water table-groundwater separated from an under-
chemical grout. lying body of groundwater by unsaturated soil or rock.

passive earth presse-see earth pre . Usually located at a higher elevation than the groundwater
passive state of plastic equilibrium-sce plastic equilibrium. table. (ISRM)
path percolation (line of creepY-the path that water follows percolation-the movement of gravitational water throughpathperolaion(lie o crep)-thepat tht wterfolows soiL/(see seepage).

along the surface of contact between the foundation soil or pola(son-moemeni
rock and the base of a dam or other sructure. percolation-movement, under hydrostatic pressure of water

pavement pumping--eJection of soli and water mixture through the smaller interstices of rock or soil, excludingpfremejonts, cruckspandej o of soigid wav ntsner movement through large openings such as caves and
from joints, cracks, and edges of rigid pavements, under solution channels. (ISRM)
the action of traffic percussion drilling-a drilling technique that uses solid or

peak shear stfengthmaximum shear strength along a hollow rods for cutting and crushing the rock by repeated
failure nurfalc ui hgloa substance derived blows. (ISRM)

peat-a naturally om c uing highly os anic percussion drilling-a drilling process in which a hole is
primarlly from plant materials, advanced by using a series of impacts to the drill steel and

Disuvsionw--Pa is distinguisd from other organic soil materials attached bit; the bit is normally rotated during drilling. See
by its lowar ash content (ess than 25 % ash by dry weight) and from rotary drilling.
other phytogenic material of higher rank (that is. lignite coal) by its period-time interval occupied by one cycle.
lower calorific value on a water saturted basiL permafrost-perennially frozen soil.

peatlafldareas having peat-forming vegetation on which permanent strain-the strain remaining in a solid withpeak has accumulated or is accumulating. respect to its initial condition after the application and
penetrability--a grout property descriptive of its ability to fill removal of stress greater than the yield stress (commonly

a porous mass; primarily a function of lubricity and also called "residual" strain). (ISRM)
viscosity. permeability-see coefficient of permeability.

penetration-depth of hole cut in rock by a drill biL (ISRM) permeability-the capacity of a rock to conduct liquid or
penetration grouting-filling joints or fractures in rock or gas. It is measured as the proportionality constant, k,

pore spaces in soil with a grout without disturbing the between flow velocity, v, and hydraulic gradient, I; v
formation; this grouting method does not modify the solid k.L (ISRM)
formation structure. See also displacement grouting. permeation grouting-filling joints or fractures in rock or

penetration resistance (standard penetration resistance) pore spaces in soil with a grout, without disturbing the
(Proctor penetration resistanceý pt. N (FL-a or Blows formation.
L-1)-(a) number of blows of a hammer of specified pH, pH (D)-an index of the acidity or alkalinity of a soil in
weight falling a given distance required to produce a given terms of the logarithm of the reciprocal of the hydrogen
penetration into soil of a pile, casing, or sampling tube. ion concentration.

(b) unit load required to maintain constant rate of phase difference-difference between phase angles of two
penetration into soil of a probe or instrument, waves of same frequency.

(c) unit load required to produce a specified penetration phase of periodic quantity-fractional part of period through
into soil at a specified rate of a probe or instrument. For a which independent variable has advanced, measured from
Proctor needle, the specified penetration is 2'/2 in. (63.5 an arbitrary origin.
mm) and the rate is 1/ in. (12.7 mm)/s. phreatic line-the trace of the phreatic surface in any

penetration resistance curve (Proctor penetration curve)-the selected plane of reference.
curve showing the relationship between: (1) the penetra- phreatic line-see line of seepage.
tion resistance, and (2) the water content. phreatic surface-see free water elevation.

percent compaction-the ratio, expressed as a percentage, of: phreatic water-see free water.
(/) dry unit weight of a soil, to (2) maximum unit weight piezometer-an instrument for measuring pressure head.
obtained in a laboratory compaction test. piezometric line (equipotential line)-line along which water

percent consolidation-see degree of consolidation, will rise to the same elevation in piezometric tubes.
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piezometric surface-the surface at which water will stand in Poisson's ratio, (v)-ratio between linear strain changes
a series of piezometers. perpendicular to and in the direction of a given uniaxial

piezometric surface-an imaginary surface that everywhere stress change.
coincides with the static level of the water in the aquifer. pore pressure (pore water pressure)-see neutral stress under
(ISRM) stress.

pile-relatively slender structural element which is driven, or nore water-water contained in the voids of the soil or rock.
otherwise introduced, into the soil, usually for the purpose porosity, n (D)-the ratio, usually expressed as a percentage,
of providing vertical or lateral support. of: (1) the volume of voids of a given soil or rock mass, to

pillar-in-situ rock between two or more underground (2) the total volume of the soil or rock mass.
openings: crown pillars; barrier pillars; rib pillars; sill porosity-the ratio of the aggregate volume of voids or
pillars; chain pillars; etc. (ISRM) interstices in a rock or soil to its total volume. (ISRM)

pilot drift (pioneer tunnel)-a drift or tunnel first excavated portal-the surface entrance to a tunnel (ISRM)
as a smaller section than the dimensions of the main positive displacement pump-a pump that will continue to
tunnel. A pilot drift or tunnel is usually used to investigate build pressure until the power source is stalled if the pump
rock conditions in advance of the main tunnel, to permit outlet is blocked.
installation of bracing before the principal mass of rock is potential drop, Ah (L)-the difference in total head between
removed, or to serve as a drainage tunnel. (ISRM) two equipotential lines.

piping-the progressive removal of soil particles from a mass power spectral density-the limiting mean-square value (for
by percolating water, leading to the development of example, of acceleration, velocity, displacement, stress, or
channels. other random variable) per unit baiidwidth, that is the

pit-an excavation in the surface of the earth from which ore limit of the mean-square value in a given rectangular
is obtained as in large open pit mining or as an excavation bandwidth divided by the bandwidth, as the bandwidth
made for test purposes, that is, a testpit. (ISRM) approaches zero.

plane of weakness-surface or narrow zone with a (shear or pozzolan--a siliceous or siliceous and aluminous material,
tensile) strength lower than that of the surrounding mate- which in itself possesses little or no cementitious value but
riaL (ISRM) will, in finely divided form and in the presence of

plane stress (straln)-a state of stress (strain) in a solid body moisture, chemically react with calcium hydroxide at
in which all stress (strain) components normal to a certain ordinary temperatures to form compounds possessing
plane are zero. (ISRM) cementitious properties.

plane wave-wave in which fronts are parallel to plane preconsolidation pressure (prestress), p, (FL- 2)-the greatest
normal to direction of propagation. effective pressure to which a soil has been subjected.

plastic deformation-see plastic flow. preplaced aggregate coacrete-concrete produced by placing
plastic equilibrium--state of stress within a soil or rock mass coarse aggregate in a form and later injecting a portland

or a portion thereof, which has been deformed to such an cement-sand or resin grout to fill the interstices.
extent that its ultimate shearing resistance is mobilized, pressure, p (FL- 2)-the load divided by the area over which

active state of plastic equilibrium-plastic equilibrium it acts.
obtained by an expansion of a mass. pressure bulb-the zone in a loaded soil or rock mass

passive state of plastic equilibrium-plastic equilibrium bounded by an arbitrarily selected isobar of stress.
obtained by a compression of a mass. pressure testing-a method of permeability testing with

plastic flow (plastic deformation)-the deformation of a water or grout pumped downhole under pressure.
plastic material beyond the point of recovery, accompa- pressure-void ratio curve (compression curve)-a curve rep-
nied by continuing deformation with no further increase resenting the relationship between effective pressure and
in StrSS void ratio of a soil as obtained from a consolidation test.

plasticity-the property of a soil or rock which allows it to be The curve has a characteristic shape when plotted on
deformed beyond the point of recovery without cracking semilog paper with pressure on the log scale. The various
or appreciable volume change. parts of the curve and extensions to the parts of the curve

plastidty-property of a material to continue to deform and extensions to the parts have been designated as
indefinitely while sustaining a constant stress. (ISRM) reoompression, compression, virgin compression, expan-

plasticity index, I, PI1.,l (D)-numerical difference be- sion, rebound, and other descriptive names by various
tween the liquid limit and the plastic limit, authorities.

plasticizer-in grouting, a material that increases the plas- pressure washing-the cleaning of soil or rock surfaces
ticity of a grout, cement paste, or mortar. accomplished by injection of water, air, or other liquids,

plastic limit, w,. PL, P,, (D)-(a) the water content corre- under pressure.
sponding to an arbitrary limit between the plastic and the primary consolidation (primary compression) (primary time
semisolid states of consistency of a soil. (b) water content effect)-see consolidation.eat which a soil will just begin to crumble when rolled into primary hole-in grouting, the first series of holes to be
a thread approximately 'Is in. (3.2 mm) in diameter, drilled and grouted, usually at the maximum allowable

plastic soil-a soil that exhibits plasticity. spacing.
plastic state (plastic range)-the range of consistency within primary lining-the lining first placed inside a tunnel or

which a soil or rock exhibits plastic properties. shaft, usually used to support the excavation. The primary
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lining may be of wood or steel sets with steel or wood radius of influence of a well-distance from the center of the
lagging or rock bolts and shot-crete. (ISRM) well to the closest point at which the piezometric surface is

primary permeability-internal permeability of intack rock; not lowered when pumping has produced the maximum
intergranular permeability (not permeability due to frac- steady rate of flow.
turing). raise-upwardly constructed shaft; that is, an opening, likea

primary porosity-the porosity that developed during the shaft, made in the roof of one level to reach a level above.
final stages of sedimentation or that was present within (ISRM)
sedimentary particles at the time of deposition. range (of a deformation-measuring instrument)-the amount

primary state of stress-the stress in a geological formation between the maximum and minimum quantity an instru-
before it is disturbed by man-made works. (ISRM) ment can measure without resetting. In some instances

principal plane----each of three mutually perpendicular provision can be made for incremental extension of the
planes through a point in a soil mass on which the shearing range.
stress is zero. Rayleigh wave, YR (LT-')-dispersive surface wave in which

intermediate principal plane-the plane normal to the element has retrograding elliptic orbit with one major
direction of the intermediate principal stress. vertical and one minor horizontal component both in

major principal plane-the plane normal to the direc- plane of propagation velocity:.
tion of the major principal stress.

minor principal plane-the plane normal to the direc- av, with 0.910 <a <0.995 for 0.25 < < 0.5
tion of the minor principal stress. reactant-in grouting, a material that reacts chemically with

principal stress-see stress. the base component of grout system.
principal stress (strain)-the stress (strain) normal to one of reactive aggregate-an aggregate containing siliceous mate-

three mutually perpendicular planes on which the shear rial (usually in amorphous or crypto-crystalline state)
stresses (strains) at a point in a body are zero. (ISRM) which can react chemically with free alkali in the cement.

Proctor compaction curve-see compaction curve. Discussion-The reaction can result in expansion of the
Proctor penetration curve-see penetration resistance curve. hardened material, frequently to a damaging extent.
Proctor penetration resistance-see penetration resistance. reflected (or refracted) wave-components of wave incident
profile-see soil profide, upon second medium and reflected into first medium (or
progressive fallure-failure in which the ultimate shearing refracted) into second medium.

resistance is progressively mobilized along the failure reflection and refraction loss-that part of transmitted en-
surface, ergy lost due to nonuniformity of mediums.

progressive failure-formation and development of localized refusal-in grouting, when the rate of grout take is low, or
fractures which, after additional stress increase, eventually zero, at a given pressure.
form a continuous rupture surface and thus lead to failure relative consistency, I, C, (D)-ratio of: (1) the liquid limit
after steady deterioration of the rock. (ISRM) minus the natural water content, to (2) the plasticity index.

proportioning pnmp-see metering pump. relative density, D,•, D (D)-the ratio of (1) the difference
proprietary-made and marketed by one having the exclu- between the void ratio of a cohesionless soil in the loosest

sive right to manufacture and sell; privately owned and state and any given void ratio, to (2) the difference
managed. between the void ratios in the loosest and in the densest

protectivefilter-see filter. states.
pumpability-in grouting, a measure of the properties of a relative water content-see liquidity index.

particular grout mix to be pumped as controlled by the remodeled soil-soil that has had its natural structure
equipment being used, the fomnation being injected, and modeled so i pulatit u r
the engineering objective limitations. modified by manipulation.

pumping of pavement (pumping)-see pavement pumping. remolding index, IA (D)--the ratio of: (I) the modulus of
pumping test-a field procedure used to determine in situ deformation of a soil in the undisturbed state, to (2) the

permeability or the ability of a formation to accept grout. modulus of deformation of the soil in the remolded state.
pure shear-a state of strain resulting from that stress remodeling sensitivity (sensitivity ratio), S, (D)-the ratio of:

condition most easily described by a Mohr circle centered (1) the unconfined compressive strength of an undisturbed
at the origin. (ISRM) specimen of soil, to (2) the unconfined compressive

quarry-an excavation in the surface of the earth from which strength of a specimen of the same soil after remolding at
stone is obtained for crushed rock or building stone. unaltered water content.
(ISR.M) residual soil-soil derived in place by weathering of the

Quer-wave (love wave), W--dispersive surface wave with one underlying material.
horizontal component, generally normal to the direction residual strain-the strain in a solid associated with a state of
of propagation, which decreases in propagation velocity residual stress. (ISRM)
with increase in frequency. residual stress-stress remaining in a solid under zero

quick condition (quicksand)--condition in which water is external stress after some process that causes the dimen-
flowing upwards with sufficient velocity to reduce signifi- sions of the various parts of the solid to be incompatible
cantly the bearing capacity of the soil through a decrease in under zero stress, for example, (1) deformation under the
intergranular pressure, action of external stress when some parts of the body suffer

quick test-see unconsolikated undrained test. permanent strain; or (2) heating or cooling of a body in
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which the thermal expansion coefficient is not uniform rock mass-rock as it occurs in situ, including its structural
throughout the body. (ISRM) discontinuities. (ISRM)

resin-in grouting, a material that usually constitutes the rock mechanics-the application of the knowledge of the
base of an organic grout system. mechanical behavior of rock to engineering problems

resin grout-a grout system composed of essentially resinous dealing with rock. Rock mechanics overlaps with struc-
materials such as epoxys, polyesters, and urethanes. tural geology, geophysics, and soil mechanics.

Discussion-In Europe, this refers to any chemical rock mechanics-theoretical and applied science of the
grout system regardless of chemical origin. mechanibe] behaviour of rock. (ISRM)

resolution (of a deformation-measuring instrument)-the roof-top of excavation or underground opening. particu-
ratio of the smallest divisional increment of the indicating lady applicable in bedded rocks where the top surface of
scale to the sensitivity of the instrument. Interpolation the opening is flat rather than arched. (ISRM)
within the increment may be possible, but is not recom- rotary drilling-a drilling process in which a hole is ad-
mended in specifying resolution. vanced by rotation of a drill bit under constant pressure

resonance-the reinforced vibration of a body exposed to the without impact. See percussion drilling.
vibration, at about the frequency, of another body. round-a set of holes drilled and charged in a tunnel or

resonant frequency-a frequency at which resonance exists. quarry that are fired instantaneously or with short-delay
response-Ahe motion (or other output) in a device or system detonators. (ISRM)

resulting from an excitation (stimulus) undef specified runiing ground-in tunneling, a granular material that tends
conditions. to flow or "run" into the excavation.

retard--bank-protection structure designed to reduce the rupture-that stage in the development of a firacture where
riparian velocity and induce silting or accretion. instability occurs. It is not recommended that the term

retardation-delay in deformation. (ISRM) rupture be used in rock mechanics as a synonym for
retarder-a material that slows the rate at which chemical fracture. (ISRM)

reactions would otherwise occur. rupture envelope (rupture line)-see Mohr envelope.
reverse circulation-a drilling system in which the circu- sag'ging-usually occurs in sedimentary rock formations as a

lating medium flows down through the annulus and up separation and downward bending of sedimentary beds in
through the drill rod, that is, in the reverse of the normal the roof of an underground opening. (ISRM)
direction of flow. sand-particles of rock that will pass the No. 4 (4.75-mm)

Srevetment-bank protection by armor, that is, by facing of a sieve and be retained on the No. 200 (75-jm) U.S.
bank or embankment with erosion-resistant material, standard sieve.

riprap stone-(generally less than I ton in weight) specially sand boil-the ejection of sand and water resulting from
selected and graded quarried stone placed to prevent piping.
erosion through wave action, tidal forces, or strong cur- sand equivalent-a measure of the amount of silt or day
rents and thereby preserve the shape of a surface, slope, or contamination in fine aggregate as determined by test
underlying structure. (Test Method D 2419).3

rise time (pulse rise time)-the interval of time required for sanded grout-grout in which sand is incorporated into the
the leading edge of a pulse to rise from some specified mixture.
small fraction to some specified larger fraction of the sapric peat-peat in which the original plant fibers are highly
maximum value, decomposed (less than 33 % fibers).

rock-natural solid mineral matter occurring in large masses saturated unit weight-see unit weight.
or fragments. saturation curve-see zero air voids curve.

rock-any naturally formed aggregate of mineral matter scattering loss-that part of transmitted energy lost due to
occurring in large masses or fragments. (ISRM) roughness of reflecting surface.

rock anchor-a steel rod or cable installed in a hole in rock; schistosity-the variety of foliation that occurs in the
in principle the same as rock bolt, but generally used for coarser-grained metamorphic rocks and is generally the
rods longer than about four metres. (ISRM) . result of the parallel arrangement of platyand ellipsoidal

rock bolt--a steel rod placed in a hole drilled in rock used to mineral grains within the rock substance. (ISRM)
tie the rock together. One end of the rod is firmly anchored secant modulus-slope of the line connecting the origin and
in the hole by means of a mechanical device or grout, or a given point on the stress-strain curve. (ISRM)
both, and the threaded projecting end is equipped with a secondary consolidation (secondary compression) (secondary
nut and plate that bears against the rock surface. The rod time effect)-see consolidation.
can be pretensioned. (ISRM) secondary hole-in grouting, the second series of holes to be

rock burst-a sudden and violent expulsion of rock from its drilled and grouted usually spaced midway between pri-
surroundings that occurs when a volume of rock is mary holes.
strained beyond the elastic limit and the accompanying secondary lining-the second-placed, or permanent, struc-

. failure is of such a nature that accumulated energy is tural lining of a tunnel, which may be of concrete, steel, or
released instantaneously, masonry. (ISRM)

rock burst-sudden explosive-like release of energy due to
the failure of a brittle rock of high strength. (ISRM)

rock flour-see silt. ,Anxual Book of ASTM Standards. Vol 0403
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secondary state of stress-the resulting state of stress in the shaft-generally a vertical or near vertical excavation driven
rock around man-made excavations or structures. (ISRM) downward from the surface as access to tunnels, chambers, ,

sediment basin-a structure created by construction of a or other underground workings. (ISRM)
barrier or small dam-like structure across a waterway or by shaking test-a test used to indicate the presence of signifi-
excavating a basin or a combination of both to, trap or cant amounts of rock flour, silt, or very fine sand in.a
restrain sediment- fine-grained soil. It consists of shaking a pat of wet soil,

seep-a small area where water oozes from the soil or rock. having a consistency of thick paste, in the palm of the
seepage-the infiltration or percolation of water through hand; observing the surface for a glossy or livery appear-

rock or soil to or from the surface. The term seepage is ance; then squeezing the pat; and observing if a rapid
usually restricted to the very slow movement of ground apparent drying and subsequent cracking of the soil
water. (ISRM) occurs.

seepage (percolation)-the slow movement of gravitational shear failure (failure by rupture)-failure in which move-
water through the soil or rock. ment caused by shearing stresses in a soil or rock mass is of

seepage force-the frictional drag of water flowing through sufficient magnitude to destroy or seriously endanger a
voids or interstices in rock, causing an increase in the structure.
intergranular pressure, that is, the hydraulic force per unit general shear failure-failure in which the ultimate
volume of rock or soil which results from the flow of water strength of the soil or rock is mobilized along the entire
and which acts in the direction of flow. (ISRM) potential surface of sliding before the structure supported

seepage force, J (F)-the force transmitted to the soil or rock by the soil or rock is impaired by excessive movement
grains by seepage. local shear failure-failure in which the ultimate

seepage line-se•e line of seepage. shearing strength of the soil or rock is mobilized only
seepage velocity, V, V, (LT-)--the rate of discharge of locally along the potential surface of sliding at the time the

seepage water through a porous medium per unit area of structure supported by the soil or rock is impaired by
void space perpendicular to the direction of flow. excessive movement.

segregation-in grouting, the differential concentration of shear force-a force directed parallel to the surface element
the components of mixed grout, resulting ia nonuniform across which it acts. (ISRM)
proportions in the mass. shear plane-a plane along which failure of material occurs

seismic support-mass (heavy) supp' .,' •a springs (weak) by shearing. (ISRM)
so that mass remains almost p r , when free end of shear resistance-see Internal friction.
springs is subjected to sinusoir - motion at operating shear strain--the change in shape, expressed by the relative
frequency. change of the right angles at the corner of what was in the

seismic velocity-the veloci'y of seismic waves in geological undeformed state an infinitesimally small rectangle or
formations. (ISRM) cube. (ISRM)

selsmometer-instruntent to pick up linear (vertical, hori- shear strength, s. T/(FL---the maximum resistance of a
zontal) or rotational displacement, velocity, or accelera- soil or rock to shearing stresses. See peak shea" strength.

tion. shear stress-stress directed parallel to the surface eement

self-stressing mrout-expansive-cement grout in which the across which it acts. (ISRM)
expansion induces compressive stress in grout if the arrss (shein sts ) ( a a rse

expansion movement is restrained. shear stress (shearing stress) (tangential stress)-see stress.

sensitivity-the effect of remosding on the consistency of a ear wave (rotational, equlvoluminal)-wave in which me-
cohesive soil. dium changes shape without change of volume (shear-

sensitivity (of an instrument)-the differential quotient dQd plane wave in isotropic medium is transverse wave).
dQ,, where Q0 is the scale reading and Q, is the quantity to shelf life-maximum time interval during which a material
! measured. may be stored and remain in a usable condition; usually

sel.sitivity (of a transducer)-the differential quotient dQo/ related to storage conditions.
dQ,, where Q20 is the output and Q, is the input, shock pulse-a substantial disturbance characterized by a

series grouting-similar to stage grouting, except each suc- rise of acceleration from a constant value and decay of
cessively deeper zone is grouted by means of a newly acceleration to the constant value in a short period of time.
drilled hole, eliminating the need for washing grout out shock wave-a wave of finite amplitude characterized by a
before drilling the hole deeper. shock front, a surface across which pressure, density, and

set-in grouting, the condition reached by a cement paste, or internal energy rise almost discontinuously, and which
grout, when it has lost plasticity to an arbitrary degree, travels with a speed greater than the normal speed of
usually measured in terms of resistance to penetration or sound. (ISRM)
deformation; initial set refers to first stiffening and final set shotcrete--mortar or concrete conveyed through a hose and
refers to an attainment of significant rigidity. pneumatically projected at high velocity onto a surface.

setting shrinkage-in grouting, a reduction in volume of Can be applied by a "wet" or "dry" mix method. (ISRM)
grout prior to the final set of cement caused by bleeding, shrinkage-compensating-in grouting, a characteristic of
by the decrease in volume due to the chemical combina- grout made using an expansive cement in which volume
tion of water with cement, and by syneresis. increase, if restrained, induces compressive stresses that

set time--(l) the hardening time of portland cement; or (2) are intended to offset the tendency of drying shrinkage to
the gel time for a chemical grout. induce tensile stresses. See also self-stressing grout.
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shrinkage index, SI (D)-the numerical difference between slush grouting-application of cement slurry to surface rock
the plastic and shrinkage limits, as a means of filling cracks and surface irregularities or to

shrinkage limit, SL, w, (D)-the maximum water content at prevent slaking; it is also applied to riprap to form grouted
which a reduction in water content will not cause a riprap.
decrease in volume of the soil mass. smooth (-wall) blasting-a method of accurate perimeter

shrinkage ratio, R (D)-the ratio of: (1) a given volume blasting that leaves the remaining rock practically undam-
change, expressed as a percentage of the dry volume, to (2) aged. Narrowly spaced and lightly charged blastholes,
the corresponding change in water content above the sometimes alternating with empty dummy holes, located
shrinkage limit, expressed as a percentage of the weight of along the breakline and fired simultaneously as the last
the oven-dried soil round of the excavation. (ISRM)

sieve analysis--determination of the proportions of particles soil (earth)-sediments or other unconsolidated accumula-
lying within certain size ranges in a granular material by tions of solid particles produced by the physical and
separation on sieves of different size openings. chemical disintegration of rocks, and which may or may

silt (inorganic silt) (rock flowr)-material passing the No. not contain organic matter.

200 (75-jim) U.S. standard sieve that is nonplastic or very soil binder-see binder.
slightly plastic and that exhibits little or no strength when soil-forming factors-factors, such as parent material, di-
air-dried. mate, vegetation, topography, organisms, and time in-

slit size-that portion of the soil finer than 0.02 mm and volved in the transformation of an original geologic

coarser than 0.002 mm (0.05 mm and 0.005 mm in some deposit into a soil profile.

cases), soil horizon-see horizon.

simple shear-shear strain in which displacements all lie in soil mechanics-the application of the laws and principles of

one direction and are proportional to the normal distances mechanics and hydraulics to engineering problems dealing

of the displaced points from a given reference plane. The with soil as an engineering material.

dilatation is zero. (SRM) soil physics-the organized body of knowledge concerned

single-grained strcture--se soil structure. with the physical characteristics of soil and with the
sizee-gin ue--eof specimen size onitsstrengthor methods employed in their determinations.size effect-influence of specimen size on its strength or soil profile (profile)-vertical section of a soil, showing the

other mechanical parameters. i is t d l nature and sequence of the various layers, as developed by
skin frictios, f aFL-)-the frictional resistance developed deposition or weathering, or both.

* between toil and an element of storctitvl soil stablization--aemical or mechanical treatment de-
slabbr-ge--the lpcsorc and breakine g away of relatively signed to increase or maintain the stability of a mass ofsoa

large flat pieces of rock from the excavated surface, either or otherwise to improve its engineering properties.
immeriately after or some time afcar excavation. Often soil structure-the arrangement and state of aggregation of
occurring as tensile breaks which can be recognized by the soil particles in a soil mass.
subconchoidal surfaces left on remaining rock s floculent structure-an arrangement composed of flocs
(LSRM) of soil particles instead of individual soil particles.

slabjacking-in grouting, injection of grout under a concrete honeycomb structure-an arrangement of soil particles
slab in order to raise it to a specified grade. having a comparatively loose, stable structure resembling a

slaking-deterioration of rock on exposure to air or water. honeycomb.
slaking-the process of breaking up or sloughing when an single-grained structure-an arrangement composed of

indurated soil is immersed in water. individual soil particles; characteristic structure of coarse-
sleeved grout pipe-see tube A manchette. grained soils.
sliding-relative displacement of two bodies along a surface, soil suspension-highly diffused mixture of soil and water.

without loss of contact between the bodies. (ISRM) soil texture-see gradation.
slope-the excavated rock surface that is inclined to the solution cavern--openings in rock masses formed by moving

vertical or horizontal, or both, as in an open-cut (ISRM) water carrying away soluble materials.
slow test-see consolidated-drain test. sounding well-in grouting, a vertical conduit in a mass of
slump-a measure of consistency of freshly mixed concrete coarse aggregate for preplaced aggregate concrete which

or grout. See also slump test. contains closely spaced openings to permit entrance of
slump test-the procedure for measuring slump (Test grout.

Method C 143).? Disaussion-The grout level is determined by means of a mea-
slurry cutoff wall-a vertical barrier constructed by exca- suring line on a float within the sounding weLL

vating a vertical slot under a bentonite slurry and spacing-the distance between adjacent blastholes in a
backfilling it with materials of low permeability for the direction parallel to the face. (ISRM)
purpose of the containment of the lateral flow of water and spalling--(I) longitudinal splitting in uniaxial compression,
other fluids, or (2) breaking-off of plate-like pieces from a free rock

slurry grout-a fluid mixture of solids such as cement, sand, surface. (ISRM)
or clays in water. specific gravity:

slurry trench-a trench that is kept fBled with a bentonite specific gravity of solids. G. G, S, (D)-ratio of: (1) the
slurry during the excavation process to stabilize the walls weight in air of a given volume of solids at a stated
of the trench. temperature to (2) the weight in air of an equal volume of
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distilled water at a stated temperature. inserted. Its purpose is to prevent the rapid escape of the
apparent specific gravity, G, S. (D)--ratio of: (1) the explosion gases. (2) the act of pushing and tamping the

weight in air of a given volume of the impermeable material in the hole. (ISRM)
portion of a permeable material (that is, the solid matter stick-slip-rapid fluctuations in shear force as one rock mass
including its impermeable pores or voids) at a stated slides past another, characterized by a sudden slip between
temperature to (2) the weight in air of an equal volume of the rock masses, a period of no relative displacement
distilled water at a stated temperature. between the two masses, a sudden slip, etc. The osci~la-

bulk specific gravity (specific mass gravity), G,,, S,, tions may be regular as in a direct shear test, or irregular as

(D)-ratio of: (1) the weight in air of a given volume of a in a triaxial test.
permeable material (including both permeable and imper- sticky limit, T, (D)-the lowest water content at which a soil
meable voids normal to the material) at a stated tempera- will stick to a metal blade drawn across the surface of the

ture to (2) the weight in air of an equal volume of distilled soil mass.
water at a stated temperature. stiffness-the ratio of change of force (or torque) to the

specific surface (L-)-the surface area per unit of volume of corresponding change in translational (or rotational) de-

soil particles. flection of an elastic element.

spherical wave-wave in which wave fronts are concentric stiffness-force--displacement ratio. (ISR.M)

spheres. stone--crushed or naturally angular particles of rock.

split spacing grouting-a grouting sequence in which initial stop-in grouting, a packer setting at depth.

(primary) grout holes are relatively widely spaced and stop grouting-the grouting of a hole beginning at the lowest

subsequent grout holes are placed midway between pre- packer setting (stop) after the hole is drilled to total depth.

vious grout holes to "split the spacing."; this process is Diwussion--Packers are placed at the top of the zone being
continued until a specified hole spacing is achieved or a grouted. Grouting proceeds from the bottom up. Also called upstage
reduction in grout take to a specified value occurs, or both. grouting.

spring characteristics, c (FL-')-ratio of increase in load to strain, t (D)-the change in length per unit of length in a
increase in deflection: given direction-

c = ic strain (linear or normal), (D)-the change in length per unit

where: of length in a given direction.

C - compliance. strain ellipsoid--the representation of the strain in the form

stability-the condition of a structure or a mass of material of an ellipsoid into which a sphere of unit radius deformsstabl~y-theconitin ofa srucure r amas of ateial and whose axes are the principal axes of strain. (ISRM)

when it is able to support the applied stress for a long time strain (stress) rate-rate of change of strain (stress) with

without suffering any significant deformation or move- * (sre)

merit that is not reversed by the release of stress. (ISRM) strain resolution (strain sensitivity), R, (D)-the smaest

stability factor (stability number), N, (D)-a pure number subdivision of the indicating scale of a deformation-

used in the analysis of the stability of a soil embankment, measuring device divided by the product of the sensitivty

defined by the following equation: of the device and the gage length. The deformation
N, - H,-',/c resolution, R,, divided by the gage length.

where: " strain (stress) tensor-the second order tensor whose diag-
H, = critical height of the sloped bank, onal elements consist of the normal strain (stress) compo-

-Y, = effective unit of weight of the soil, and nents with respect to a given set of coordinate axes and
c = cohesion of the soil whose off-diagonal elements consist of the corresponding

ynumber" i t shear strain (stress) components. (ISRM)
-s Taylot s f sability streamlineflow-see laminar flow."stnbility factor."

strength-maximum stress which a material can resist
stabilization--see soil stabilization, without failing for any given type of loading. (ISRM)
stage-in grouting, the length of hole grouted at one time. stress, o, p. f(FL-2)-the force per unit area acting within

See also stage grouting. the soil mass.
stage grouting-sequential grouting of a hole in separate effective stress (effective pressure) (intergranular pres-

steps or stages in lieu of grouting the entire length at once; sure), j, f (FL- 2)-the average normal force per unit area
holes may be grouted in ascending stages by using packers transmitted from grain to grain of a soil mass. It is the
or in descending stages downward from the collar of the stress that is effective in mobilizing internal friction.
hole. neutral stress (pore pressure) (pore water pressure), u, u.

standard compaction-see compaction test. (FL- 2)-stress transmitted through the pore water (water
standard penetration resistance-see penetration resistance. filling the voids of the soil).
standing wave-a wave produced by simultaneous transmis- normal stress, <r, p (FL-)--the stress component

sion in opposite directions of two similar waves resulting normal to a given plane.
in fixed points of zero amplitudes called nodes. principal stress, C,, 02, 03 (FL-2 )-stresses acting

steady-state vibration-vibration in a system where the normal to three mutually perpendicular planes inter-
velocity of each particle is a continuing periodic quantity. secting at a point in a body, on which the shearing stress is

stemming--(]) the material (chippings, or sand and clay) zero.
used to fill a blasthole after the explosive charge has been major principal stress. a, (Fl- 2 )--the largest (with
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regard to sign) principal stress- swamp-a forested or shrub covered wetland where standing
minor principal stress. a3 (FL- 2)-the smallest (with or gently flowing water persists for long periods on the

regard to sign) principal stress. surface.
intermediate principal stress. 02 (FL- 2)-the prin- syneresis-in grouting, the exudation of liquid (generally

cipal stress whose value is neither the largest.nor the water) from a set gel which is not stressed, due to the
smallest (with regard to sign) of the three. tightening of the grout m Aterial structure.
shear stress (shearing stress) (tangential stress), r, s take-see grout take.

FL- 2)-the stress component tangential to a given plane. talus-rock fragments mixed wi, h soil at the foot of a natural
total stress, a. f (FL- 2)-the total force per unit area slope from which they have b .'-n separated.

acting within a mass of soil. It is the sum of the neutral and tangential stress-see stress.
effective stresses. tangent modulus-slope of the tangent to the stress-strain

stress ellipsoid-the representation of the state of stress in curve at a given stress value (generally taken at a stress
the form of an ellipsoid whose semi-axes are proportional equal to half the compressive strength). (ISRM)
to the magnitudes of the prinipal stresses and lie in the tensile strength (unconFined or uniaxial tensile strength), T0
principal directions. The coordinates of a point P on this (FL- 2>)-the load per unit area at which an unconfined
ellipse are proportk ,al to the magnitudes of the respective cylindrical specimen will fail in a simple tension (pull) test.
components of the stress across the plane normal to the tensile stress-normal stress tending to lengthen the body in
direction OP, where 0 is the center of the ellipsoid. the direction in which it acts. (ISRM)
(ISRM) tertiary hole-in grouting, the third series of holes to be

strmble of sti-ess (strain) states drilled and grouted usually spaced midway b previ.-
defined at all points of an elastic solid. (ISRM) ously grouted primary and secondary holes.

stress relaxation-stress release due to creep. (SRM) texture-of soil and rock, geometrical aspects consisting of
strike-the direction or azimuth of a horizontal line in the size, shape, arrangement, and crystallinity of the compo-

plane of an inclined stratum, joint, fault, cleavage plane, nent particles and of the related characteristics of voids.
or other planar feature within a rock mass. (ISRM) texture-the arrangement in space of the components of a

structure--one of the larger features of a rock mass, like rock body and of the boundaries between these compo-
bedding, foliation, jointing, cleavage, or brecciation; also nents. (ISRM)
the sum total of such features as contrasted with textur theoretical time curve-see consolidation time curve.

S Also, in a broader sense, it refers to the structural features thermal spalling-the brealdng of rock under stresses in-
of an area such as anti-dines or syncines. (ISRM) duced by extremely high temperature gradients. High-

structure-see soil structure. velocity jet flames are used for drilling blast holes with this
subbase--a layer used in a pavement system between the effect. (ISRM)

subgrade and base coarse, or between the subgrade and thermo-osmosis-the process by which water is caused to
portland cement concrete pavement. flow in small openings of a soil mass due to differences in

subgrade-the soil prepared and compacted to support a temperature within the mass.
structure or a pavement system. thickness-the perpendicular distance between bounding

subgrade surface-the surface of the earth or rock prepared surfaces such as bedding or foliation planes of a rock.
to support a structure or a pavement system. (ISRM)

submerged unit weight-see unit weight. thixotropy-the property of a material that enables it to
subsealing-in grouting, grouting undex concrete slabs for stiffen in a relatively short time on standing, but upon

the purpose of filling voids without raising the slabs. agitation or manipulation to change to a very soft consis-
subsidence-the downward displacement of the overburden tency or to a fluid of high viscosity, the process being

(rock or soil, or both) lying above an underground completely reversible.
excavation or adjoining a surface excavation. Also the throw--the projection of broken rock during blasting.
sinking of a part of the earth's crust. (ISRM) (ISRM)

subsoil-(a) soil below a subgrade of fill. (b) that part of a thrust-force applied to a drill in the direction of penetra-
soil profile occurring below the "A" horizon. tion. (ISRM)

sulfate attack-in grouting, harmful or deleterious reactions tight-rock remaining within the minimum excavation lines
between sulfates in soil or groundwater and the grout. after completion of a blasting record. (ISRM)

support-structure or structural feature built into an under- till-see glacial till.
ground opening for maintaining its stability. (ISRM) time curve-see consolidation time curve.

surface force-any force that acts across an internal or time factor, T,. T (D)--dimensionless factor, utilized in the
external surface element in a material body, not neces- theory of consolidation, containing the physical constants
sarily in a direction lying in the surface. (ISRM) of a soil stratum influencing its time-rate of consolidation,S surface wave-a wave confined to a thin layer at the surface expressed as follows:
of a body. (ISRM) T - k (1 + e)t/(a,-.t) = (cI )

suspension-a mixture of liquid and solid materials. where:
suspension agent-an additive that decreased the settlement k = coefficient of pcrmeability (LT-'),

rate of particles in liquid. e = void ratio (dimensionless),
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t = elapsed time that the stratum has been consolidated tunnel-a man-made underground passage constructed
(T), without removing the overlying rock or soil. Generally

a. = coefficient of compressibility (L 2F-'), nearly horizontal as opposed to a shaft, which is nearly W
`Y_ = unit weight of water (FL- 3 ), vertical. (LSRM)
1t = thickness of stratum drained on one side -only. If turbulent flow-that type of flow in which any water particle

stratum is drained on both side-, its thickness equals may move in any direction with respect to any other
211 (L), and particle, and in which the head loss is approximately

c, = coefficient of consolidation (L2T-'). proportional to the :,econd power of the velocity
topsoil-surface soil, usually containing organic matter. ultimate bearing capacity, q,. qu,, (FL- 2)-the average load
torsional shear test-a shear test in which a relatively thin per unit of area required to produce failure by rupture of a

test specimen of solid circular or annular cross-section, supporting soil or rock mass.
usually confin,-d between rings, is subjected to an axial unconfined compressive strength-the load per unit area at
load and to sher in torsion. In-place torsion shear tests which an unconfined prismatic or cylindrical specimen of
may be performea by pressing a dcntated solid circular or material will fail in a simple compression test without
annular plate against the soil and measuring its resistance lateral support.
to rotation under a givct axial load. unconfined compressive strength-see compressive strength.

total stress-see stress. unconsolidated-undrained test (quick test)-a soil test in
toughness Index, 1t, T,--the ratio of: (1) the plasticity index, which the water content of the test specimen remains

to (2) the flow index, practically unchanged during the application of the con-
traction, S. S2, S3 (FL-2)--applied stress- fining pressure and the additional axial (or shearing) force.
transformed flow net-a flow net whose boundaries have undamped natural frequency--of a mechanical system, the

been properly modified (transformed) so that a net con- fequency of free vibration resulting from only elastic and
sisting of curvilinear squares can be constructed to repre- inertial forces of the system.
sent flow conditions in an anisotropic porous medium. underconsolidated soil deposit-a deposit that is not fully

transported soB---soil transported from the place of its origin consolidated under the existing overburden pressure.
by wind, water, or ice. unsturbed under th a has b een pr e d by

transverse wave, v, (LT"')-wave in which direction of undisturbed awmple-a soil sample that has been obtained by
displacement of element of medium is parallel to wave methods in which every precaution has been taken to
front. The propagation velocity, v, is calculated as follows: minimize disturbance to the sample.

uniaxial (unconfined) compression---compression caused by
v,-- ,/ = .(E/p)[l/2(1 + v)] the application of normal stress in a single direction.

where: (ISRM)
G = shear modulus, uniaxial state of stress-state of stress in which two of the
p = mass density, three principal stresses are zero. (ISRM)
v = Poisson's ratio, and unit weight, -t (FL- 3)-weight per unit volume (with this.
E = Young's modulus. and all subsequent unit-weight definitions, the use of the

transverse wave (shear wave)-a wave in which the displace- term weight means force).
ment at each point of the medium is parallel to the wave dry unit weight (unit dry weight), -yd. _Y' (FL 3)--the
front (ISRM) weight of soil or rock solids per unit of total volume of soil

tremie-material placed under water through a tremie pipe or rock mass.
in such a manner that it rests on the bottom without effective unit weight. -y, (FL- 3)-that unit weight of a
mixing with the water. soil or rock which, when multiplied by the height of the

trench--usually a long, narrow, near vertical sided cut in overlying column of soil or rock, yields the effective
rock or soil such as is made for utility lines. (ISRM) pressure due to the weight of the overburden.

triaxial compression--compression caused by the applica- maximum unit weight. -y. (FL-1)-the dry unit
tion of normal stresses in three perpendicular directions. weight defined by the peak of a compaction curve.
(ISRM). saturated unit weight. -rG, -y., (FL- 3)-the wet unit

triaxial shear test (triaxial compression test)-a test in weight of a soil mass when saturated.
which a cylindrical specimen of soil or rock encased in an submerged unit weight (buoyant unit weight), -y,. "r',
impervious membrane is subjected to a confining pressure -'=•b (FL-)"-the weight of the solids in air minus the
and then loaded axially to failure. weight of water displaced by the solids per unit of volume

triaxial state of stress-state of stress in which none of the of soil or rock mass; the saturated unit weight minus the
three principal stresses is zero. (ISRM) unit weight of water.

true solution--one in which the components are 100 % unit weight of water. -y, (FL- 3)-the weight per unit
dissolved in the base solvent volume of water, nominally equal to 62.4 lb/fl3 or I

tube A manchette-in grouting, a grout pipe perforated with g/cm .
rings of small holes at intervals of about 12 in. (305 mm). wet unit weight (mass unit weight), -y,,,, -y (FL-)--the

Discussion--Each ring of perforations is enclosed by a short rubber weight (solids plus water) per unit of total volume of soil or
sleeve fitting tightly around the pipe so as to act as a one-way valve rock mass, irrespective of the degree of saturation.
when used with an inner pipe containing two packer elements that zero air voids unit weight. -ry, -y, (FL- 3 )--the weight of
isolate a stage for injection of grout solids per unit volume of a saturated soil or rock mass.
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unloading modulus-slope of the tangent to the unloading washing-in grouting, the physical act of cleaning the sides
Sstress-strain curve at a given stress value. (ISRM) of a hoie by circulating water, water and air, acid washes,

W uplift-the upward water pressure on a structure. or chemical substances through drill rods or tremie pipe in

Symbo Unit an open hole.

unit s water-cement ratio-the ratio of the weight of water to the

lowt syMuol u F or weights of Portland cement in a cement grout or concrete
mix. See also grout mix.

uplift-the hydrostatic force of water exerted on or under- water content, w (D)-the ratio of the mass of water
neath a structure, tending to cause a displacement of the contained in the pore spaces of soil ý. rock material, to the
structure. (ISRM) solid mass of particles in that material, expressed as a

uplift-in grouting, vertical displacement of a formation due percentage.
to grout injection. water gain-see bleeding.

vane shear test-an in-place shear test in which a rod with water-holding capacity (D)--the smallest value to which the
thin radial vane sat the end is forced into the soil and the water content of a soil or rock can be reduced by gravity
resistance to rotation of the rod is determined, drainage.

varred clay-alternating thin layers of silt (or fine sand) and water-plasticity ratio (relative water content) (liquidity in-
clay formed by variations in sedimentation during the dex)-see liquidity index.
various seasons of the year, often exhibiting contrasting water table-see free water elevation.
colors when partially dried. wave--disturbance propagated in medium in such a manner

vent hole-in grouting, a hole drilled to allow the escape of that at any point in medium the amplitude is a function of
air and water and also used to monitor the flow of grout. time, while at any instant the displacement at point is

vent pipe-in grouting, a small-diameter pipe used to permit function of position of point.
the escape of air, water, or diluted grout from a formation. wave front-moving surface in a medium at which a

vibrated beam wall (injection beam wall)-barrier formed by propagated disturbance first occurs.

driving an H-beam in an overlapping pattern of prints and wave front-(I) a continuous surface over which the phase of

filling the print of the beam with cement-bentonite slurry a wave that progresses in three dimensions is constant, or

or other materials as it is withdrawn. (2) a continuous line along which the phase of a surface

vibration-an oscillation wherein the quantity is a parametr wave is constant. (ISRM)

that defines the motion of a mechanical system (ee wave length-normal distance between two wave fronts with

oscillation). periodic characteristics in which amplitudes have phase
vrios prestion crese opesincre difference of one complete cycle.

weathering-the process of disintegration and decomposi-

viscoelasticity-property of materials that strain under stress tion as a consequence of exposure to the atmosphere, to
partly elastically and partly viscously, that is, whose strain chemical action, and to the action of frost, water, and heat.
is partly dependent on time and magnitude of stress. (ISRM)
(ISRM) wetland-land which has the water table at, near, or above

viscosity-the internal fluid resistance of a substance which the land surface, or which is saturated for long enot.g'l
makes it resist a tendency to flow. periods to promote hydrophylic vegetation and various

viscous damping-the dissipation of energy that occurs when kinds of biological activity which are adapted to the wet
a particle in a vibrating system is resisted by a force that environment.
has a magnitude proportional to the magnitude of the wetting agent-a substance capable of lowering the surface
velocity of the particle and direction opposite to the tension of liquids, facilitating the wetting of solid surfaces,
direction of the particle, and facilitating the penetration of liquids into the capil-

viscous flow-see laminar flow. laries.
void-space in a soil or rock mass not occupied by solid wet unit weight-see unit weight.

mineral matter. This space may be occupied by air, water, working pressure-the pressure adjudged best for any partic-
or other gaseous or liquid material. ular set of conditions encountered during grouting.

void ratio, e (D)-the ratio of: (1) the volume of void space, Discussion--Factors influencing the determination are size of
to (2) the volume of solid particles in a given soil mass. voids to be filled, depth of zone to be grouted, lithology of area to be

critical void ratio, e, (D)-the void ratio corresponding grouted, grout viscosity, and resistance of the formation to fracture-
to the critical density. yield-in grouting, the volume of freshly mixed grout

volumetric shrinkage (volumetric change), V, (D)-the de- produced from a known quantity of ingredients.
crease in volume, expressed as a percentage of the soil yielding arch-type of support of arch shape, the joints of
mass when dried, of a soil mass when the water content is which deform plastically beyond a certain critical load,
reduced from a given percentage to the shrinkage limit. that is, continue to deform without increasing their

Yon Post humification scale-a scale describing various resistance. (ISRM). stages of decomposition of peat ranging from H i, which is yield stress-the stress beyond which the induced deforma-
completely undecomposed, to HIO, which is completely tion is not fully annulled after complete destressing.
decomposed. (ISRM)

wall friction, f' (FL- 2 ).--frictional resistance rmobilized be- Young's modulus-the ratio of the increase in stress on a test
tween a wall and the soil or rock in contact with the wall. specimen to the resulting increase in strain under constant
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transverse stress limited to materials having a linear the zero air voids unit weight as a function of water
stress-strain relationship over the range of loading- Also contenL
called elastic modulus. zero air voids density (zero air voids unit weight)--see unit

zero air voids curve (saturation curve)--the curve showing weight.

APPENDIX

(Nonmandatory Information)

Xl. ISRM SYMBOLS RELATING TO SOIL AND ROCK MECHANICS

NomE-These symbols may not correlate with the symbols P POCUUM
U pore water Pressure

appearing in the text normal g ue
Xl.I Space SI 'r sS componenu s nrectangular coorlinates

.solid ane•. 0, 0 pricipal stressesSgth S. S, applied stresKs (ad reactions)
lcn#At borizootal stren

b width verticel s$eaA height or depth $hearstrest radius
radiu V01 7W, shear a"r• components in rectagular coordiumoe

V volume * stat,- *r a Str'r•ain mponets in rectangular coordinates
i7,m. 7,.. 7,• shear strain compooents in roctAguiar comrdinates

Velocity 0 Volume stra
n.vilar Voty E Youn's modulus; modulu of elasticity

gravitational acceleration r - /
Xl1 Perdle a"d Related Pbeoineaa @.. ,3 principal strains

G &bear modulus; modulus or rigidity
G-/W aeqnsia &u- y

aenth nle ofsear resisance (itngl ofinternal fictoo)
XI.3 Statis and Dynamics h hydraulic bead,:

121 hydraulic gradientma

density (-a-r density) sorp force per unit volume or wepae pressue per
amitn lng

specific garvity k cofficient of prmmability
G spalc gat, sds 0,ty
F foc R (viscosity of Eaigham body)

T wunpncial force 4, retardatioa time
W weight tw e time

-v unit weight T, surrace tension

'dr dry unit wiigbt q quantity rate of Dow; rate of disarge

unit weight of water Q quantity of flow
u ,yant unit ight FS salety f•cto

ui Of esolids XI.S Heat
T torque T temperatureI Moment of iaeni•
W wort coeffiienz of volume epansion
W energy Xl. Electricity

XIA Applied Mechanics I nt
void ratio Q electric dw,

C capacitance
L self-indtjncew ~water content R titn

S, degree of saturation P restivity
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Standard Descriptive Nomenclature for
Constituents of Natural Mineral Aggregates1

This standard is issued under the fixed designation C 294. the number immediately following the designation indicatei the year of

original adoption or. in the case of revision. the year of last revision A number in parentheses indicates the year of lass reapproval. A

superscript epsilon (4) indicates an editorial change since the last revision or reapproval.

This standard has been approved fiw use h- agencies qf the DLp'rtniU e(o Defense. Consul, the DoD Ifdes of Sperications and

Standards for the spxcific year of issue which has been adopted h" thie Deparntent of Defense.

" NOT--Section 25. Keywords. was added editorially in April 1991.

1. Scope C 125 Terminology Relating to Concrete and Concrete

1. 1 This descriptive nomenclature provides brief descrip- Aggregates 2

tions of some of the more common, or more important, C 289 Test Method for Potential Reactivity of Aggregates

natural materials of which mineral aggregates are composed (Chemical Method)2
(Note 1). The descriptions provide a basis for understanding C 330 Specification for Lightweight Aggregates for Struc-
these terms as used to designate aggregate constituents. Many tural Concrete2

of the materials described frequently occur in particles that C 331 Specification for Lightweight Aggregates for Con-
do not display all the characteristics given in the descriptions, crete Masonry Units2

and most of these rocks grade from varieties meeting one C 332 Specification for Lightweight Aggregates for Insu-

description to varieties meeting another with all intermediate lating Concrete 2

stages being found. 3. Classes and Types

NoTE I-These descriptions characterize minerals and rocks as they 3.1 The materials found as constituents of natural mineral
occur in nature and do not include blast-furnace slag or light%%eight aggregates are rocks and minerals. Minerals are naturally
aggregates that are prcplred by the alteration of the structure and occurring inorganic substances of more or les definite
composition of natural material. Blast-furnace slag is defincd in Dcfini-
tions C 125. Information about lightweight aggregates is gi'en in chemical composition and usually of a specific crystalline
Specifications C 330. C 331, and C 332. structure. Most rocks are composed of several minerals but

some are composed of only one mineral. Certain examples of
1.2 The accurate identification of rocks and minerals can. the rock quartzite are composed exclusively of the mineral

in many cases, be made only by a qualified geologist, quartz, and certain limestones are composed exclusively of
mineralogist, or petrographer using the apparatus and proce- the mineral calcite. Individual sand grains frequently are
dures of these sciences. Reference to these descriptions may, composed of particles of rock, but they may be composed of
however, serve to indicate or prevent gross errors in identifi- a single mineral, particularly in the finer sizes.
cation. Identification of the constituent materials in an 3.2 Rocks are classified according to origin into three
aggregate may assist in recognizing its properties, but identi- major divisions: igneous, sedimentary, and metamorphic.
fication alone cannot provide a basis for predicting the These three major groups are subdivided into types ac-
behavior of aggregates in service. Mineral aggregates com- cording to mineral and chemical composition, texture, and
posed of any type or combination of types of rocks and internal structure. Igneous rocks form from molten rock
minerals may perform well or poorly in service depending matter either above or below the earth's surface. Sedimen-
upon the exposure to which they are subjected, the physical tary rocks form at the earth's surface by the accumulation
and chemical properties of the matrix in which they are and consolidation of the products of weathering and erosion
embedded, their physical condition at the time they are used, of existing rocks. Metamnorphic rocks form from pre-existing
and other factors. Small amounts of minerals or rocks that rocks by the action of heat, pressure, or shearing forces in the
may occur only as contaminants or accessories in the earth's crust. It is obvious that not only igneous but also
aggregate may decisively influence its quality, sedimentary and metamorphic rocks may be weathered and

eroded to form new sedimentary rocks. Similarly.

2. Referenced Documents uiietamonphic rocks may again be nmetamorphosed.

2.1 ASTM Standards DESCRIPTIONS OF MINERAhS

4. General

This descriptive nomenclature is under the jurisdiction of AS lI M Committee 4.1 FIor the purpose of indicating significant relationships,
* C-9 on Concrete and Concrete Aggregates and is the direci rcspon'tbhiti of the descriptions of minerals are presented in groups in the

Su btomrnsticc C09.02.06 on Petrography of Concrete and Con(rct Apjrrgalc-s foliowing sections.
Current edition approved Nov. 28. 1986. Published JanuarN 198V Cnginal1"

published as C 294 - 52. Last previous edition C 294 - 69 (198 1)
"This standard has bern extensively revised. The reader should compare this

editon with the last previous edition for exact revisions 4ntr,,al R,,of , .ýV - ,T f n4 n,,:n d i (1 [1'
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S. Silica Minerals feldspars. The plagioclase feldspars include those that are

5.1 quartz-a very common hard mineral composed of sodium aluminum silicates and calcium aluminum silicates.

silica (S'02). It will scratch glass and is not scratched by a or both sodium and calcium aluminum silicates. This group,

knife. When pure it is colorless with a glassy (vitreous) luster frequently referred to as the "soda-lime" group, includes a

and a shell-like (conchoidal) fracture. It lacks a ýisible continuous series, of varying chemical composition and.

cleavage (the ability to break in definite directions along even optical properties, from alhiae, the sodium aluminum

planes) and, when present in massive rocks such as granite, it feldspar, to anorihite, the calcium aluminum feldspar, with

usually has no characteristic shape. It is resistant to weath- intermediate members of the series designated oligoclase.

ering and is therefore an important constituent of many sand andesine, labradorite, and bytoivnie. Potassium feldspars

and gravel deposits and many sandstones. It is also abundant and sodium-rich plagioclase feldspars occur typically in

in many light-colored igneous and metamorphic rocks. Some igneous rocks such as granites and rhyolites, whereas,

strained or intensely fractured (granulated) quartz may be plagioclase feldspars of higher calcium content are found in

deleteriously reactive with alkalies in concrete. igneous rocks of lower silica content ;uch as diorite, gabbro,

5.2 opal-a hydrous form of silica (SiO 2 -nH 2O) which andesite, and basalt.

occurs without characteristic external form or internal crys- 7 Ferromagnesian Minerals
talline arrangement as determined by ordinary visible light g
methods. When X-ray diffraction methods are used, opal 7.1 Many igneous and metamorphic rocks contain dark
may show some evidences of internal crystalline arrange- green to black minerals that are generally silicates of iron or
ment. Opal has a variable water content, generally ranging magnesium, or of both. They include the minerals of the
from 3 to 9 %. The specific gravity and hardness are always amphibole, pyroxene, and olivine groups. The most
less than those of quartz. The color is variable and the luster common amphibole mineral is hornblende; the most
is resinous to glassy. It is usually found in sedimentary rocks, common pyroxene mineral is augite; and the most common
especially some cherts, and is the principal constituent of olivine mineral is olivine. Dark mica, such as biotite and
diatomite. It is also found as a secondary material filling phlogopite, are also considered ferromagnesian minerals.
cavities and fissures in igneous rocks and may occur as a The amphibole and pyroxene minerals are brown to green to
coating on gravel and sand. The recognition of opal in black and generally occur as prismatic units. Olivine is
aggregates is important because it reacts with the alkalies in usually olive green, glassy in appearance, and usually altered.
portland-cement paste, or with the alkalies from other Biotite has excellent cleavage and can be easily cleaved into
sources, such as aggregates containing zeolites, and ground thin flakes and plates. These minerals can be found as
water. components of a variety of rocks, and in sands and gravels.

5.3 chalcedony--chalcedony has been considered both as Olivine is found only in dark igneous rocks where quartz is W
a distinct mineral and a variety of quartz. It is frequently not present, and in sands and gravels close to the olivine
composed of a mixture of microscopic fibers of quartz with a source.
large number of submicroscopic pores filled with water and
air. The properties of chalcedony are intermediate between 8. Micaceous Minerals
those of opal and quartz, from which it can sometimes be 8.1 Micaceous minerals have perfect cleavage in one
distinguished only by laboratory tests. It frequently occurs as direction and can be easily split into thin flakes. The mica
a constituent of the rock chert and is reactive with the minerals of the muscovite group are colorless to light green;
alkalies in portland-cement paste. of the biotite group, dark brown to black or dark green; of

5.4 tridymite and cristobalite-crystalline forms of silica the lepidolite group, white to pink and red or yellow; and of
(SiO 2) sometimes found in volcanic rocks. They are meta- the chlorite group, shades of green. Another mica,
stable at ordinary temperatures and pressures. They are rare phlogopite, is similar to biotite, commonly has a pearl-like
minerals in aggregates except in areas where volcanic rocks luster and bronze color, and less commonly is brownish red,
are abundant. A type of cristobalite is a common constituent green, or yellow. The mica minerals are common and occur
of opal. Tridymite and cristobalite are reactive with the in igneous, sedimentary, and metamorphic rocks, and are
alkalies in portland-cement paste. common as minor to trace components in many sands and

gravels. The muscovite, biotite, lepidolite, and phlogopite
6. Feldspars minerals cleave into flakes and plates that are elastic; the

6.1 The minerals of the feldspar group are the most chlorite minerals, by comparison, form in elastic flakes and
abundant rock-forming minerals in the crust of the earth. plates. Vermiculite (a mica-like mineral) forms by the
They are important constituents of all three major rock alteration of other micas and is brown and has a bronze
groups, igneous, sedimentary, and metamorphic. Since all luster.
feldspars have good cleavages in two directions, particles of
feldspar usually show several smooth surfaces. Frequently, 9. Clay Minerals
the smooth cleavage surfaces show fine parallel lines. All 9.1 The term "clay" refers to natural material composed
feldspars are slightly less hard than, and can be scratched by, of particles in a specific size range, generally less than 2 pm
quartz and will, when fresh, easily scratch a penny. The (0.002 mm). Minexalogically, clay refers to a group of layered
various members of the group are differentiated by chemical silicate minerals including the clay-micas (illites), the kaolinW
composition and crystallographic properties. The feldspars group, very finely divided chlorites, and the swelling clays-
orthoclase, sanidine, and microcline are potassium alu- montmorillonites (smectites). Members of several groups,
minum silicates, and are frequently referred to as potassium particularly micas, chlorites, and vermiculites, occur both in
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the clay-size range and in larger sizes. Some clays are made chloric acid; dolomite is soluble with slow effervescence in
up of alternating layers of two or more clay groups. Random, cold dilute hydrochloric acid and with vigorous effervescence
regular, or both types of interlayering are known. If smectite if the acid or the sample is heated or if the sample is
is a significant constituent in such mixtures, then fairly large pulverized.
volume changes may occur with wetting and drying.

9.2 Clay minerals are hydrous aluminum, magnesium, 12. Sulfate Minerals
and iron silicates that may contain calcium, magnesium, 12.1 Carbonate rocks and shales may contain sulfates as
potassium, sodium and other exchangeable cations. They are impurities. The most abundant sulfate mineral is gypsum
formed by alteration and weathering of other silicates and (hydrous calcium sulfate; CaSO 4 .2H 20); anhldriie (anhy-
volcanic glass. The clay minerals are major constituents of drous calcium sulfate, CaSO4 ) is less common. Gypsum is
clays and shales. They are found disseminated in carbonate usually white or colorless and characterized by a perfect
rocks as seams and pockets and in altered and weathered cleavage along one plane and by its softness, representing
igneous and metamorphic rocks. Clays may also be found as hardness of 2 on the Mohs scale; it is readily scratched by the
matrix, void fillings, and cementing material in sandstones fingernail. Gypsum may form a whitish pulverulent or
and other sedimentary rocks. crystalline coating on sand and gravel. It is slightly soluble in

9.3 Most aggregate particles composed of, or containing water.
large proportions of clay minerals are soft and, because of the 12.2 Anhydrite resembles dolomite in hand specimen but
large internal surface area of the constituents, they are has three cleavages at right angles; it is less soluble in
porous. Some of these aggregates will disintegrate when hydrochloric acid than dolomite, does not effervesce and is
wetted. Rocks in which the cementing matrix is principally slightly soluble in water. Anhydrite is harder than gypsum.
day, such as day-bonded sandstones, and rocks in which Gypsum and anhydrite occurring in-aggregates offer risks of
montmorillonite is present as a continuous phase or matrix, sulfate attack in concrete and mortar.
such as some altered volcanics, may slake in water or may
disintegrate in the concrete mixer. Rocks of this type are 13. Iron Sulfide Minerals
unsuitable for use as aggregates. Rocks having these proper- 13.1 The sulfides of iron, pyrite, marcasite, and pyrrhotite
ties less well developed will abrade considerably during are frequently found in, natural aggregates. Pyrite is found in
mixing, releasing clay, and raising the water requirement of igneous, sedimentary, and metamorphic rocks; marcasite is
the concrete containing them. When such rocks are present much less common and is found mainly in sedimentary
in hardened concrete, the concrete will manifest greater rocks; pyrrhotite is less common but may be found in many

* volume change on wetting and drying than similar concrete types of igneous and metamorphic rocks. Pyrite is brass
containing non-swelling aggregate. yellow, and pyrrhotitc bronze brown, and both have a

metallic luster. Marcasite is also metallic but lighter in color
10. Zeolites and finely divided iron sulfides are soot black. Pyrite is often

10.1 The zeolite minerals are a large group of hydrated found in cubic crystals. Marcasite readily oxidizes with the
aluminum silicates of the alkali and alkaline earth elements liberation of sulfuric acid and formation of iron oxides,
which are soft and usually white or light colored. They are hydroxides, and, to a much smaller extent, sulfates; pyrite
formed as a seconirv filling in cavities or fissures in igneous and pyrrhotite do so less readily. Marcasite and certain forms
rocks, or within the rc -k itself as a product of hydrothermal of pyrite and pyrrhotite are reactive in mortar and concrete,
alteration of on&'--.,' minerals, especially feldspars. Some producing a brown stain accompanied by a volume increase
zeolites, particularly heulandite, natrolite, and laumontiie, that has been reported as one source of popouts in concrete.
reportedly produce deleterious effects in concrete, the first Reactive forms of iron sulfides may be recognized by
two having been reported to augment the alkali content in immersion in saturated lime water (calcium hydroxide
concrete by releasing alkalies through cation exchange and solution); upon exposure to air the reactive varieties produce
thus increasing alkali reactivity when certain siliceous aggre- a brown coating within a few minutes.
gates are present. Laumontite and its partially dehydrated
variety leonhardite are notable for their substantial volume 14. Iron Oxide Minerals, Anhydrous and Hydrous
change with wetting and drying. Both are found in rocks 14.1 There are two common iron oxide minerals: (1)
such as quartz diorites and some sandstones. Black, magnetic: magnetite (Fe30 4), and (2) red or reddish

when powdered: hematite (Fe,0 3); and one common
II. Carbonate Minerals hydrous oxide mineral, brown or yellowish: goethiit,

11.1 Ihic most common carbonate mincral is (•altt (FcO(OH)). Another common iron-bearing mineral is btack.
(calcium carbonate, CaCO3). The mineral dolomite consists weakly magnetic, ihpneite (FeTiO3). Magnetite and ilmenite
of calcium carbonate and magnesium carbonate are important accessory minerals in many dark igneous
(CaCOv.MgCO 3 or CaMg(CO0 2) in equivalent molecular rocks and are com'mon detrital minerals in sediments
amounts, which are 54.27 and 45.73 by mass %, respectively. iematite is frequently found as an accessory mineral in
Both cakite and dolomiie are relatively soft, the hardness of reddish rocks. Lirnonite, the brown weathcring product of

* calcite being 3 and that of dolomite 3'/2 to 4 on the Molhs iron-beanng minerals, is a field name for a variety of hydrous
scale, and are readily scratched by a knife blade. They have iron oxide minerals including goethite, it frequently contains
rhombohedral cleavage, which results in their breaking into adsorbed water, and various impurities such as colloidal or
fragments with smooth parallelogram shaped sides. Calcite is crystalline silica, clay minerals, and organic matter. The
soluble with vigorous effervescence in cold dilute hydro- presence of substantial amounts of soft iron-oxide minerals
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in concrete aggregate can color concrete various shades of bviownite, or anorthite. Ferromagnesian minerals are usu-
yvllow or brown. Very minor amounts of iron minerals color ally more abundant than feldspar. Ijiabase (in European
many rocks, such as ferruginous sandstones, shales, clay- usage dolerte) is a rock of similar composition to gabbro and
ironstones, and granites. Ma,. %, ilmenite, and hematite basalt but is intermediate in mode of origin, usually occur-
ores are used as heavy aggregates. nng in smaller intrusions than gabbro, and having a medium

to fine-grained texture. The terms "trap" or "trap rock" are
DESCRIPTIONS OF IGNEOUS ROCKS collective terms for dark-colored, medium- to fine-grained

igneous rocks especially diabase and basalt.
15. General 16.5 peridotite-peridotite is composed of olivine and

15.1 Igneous rocks are those formed by cooling from a pyroxene. Rocks composed almost entirely of pyroxene are

molten rock mass (magma). They may be divided into two known as pvro.xenites, and those composed of olivine as

classes: (1) plutonic, or intrusive, that have cooled slowly dunites. Rocks of these types are relatively rare but their
within the earth; and (2) volcanic, or extrusive, that formed metamorphosed equivalent, serpentinite, is more common.
from quickly cooled lavas. Plutonic rocks have grain sizes 16.6 pegmatite-extremely coarse-grained varieties of ig-
greater than approximately I mm. and are classified as neous rocks are known as pegmatites. These are usuall;'

coarse- or medium-grained. Volcanic rocks have grain sizes light-colored and are most frequently equivalent to granite or
less than approximately I mm, and are classified as fine- syenite in mineral composition.
grained. Volcanic rocks frequently contain glass. Both
plutonic and volcanic rocks may consist of porphyries, that 17. Fine-Grained and Glassy Extrusive Igneous Rocks
are characterized by the presence of large mineral grains in a 17.1 volcanic rock-volcanic or extrusive rocks are the
fine-grained or glassy groundmass. This is the result of sharp fine-grained equivalents of the coarse-and-medium-grained
changes in rate of cooling or other physico-chemical condi- plutonic rocks described in Section 16. Equivalent types have
tions during solidification of the melt. similar chemical compositions and may contain the same

15.2 Igneous rocks are usually classified and named on minerals. Volcanic rocks commonly are so fine-grained that
the basis oftheir texture, internal structure, and their mineral the individual mineral grains usually are not visible to the
composition which in turn depends to a large extent on their naked eye. Porphyritic textures are common, and the rocks
chemical composition. Rocks in the plutonic class generally may be partially or wholly glassy or non-crystalline. The
have chemical equivalents in the volcanic class, glassy portion of a partially glassy rock usually has a higher

silica content than the crystalline portion. Some volcanic or
16. Plutonic Rocks extrusive rocks may not be distinguishable in texture and *

16.1 granite-granite is a medium- to coarse-grained, structure from plutonic or intrusive rocks that originated at
light-colored rock characterized by the presence of potassium shallow depth.
feldspar with lesser amounts of plagioclase feldspars and 17.2 felsite-light-colored, very fine-grained igneous
quartz. The characteristic potassium feldspars are orthoclase rocks are collectively known as felsites. The felsite group
or microcline, or both; the common plagioclase feldspars are includes rhyolite, dacite, andesite, and trachye, which are
albite and oligoclase. Feldspars are more abundant than the equivalents of granite, quartz diorite, diorite, and syenite,
quartz. Dark-colored mica (biotite) is usually present, and respectively. These rocks are usually light colored but they
light-colored mica (muscovite) is frequently present. Other may be gray, green, dark red, or black. When they are dark
dark-colored ferromagnesian minerals, especially horn- they may incorrectly be classed as "trap" (see 16.4). When
blende, may be present in amounts less than those of the they are microcrystalline or contain natural glass, rhyolites,
light-colored constituents. Quartz-monzonite and grano, dacites, and andesites are reactive with the alkalies in
diorite are rocks similar to granite, but they contain more portland-cement concrete.
plagioclase feldspar than potassium feldspar. 17.3 basalt-fine-grained extrusive equivalent of gabbro

16.2 syenite-syenite is a medium- to coarse-grained, and diabase. When basalt contains natural glass, the glass is
light-colored rock composed essentially of alkali feldspars. generally lower in silica content than that of the lighter-
namely microcline, orthoclase, or albite. Quartz is generally colored extrusive rocks and hence is not deleteriously reac-
absent. Dark ferromagnesian minerals such as hornblende, tive with the alkalies in portland-cement paste; however,
biotite, or pyroxene are usually present. exceptions have been noted in the literature with respect to

16.3 diorite-diorite is a medium- to coarse-grained rock the alkali reactivity of basaltic glasses.
composed essentially of plagioclase feldspar and one or more 17.4 %olcanic glass-igneous rocks composed wholly of
ferromagnesian minerals such as hornblende, biotite, or glass are named on the basis of their texture and internal
pyioxene. The plagioclase is intermediate in composition, structure. A dense dark natural glass of high silica content js
usually of the variety andesine, and is more abundant than called obsidian, while lighter colored finely vesicular glass,
the ferromagnesian minerals. Diorite usually is darker in froth filled with elongated, tubular bubbles is called purrnic
color than granite or syenite and lighter than gabbro. If Dark-colored coarsely vesicular types containing more or less
quartz is present, the rock is called quartz diorite spherical bubbles are called scoria Pumices are usuall\

16.4 gabbro-gabbro is a medium- to coarse-grained. silica-rich (corresponding to rhyolites or dacites), whereas
dark-colored rock consisting essentially of ferromagnesian sconas usually are more basic (corresponding to basalts) A
minerals and plagioclase feldspar. The ferromagnesian min- high-silica glassy lava with an onion-like structure and a
erals may be pyroxenes, amphiboles, or both. The plagioclase pearly luster, containing 2 to 5 % sater, is called perhliu
is one of the calcium-rich varieties, namely labradorite. When heated quickly to the softening temperature, perhtc
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puffs to become an artificial pumice. Glass with up to 10 % intermediate rocks between claystones and sandstones.
water and with a dull resinous luster is called pitchstone. When the claystones are harder and platy or fissile, they areSGlassy rocks, particularly the more siliceous ones, are known as shales. Claystones and shales may be gray, black,
reactive with the alkalies in portland-cement paste. reddish, or green and may contain some carbonate minerals

(calcareous shales). A massive, firmly indurated fine-grained
DESCRIPTIONS OF SEDIMENTARY ROCKS argillaceous rock consisting of quartz, feldspar, and

micaceous minerals is known as argil/ite. Argillites do not
18. General slake in water as some shales do. As an aid in distinguishing

18.1 Sedimentary rocks are stratified rocks laid down for these fine-grained sediments from fine-grained, foliated
the most part under water, although wind and glacial action metamorphic rocks such as slates and phyllites, it may be
occasionally are important Sediments may be composed of noted that the cleavage surfaces of shales are generally dull
particles of preexisting rocks derived by mechanical agencies and earthy while those of slates are more lustrous. Phyllite
or they may be of chemical or organic origin. The sediments has a glossier luster resembling a silky sheen.
are usually indurated by cementation or compaction during 20.2 Aggregates containing abundant shale are detri-
geologic time, although the degree of consolidation may vary mental to concrete because they can produce high shrinkage,
widely. but not all shales are harmful. Some argillites are alkali-silica

18.2 Gravel. sand. silt, and clay form the group of reactive.
unconsolidated sediments. Although the distinction between 20.3 Although aggregates which are volumetrically un-
these four members is made on the basis of their particle size, stable in wetting and drying are not confined to any dass of
a general trend in the composition occurs. Gravel and, to a rock, they do share some common characteristics. If there is
lesser degree, coarse sands usually consist of rock fragments; a matrix or continuous phase, it is-usually physically weak
fine sands and silt consist predominantly of mineral grains; and consists of material of high specific surface, frequently
and clay exclusively of mineral grains, largely of the group of including clay. However, no general relation has been
clay minerals. All types of rocks and minerals may be demonstrated between clay content or type of clay and large
represented in unconsolidated sediments. volume change upon wetting and drying. Volumetrically

unstable aggregates do not have mineral grains of high
19. Conglomerates, Sandstones, and Quartzites modulus interlocked in a continuous rigid structure capable

19.1 These rocks consist of partides of sand or gravel, or of resisting volume change.
both, with or without interstitial and cementing material. If 20.4 Aggregates having high elastic modulus and low

* the particles include a considerable proportion of gravel, the volume change from the wet to the dry condition contribute

rock is a conglomerate. If the particles are in the sand sizes, to the volume stability of concrete by restraining the volume

that is, less than 2 mm but more than 0.06 mm in major change of the cement paste. In a relatively few cases,
diameter, the rock is a sandstone or a quartzite. If the rock aggregates have been demonstrated to contribute to unsatis-
breaks around the sand grains, it is a sandstone; if the grains factory performance of concrete because they have relatively
are largely quartz and the rock breaks through the grains, it is large volume change from the wet to the dry condition

quartzite. Conglomerates, and sandstones are sedimentary combined with relatively low modulus of elasticity. On

rocks but quartzites may be sedimentary (orthoquarizites) or drying, such aggregates shrink away from the surrounding
metamorphic (metaquartzites). The cementing or interstitial cement paste and consequently fail to restrain its volume

materials of sandstones may be quartz, opal, calcite, dolo- change with change in moisture content.
mite, clay, iron oxides, or other materials. These may
influence the quality of a sandstone as concrete aggregate. If 21. Carbonate Rocks
the nature of the cementing material is known, the rock 21.1 Limestones are the most widespread of carbonate
name may include a reference to it, such as opal-bonded rocks. They range from pure limestones consisting of the
sandstone orferruginous conglomerate, mineral calcite to pure dolomites (dolostones) consisting of

19.2 graywackes and subgraywackes-gray to greenish the mineral dolomite. Usually they contain both minerals in
gray sandstones containing angular quartz and feldspar various proportions. If 50 to 90 % is the mineral dolomite,
grains, and sand-sized rock fragments in an abundant matrix the rock is called calcitic dolomite. Magnesium limestone is
resembling claystone, shale, argillite, or slate. Graywackes sometimes applied to dolomitic limestones and calcitic
grade into subgraywackes, the most common sandstones of dolomites but it is ambiguous and its use should be avoided.
the geologic column. Most carbonate rocks contain some noncarbonate impurities

19.3 arkose-coarse-grained sandstone derived from such as quartz, chert, clay minerals, organic matter, gypsum,
granite, containing conspicuous amounts of feldspar. and sulfides. Carbonate rocks containing 10 to 50 % sand are

arenaceous (or sandy) limesro, (cr dolomites); those con-
20. Claystones, Shales, Argillites, and Siltstones taining 10 to 50 % clay are argillaceous (or clayey or sha!y)

20.1 These very fine-grained rocks are composed of, or limestones (or dolomites). Marl is a clayey limozsne which is
derived by erosion of sedimentary silts and cla vs, or of any fine-grained and commonly soft. Chalk is fine-textured, very. type of rock that contained clay. When relatively soft and soft, porous, and somewhat friable limestone, composed
massive, they are known as clay.st,,n,., or ./lision's, de- chiefly of particles of microorganisms. Micrite is ver, fine-
pending on the size of the majority of the particles of which textured chemically precipitated carbonate or a mechanical
they are composed. Siltstones consist predominantly of ooze of carbonate particles, usually 0.001 to 0003 mm in
silt-sized particles (0.0625 to 0.002 mm in diameter) and are size. The term "limerock" is not recommended
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21.2 The reaction of the dolomite in certain carbonate DESCRIPTIONS OF METAMORPIIIC ROCKS
rocks with alkalies in portland cement paste has been found
to be associated with deleterious expansion of concrete 23. General
containing such rocks as coarse aggregate. Carbonate rocks 23. 1 Metamorphic rocks form from igneous, sedimentary,
capable of such reaction possess a characteristic texture and or pre-existing metamorphic rocks in response to changes in
composition. The characteristic microscopic texture is that chemical and physical conditions occurring within the
in which relatively large crystals of dolomite (rhombs) are earth's crust after formation of the original rock. The
scattered in a finer-grained matrix of micritic calcite and changes may be textural, structural, or mineralogic and may
clay. The characteristic composition is that in which the be accompanied by changes in chemical composition. The
carbonate portion consists of substantial amounts of both rocks are dense and may be massive but are more frequently
dolomite and calcite, and the acid-insoluble residue contains foliated (laminated or layered) and tend to break into platy
a significant amount of clay. Except in certain areas, such particles. Rocks formed from argillaceous rocks by dynamic
rocks are of relatively infrequent occurrence and seldom metamorphism usually split easily along one plane indepen-
make up a significant proportion of the material present in a dent of original bedding; this feature is designated -platy
deposit of rock being considered for use in making aggregate cleavage." The mineral composition is very variable de-
for concrete. pending in part on the degree of metamorphism and in part

on the composition of the original rock.
23.2 Most of the metamorphic rocks may derive either

22. Chert from igneous or sedimentary rocks but a few, such az
22.1 chert-the general term for a group of variously marbles and slates, originate only from sediments.

colored, very fine-grained (aphanitic), siliceous rocks com- 23.3 Certain phyllites, slates, and metaquartzites con-
posed of microcrystalline or cryptocrystalline quartz, chalce- taining low-temperature silica and silicate minerals or highly
dony, or opal, either singly or in combinations of varying strained quartz may be deleteriously reactive when used with
proportions. Identification of the form or forms of silica cements of high alkali contents.
requires careful determination of optical properties, absolute
specific gravity, loss on ignition, or a combination of these 24. Metamorphic Rocks
characteristics. Dense cherts are very tough, with a waxy to 24.1 marble-a recrystallized medium- to coarse-grained
greasy luster, and are usually gray, brown, white, or red, and carbonate rock composed of calcite or dolomite, or calcite
less frequently, green, black or blue. Porous varieties are and dolomite. The original impurities are present in the form
usually lighter in color, frequently off-white, or stained of new minerals, such as micas, amphiboles, pyroxenes, and
yellowish, brownish, or reddish, firm to very weak, and grade graphite.
to tripoli. Ferruginous, dense, red, and in some cases, dense, 24.2 metaquartzite-a granular rock consisting essentially
yellow, brown, or green chert is sometimes called jasper. of recrystallized quartz. Its strength and resistance to weath-
Dense black or gray chert is sometimes called flint. A very ering derive from the interlocking of the quartz grains.
dense, even textured, light gray to white chert, composed 24.3 slate-a fine-grained metamorphic rock that is dis-
mostly of microcrystalline to cryptocrystalline quartz, is tinctly laminated and tends to split into thin parallel layers.
called novactlite. Chert is hard (scratches glass, but is not The mineral composition usually cannot be determined with
scratched by a knife blade) and has a conchoidal (shell-like) the unaided eye.
fracture in the dense varieties, and a more splintery fracture 24.4 phyllite-a fine-grained thinly layered rock. Min-
in the porous varieties. Chert occurs most frequently as erals, such as micas and chlorite, are noticeable and impart a
nodules, lenses, or interstitial material, in limestone and silky sheen to the surface of schistosity. Phyllites are interme-
dolomite formations, as extensively bedded deposits, and as diate between slates and schists in grain size and mineral
components of sand and gravel. Most cherts have been found composition. They derive from argillaceous sedimentary
to be alkali-silica reactive to some degree when tested with rocks or fine-grained extrusive igneous rocks, such as felsites.
high-alkali cement, or in the quick chemical test (Test 24.5 schist-a highly layered rock tending to split into
Method C 289). However, the degree of the alkali-silica nearly parallel planes (schistose) in which the grain is coarse
reactivity and whether a given chert will produce a delete- enough to permit identification of the principal minerals.
rious degree of expansion in concrete are complex functions Schists are subdivided into varieties on the basis of the most
of several factors. Among them are: the mineralogic compo- prominent mineral present in addition to quartz or to quartz
sition and internal structure of the chert; the amount of the and feldspars, for instance, mica schist. Greenschist is a green
chert as a proportioh of the aggregates; the particle-size schistose rock whose color is due to abundance of one or
distribution; the alkali content of the cement; and the more of the green minerals, chlorite or amphibole, and is
cement content of the concrete. In the absence of informa- commonly derived from altered volcanic rock.
tion to the contrary, all chert should be regarded as poten- 24.6 amphibolite-a medium- to coarse-grained dark-
tiaily alkali-silica reactive if combined with high-alkali ce- colored rock composed mainly of hornblende and
ment. However, opaline cherts may produce deleterious plagioclase feldspar. Its schistosity, which is due to parallel
expansion of mortar or concrete when present in very small alignment of hornblende grains, is commonly less obvious
proportions (less than 5 % by mass of the aggregate). Cherts than in typical schists.
that are porous may be susceptible to freezing and thawing 24.7 hornfels--equigranular, massive, and usually tough
deterioration in concrete and may cause popouts or cracking rock produced by complete recrystallization of sedimentary,
of the concrete surface above the chert particle, igneous, or metamorphic rocks through thermal metamor-
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phism sometimes with the addition of components of molten 24.9 serpentinite-a relatively soft, light to dark green to
rock. Their mineral compositions vary widely, almost black rock formed usually from silica-poor igneous

24.8 gneiss-one of the most common metamorphic rocks, such as pyroxenites, peridotites, and dunites. It may
rocks, usually formed from igneous or sedimentary rocks by contain some of the ciginal pyroxene or olivine but is
a higher degree of metamorphism than the schists It is largely composed of softer hydrous ferromagnesian minerals

characterized by a layered or foliated structure resulting from of the serpentine group- Very soft talc-like material is often

approximately parallel lenses and bands of platy minerals, present in serpentinite-

usually micas, or prisms, usually amphiboles-, and of granular 25. Keywords
minerals, usually quartz and feldspars. All intermediate 25.1 aggregates; carbonates; clays; concrete; feldspars-
varieties between gneiss and schist, and between gneiss and ferromagnesian minerals; igneous rocks; iron GAides; iron
granite are often found in the same areas in which well- sulfides; metamorphic rocks; micas; minerals; nomenclature:
defined gneisses occur. rocks; sedimentary rocks; silica; sulfates; zeolites

The American Society for Testing and Materials takes no osibon respecting the validity of any patent rights asserted in connection
with any item mentioned in this standard. Users of this standard are expressly advised that determination of the validity of any such
patent rights, and the risk of infringement of such rights. are e•tirely their own responsibility.

This standard Is stoed to revisian at any time by the responsible technical committee and must be reviewed every five years and
N not revised. either reappxoved or withdrawn. You comments are invied either for revision of this standard or for additional standards
and should be addressed to ASTTM Headquarters. Vow comments will receive careful consideration at a meeting of the responsible
tech committee. which you may attend. N1 you feel that your comments have not received a fair hearing you should make your
views known to the ASTM Committee on Standard•s. 1916 Race St-. Philadeohia. PA 19103.
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RECOMMENDED PRACTICE FOR
PETROGRAPHIC EXAMINATION OF ROCK CORES

1. Scope

1.1 This recommended practice outlines procedures for the petrographic

examination of rock cores whose engineering properties can be determined by

selected tests. The specific procedures employed in the petrographic examina-

tion of any sample will depend to a large extent on the purpose of the

examination* and the nature of the sample. Complete petrographic examination

zýay iequire use of such procedures as light ruicroscopy, X-ray diffraction

analysis, differential thermal analysis, infrared spectroscopy, or others; in

some instances, such procedures are more rapid and more definitive than are

microscopical-methods. Petrographic examinations are made for the following

purposes:

(a) To determine the physical and chemical properties of a material,

by petrographic methods, that have a bearing on the quality of the material

for its intended use.

(b) To describe and classify the constituents of the sample.

(Note 1)

(c) To determine the relative amounts of the constituents of the

sample, which is essential for proper evaluation of the sample, when the

constituents differ significantly in properties that have a bearing on the

quality of the material for its intended use.

NOTE 1--It is recommended that the rock and mineral names in "Descriptive

Nomenclature of Constituents of Natural Mineral Aggregates" (ASTM Designation:

C 294) be used insofar as they are appropriate in reports prepared according

to this recommended practice.

"The practices described herein are applicable to the examination of rock
cores from rock used as foundation or other similar purposes. However, if
the cores are from rock proposed to-be quarried for use as concrete
aggregate or erosion control, reference should be made to ASTM C 295 or

D 4992, respectively.

1
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1.2 Detection of structural features and identification of the

constituents of a sample are usually necessary steps toward recognition of the

properties that may be expected to influence the behavior of the maLerial in

its intended use. However, the value of any petrographic examination will

depend to a large extent on the representativeness of the samples examined,

the completeness and accuracy of the information provided to the petrographer

concerning the source and proposed use of the material, and the petrographer's

ability to correlate these data with the findings of the examination.

1.3 This recommended practice does not attempt to outline the techniques

of petrographic work since it is assumed that the method will be used by per-

sons who are qualified by education and/or experience to employ such tech-

niques for the recognition of the characteristic properties of rocks and

minerals and to describe and classify the constituents of a sample. It is

intended to outline the extent to which such techniques should be used, the

selection of properties that should be looked for, and the manner in which

such techniques may best be employed in the examination. These objectives

will have been attained if engineers responsible for the application of the

results of petrographic examinations have reasonable assurance that such

results, wherever and whenever obtained, may confidently be compared.

2. Sampling and Examination Procedure

2.1 The purpose in specifying a sampling procedure is to ensure the

selection of an adequate group of test specimens from each mechanically dif-

ferent rock type that forms an essential part of the core or cores that will

be tested. The sampling procedure should also be guided by the project objec-

tives and directed at obtaining the properties of the rock that eventually

will comprise the roof, side walls, foundation, or other specific parts of the

project structure. Samples for petrographic examination should be taken by or

under the direct supervision of a geologist familiar with the requirements of

the project. The exact location from which the sample was taken, the geology

of the site, and other pertinent data should be submitted with the sample.

The amount of material actually studied in the petrographic examination will

be determined by the nature of the material to be examined. Areas to be stud-

ied should be sampled by means of cores drilled through the entire depth

2



RTH 102-93

required for project investigation. Drilling of such cores should be in a

direction that is essentially normal to the dominant structural oa -- of the

rock. Massive material may be sampled by "NX"(2-1/8-in.-diam) (54-mm-diam)

cores. Thinly bedded or complex material should be represented by cores not

less than 4 in. (100 mm) in diameter, preferably 6 in. (150 •,. There should

be an adequate number of cores to cover the limits of the rock mass under

consideration.

2.2 The following is considered a preferable but not a mandatory proce-

dure. A petrographer should inspect all of the rock core before any tests are

made. Each core should be logged to show footage of core recovered, core

loss, and location; location and spacing of fractures and parting planes;

lithologic type or types; alternation of types; physical conditions and varia-

tions in conditions; toughness, hardness, coherence; obvious porosity; grain

size, texture, variations in grain size and texture; type or types of break-

age. If the surface of the core being examined is wetted, it is usually

S easier to recognize significant features and changes in lithology. Most of

the information usually required can be obtained by careful visual examina-

tion, scratch and acid tests, and hitting the core with a hammer. A prelimi-

nary analysis of the test results may indicate that the results from one or

another of the subdivisions are not significantly different and the groups may

be combined. On the other hand, the analysis may disclose significant

differences within a given group of specimens and a further subdivision may be

required. Most rock is anisotropic and, if the core stock and sample proce-

dure permit, a group of specimens should be obtained from the three mutually

perpendicular directions. Usually these directions are oriented with respect

to some petrographic property of the rocks such as bedding, schistosity,

cleavage, or fabric. In bedded rock the greatest difference in properties

occurs in specimens taken perpendicular and parallel to the bedding, and gen-

erally this type of rock is sampled only in these two direcLions. The petro-

graphic examination may disclose mineral components that are soluble or that

expand or soften in water, as for example, bentonites or other clays. The

intent of this inspection is to provide a basis for the selection of sarnles

O for engineering tests. This basis will be rock types, amounts of rock types,

3
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differences within a rock type, etc. At this point, the petrographer, in

conjunction with the project leader, should select the sections of core(s)

that will be subjected to engineering tests. The detailed petrographic exami-

nation will usually be made on unused portions of some or all of the test

pieces so that the petrographic data can be matched to the engineering data.

This matching should mean that, in addition to petrographic characterization,

the petrographic data should serve as a basis for understanding the physical

test data within and between sample groups.

3. Apparatus and Supplies

3.1 The apparatus and supplies listed in the following subparagraphs (a)

and (b) comprise a recommended selection which will permit the use of all of

the procedures described in this recommended practice. All specific items

have been used in connection with the performance of petrographic examinations

by the procedures described herein; it is not, however, intended to imply that

other items cannot be substituted to serve similar functions. Whenever possi-

ble the selection of particular apparatus and supplies should be left to the

judgment of the petrogropher who is to perform the work so that items obtained

will be those with which lie has the greatest experience and familiarity. The

minimum equipment regarded as essential to the making of petrographic examina-

tions are those items, or equivalent apparatus or supplies that will serve the

same purpose, that are indicated by asterisks in the lists in subpara-

graphs (a) and (b).

(a) Apparatus and Supplies for Preparation of Specimens:

(1) Rock-Cutting Saw,* preferably with a 20-in. (jO8-mm) diame-

ter blade or larger.

(2) Horizontal Grinding Wheel,* preferably 16 in. (400 mm) in

diameter.

(3) Polishing Wheel, preferably 8 to 12 in. (200 to 300 mm) in

diameter.

(4) Abrasives:* silicon carbide grit Nos. 100, 220, 320, 600,

and 800; optical finishing alumina.

(5) Geologist's pick or hammer.

4



RTH 102-93

(6) Microscope Slides,* clear, noncorrosive, 25 by 45 mm in

size.

(7) Canada Balsam,* neutral in xylene or other material to

cement cover slips.

(8) Xylene.*

(9) Mounting Medium,* suitable for mounting rock slices for

thin sections.

(10) Laboratory Oven.*

(11) Plate-Glass Squares,* about 12 in. (300 mm) on an edge for

thin-section grinding.

(12) Micro Cover Glasses,* No. 1 noncorrosive, square, 12 to

12 mm, 25 mm, etc.

(13) Plattner mortar.

(b) Apparatus and Supplies for Examination of Specimens:

(1) Polarizing Microscope* with mechanical stage; low-,. medium-, and high-power objectives, and objective centering devices; eyepieces

of various powers; full- and quarter-wave compensators; quartz wedge.

(2) Microscope Lamps* (preferably including a sodium arc lamp).

(3) Stereoscopic Microscope* with objectives and oculars to

give final magnifications from about 7X to about 140X.

(4) Magnet,* preferably Alnico, or an electromagnet.

(5) Needleholder and Points.*

(6) Dropping Bottles, 60-ml capacity.

(7) Forceps, smooth straight-pointed.

(8) Lens Paper.*

(9) Immersion Media,* n = 1.410 to n - 1.785 in steps of 0.005.

(Note 2)

(10) Counter.

(11) Photomicrographic Camera and accessories. (Note 3)

(12) X-ray diffractometer.

(13) Differential thermal analysis system.

(14) Infrared absorption spectrometer.

5
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NOTE 2--It is necessary that facilities be available to the

petrographer to check the index of refraction of the immersion media. If

accurate identification of materials is to be attempted, as for example the

differentiation of quartz and chalcedony or the differentiation of basic from

intermediate volcanic glass, the indices of refraction of the media need to be

known with precision. Media will not be stable for very long periods of time

and are subject to considerable variation due to temperature change. In

laboratories not provided with close temperature control, it is often

necessary to recalibrate immersion media several times during the course of a

single day when accurate identifications are required. The equipment needed

for checking immersion media consists of an Abbe Refractometer. The

refractometer should be equipped with compensating prisms to read indices for

sodium light from white light, or it should be used with a sodium arc lamp.

NOTE 3--It is believed that a laboratory that undertakes any

considerable amount of petrographic work should be provided with facilities to

make photomicrographic records of such features as cannot adequately be

described in words. Photomicrographs can be taken using standard microscope

lamps for illumination; however, it is recommended that wVpnever possible a

zirconium arc lamp be provided for this purpose. For illustrations of typical

apparatus, reference may be made to the paper by Mather and Mather.1

4. Report

4.1 First and foremost the report should be clear and useful to the engi-

neer for whom it is intended. It should identify samples, give their source

as appropriate, describe test procedures and equipment used as appropriate,

describe the samples, and list the petrographic findings. Tabulations of data

and photographs should be included as needed. Results that may bear on the

engineering test data and the potential performance of the material should be

clearly stated and their significance should be emphasized. It may also be

appropriate to mention past performance records of the same or similar mate-

'This recommended practice is modified from the "Method of Petrographic
Examination of Aggregates for Concrete," by Katharine Mather and Bryant'
Mather. Proceedings, American Society for Testing Materials, ASTM,
Vol 50. 1950, pp 1288-1312.
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rials if such information is available. In general, the report should be an

objective statement. If any opinion is presented it should be clearly indi-

cated to be an opinion. Finally, the petrographic report should make recom

mendations if and as appropriate.

5. References

5.1 ASTM Standards

C 294 (RTH 116) Descriptive Nomenclature for Constituents of Natural

Mineral Aggregate

C 295 Guide for Petrographic Examination of Aggregates for Concrete

D 4992 Practice for Evaluation of Rock to be Used for Erosion
Control

0
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PREPARATION OF TEST SPECIMENS

1. Scope

1.1 In order to obtain valid results from tests on brittle materials,

careful and precise specimen preparation is required. This method outlines

preparatory procedures recommended for normal rock mechanics test progress.

2. Collection and Storage

2.1 Test material is normally collected from the field in the form of

drilled cores. Field sampling procedures should be rational and systematic,

and the material should be marked to indicate its original position and orien-

tation relative to identifiable boundaries of the parent rock mass. Ideally,

samples should bi moistureproofed immediately after collection either by wax-

ing, spraying, or packing in polyethylene bags or sheet. (Example: For mois-

tureproofing by waxing, the following procedure can be used for core that will

not fail apart in handling.

(a) Wrap core in a clear thin polyethylene such as GLAD WRAP or

SARAN WRAP,

(b) Wrap in cheese cloth,

(c) Coat wrapped core with a lukewarm wax mixture to an approximate

1/4-in. (6.4-mm) thickness. The wax should consist of a I to 1 mixture of

paraffin and microcrystalline wax, such as Sacony Vacuum Mobile Wax No. 2300

and 2305, Gulf Oil Corporation Petrowax A, and Humble Oil Company Microvan

*No. 1650.

Cores that could easily be broken by handling should be prepared using the

soil sampling technique described on pages 4-20 and 4-21 of EM 1110-2-1907,

31 March 19729.1). They should be transported as a fragile material and pro-

tected from excessive changes in humidity and temperature. The identification

markings of all samples should be verified immediately upon their receipt at

the laboratory, and an inventory of the samples received should be maintained.

Samples should be examined and tested as soon as possible after receipt;. however, it is often necessary to store samples for several days or even weeks
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to complete a large testing program. Every care must be taken to protect

stored samples against damage. Core logs of samples should be available.

3. Avoidance of Contamination

3.1 The deformation and fracture properties of rock may be influenced by

air, water, and other fluids in contact with their internal (crack and pore)

surfaces. If these internal surfaces are contaminated by oils or other sub-

stances, their properties may be altered appreciably and give misleading test

results. Of course, a cutting fluid is required with many types of specimen

preparation equipment. Clean water is the preferred fluid. Even so, one must

be cognizant of the effect of moisture on the test specimens. While it may be

impossible to exactly duplicate the in situ conditions even if they were

known, a concerted effort should be made to simulate the environment from

which the samples came. Generally, there are three conditions to be

considered:

(a) Hard, dense rock and low porosity will not normally be affected

by moisture. This type of material is normally allowed to air-dry prior to

testing to bring all samples to an equilibrium condition. Drying at tempera-

tures above 120 °F (49 0C) is not recommended as excessive heat may cause an

irreversible change in rock properties.

(b) Some shales and rocks containing clay will disintegrate if

allowed to dry. Usually the disintegration of diamond drill cores can be

prevented by wrapping the cores as they are drilled in a moistureproof mate-

rial such as aluminum foil or chlorinated rubber, or sealing them in moisture-

proof containers.

(c) Mud shales and rock containing bentonites (e.g., tuff) may

soften if the moisture content is too high- Most of the softer rocks can be

cored or cut using compressed air to clear cuttings and to cool the bit or

saw.

It is imperative to determine very early in the test program the moisture

sensitivity of all types of material to be tested and to take steps to accom-

modate the requirements throughout the test life of the selected specimens.

20
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4. Selection

4.1 Under the most favorable circumstances, a laboratory determination of

the engineering properties of a small specimen gives an approximate guide to

the behavior of an extensive, nonhomogeneous geological formation under the

complex system of induced stresses. No other aspect of laboratory rock test-

ing is as important as the selection of test specimens to best represent those

features of a foundation which influence the analysis or design of a project.

Closest teamwork of the laboratory personnel and the project

engineer/geologist must be continued throughout the testing program-since, as

quantitative data become available, changes in the initial allocation of sam-

ples or the securing of additional samples may be necessary. Second in impor-

tance only to the selection of the most representative undisturbed material is

the preparation and handling of the test specimens to preserve in every way

possible the natural structure of the material. Indifferent handling of

undisturbed rock can result in erroneous test data.

5. Coring

* 5.1 Virtually all laboratory coring is done with thin-wall diamond rotary

bits, which may be detachable or integral to the core barrel. The usual size

range for laboratory core drills is from 6-in.-diam (152.4-mm) down to 1-in.

(25.4-mm) outside diameter. Typical sample diameters for uniaxial testing are

2.125 in. (54 mm). Drilling machines range from small quarry drills to modi-

fied machine shop drill presses. Almost any kind can be adapted for rock work

by fitting a water swivel, but a heavy, rigid machine is desirabl~e in order to

assure consistent production of high quality core. The work block must be

clamped tightly to a strong base or table so as to prevent any tilting, oscil-

lation, or other shifting. To avoid unnecessary unclamping and rearrangement

of the work block, it is desirable to have provision for traversing the drill

head or the work block. Traversing devices must lock securely to eliminate

any play between drill and work. The drill travel should be sufficient to

permit continuous runs of at least 10 to 12 in. (254 to 304.8 mm), without

need for stopping the machine. Optimum drilling speeds vary with bit size and

rock type, and to some extent with condition of the bit and the characteris-. tics of the machine. The general trend is that drill speed increases as drill

3
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diameter decreases; also, higher drill speeds are sometimes used on softer

rocks. The broad range of drill speeds lies mainly between 200 and 2,000 rpm.

No hard-and-fast rules can be given, but an experienced operator can easily

choose a suitable speed by trial. Some core drills are hand-fed but it is

desirable to have some provision for automatic feed. The ideal feed arrange-

ment is a constant-force hydraulic feed which can be set for each bit size and

rock type, but such machines are quite rare. Constant-force feed can be

improvised by means of a weight and pulley arrangement. On adapted metal-

working drill presses, the automatic feed rate for a given drill size and rock

type can be determined; however, since there is a danger of damaging the

machine or the core barrel if too high a feed rate is used, an electrical

overload breaker should be provided.

6. Sawing

6.1 For heavy sawing, a slabbing saw is adequate for most purposes. For

exact sawing, a precision cutoff machine, with a diamond abrasive wheel about

10 in. (254 mm) in diameter, and a table with two-way screw traversing and

provision for rotation are recommended. The speed of the wheel is usually

fixed, but the feed rate of the wheel through the work can be controlled.

Clean water, either direct from house supply or recirculated through a

settling tank, is the standard cutting and cooling fluid. For crosscutting,

core should be clamped in a vee-block slotted to permit passage of the wheel.

By supporting the core on both sides of the cut, the problem of spalling and

lip formation at the end of the cut is largely avoided. Saw cuts should be

relatively smooth and perpendicular to the co.e axis in order to minimize the

grinding or lapping needed to produce end conditions required for the various

tests.

7. End Preparation

7.1 Due to the rather large degree of flatness required on bearing sur-

faces for many tests, end grinding or lapping is required. Conventional

surface grinders provided the most practical means of preparing flat surfaces,

especially on core samples with diameters greater than approximately 2 in.

(50.8 mm). Procedures are essentially comparable to metal working. Quite

often a special jig is constructed to hold one or more specimens in the

4
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grinding operation. The lathe can also be used for end-grinding cylindrical

samples. A sample is held directly in the chuck, rotated at 200 to 300 rpm,

and the grinding wheel, its axis inclined some 15 deg (0.26 radian) to the

sample axis, is passed across end of the sample with rotating at 6,000 to

8,000 rpm. The "bite" ranges from about 0.003 in. (0.0762-mm) maximum to less

than 0.001 in. (0.0254 mm) for finishing, and the grinding wheel is passed

across the sample at about 0.5 in. (12.7 mm) per minute. For core diameters

of 2-1/8 in. (54 mm) or less, a lap can be used for grinding flat end surfaces

on specimens, although producing a sufficiently flat surface by this method is

an art. To end-grind on the lap, a cylindrical specimen is placed in a steel-

carrying tube which is machined to accept core with a clearance of about

0.002 in. (0.0508 mm). At the lower end of this tube is a steel collar which

rests on the lapping wheel. The method requires use of grinding compounds

and, hence, is not recommended where other methods are available.

8. Specimen Check

8.1 In general terms, test specimens should be straight, their diameter

should be constant, and the ends should be flat, parallel, and normal to the

long axis. Sample dimensions should be checked during machining with a

micrometer or vernier caliper; final dimensions are normally measured with a

micrometer and reported to the nearest 0.01 in. (0.254 mm). Tolerances are

best checked on a comparator fitted with a dial micrometer reading to

0.0001 in. (0.00254 mm). There is a technique for revealing the roughness and

planes qualitatively. Impressions are made by sandwiching a sheet of carbon

paper and a sheet of white paper between the sample end and a smooth surface.

The upper end of the sample is given a light blow with a rubber or plastic

hammer, and an imprint is formed on the white paper. Areas where no impres-

sions are made indicate dished or uneven surfaces. The importance of proper

specimen preparation cannot be overemphasized. Specimens should not be tested

which do not meet the dimensional tolerances specified in the respective test

methods.

9. References

9.1 Department of the Army, Office, Chief of Engineers, "Soil Sampling,". EM 1110-2-1907, Washington, D.C., 1972.
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STATISTICAL CONSIDERATIONS

1. Scope

1.1 The purpose of this recommended practice is to outline some general

statistical concepts which may be applied to small sample sizes typical of

rock test data. It is not the intent to deal with accuracy or precision con-

siderations, but rather to assess the results from the assumed point that the

test has been conducted as specified in the respective test methods.

2. Variation and Sample Size

2.1 Most physical tests involve tabulation of a series of readings, with

computation of an average said to be representative of the whole. The ques-

tion arises as to how representative this average is as the measure of the

characteristic under test. Three important factors introduce uncertainties in

the result:

(a) Instrument and procedural errors.

(b) Variations in the sample being tested.

(c) Variations between the sample and the other samples that might

have been drawn from the same source.

If a number of identical specimens were available for tests, or if the tests

were nondestructive and could be repeated a number of times on the same speci-

mens, determination of the procedural and instrument errors would be compara-

tively simple, because in such a test the sample variation would be zero.

Periodic tests on this specimen or group of specimens could be used to check

the performance of the test procedure and equipment. However, as most of the

tests used in determining the mechanical properties of rock are destructive,

the instrument and sample variations cannot be separated. Nevertheless, we

may apply some elementary statistical concepts and still have confidence in

the test results. Of course, the more test data available the more reliable

the results. Due to the expense of testing occasionally the shortage of test

specimens, rock test data almost always require treatment as groups of small

samples. As a general rule at least 10 tests are recommended for any one

condition of each individual test with an absolute minimum of 5.

01
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3. Measures of Central Tendency and Deviation

3.1 The most commonly used measure of the central tendency of a sample

of n specimens is the arithmetic mean or average, x The standard devia-

tion, s . is a measure of the sample variability. It is calculated as

follows:

n-i

where xj's are the individual observations. Most calculators have a built-in

program that calculates standard deviation. Some have two programs, one that

calculates s based on n-l degrees of freedom and one that calculates s

based on n degrees of freedom. The one that uses n-l degrees of freedom

is correct for most applications.

4. The Normal Distribution

4.1 A series of tests for any one property will, of course, have some

variation in the individual determinations. The distribution of these bits of

data quite often follows a pattern of normal distributions, i.e., a large

portion of the data bits will be closely grouped to the mean on either side

with progressively fewer bits distributed farther from the mean. The normal

distribution is usually portrayed graphically as shown below.

S S

-4 -3 -2 -1 a 1 2 3 4
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Methods are available to check the normality of the distribution and to deal

with those which are not normal (skewed).71-7 3 Use of many statistical tech-

niques requires the assumption that the data be normally distributed, but mild

cases of skewness do not normally cause severe errors and can be ignored. A

more important assumption is that the samples be taken at random from the

population, as discussed in paragraph 5.

5. Samplin

5.1 It is extremely important that samples from a parent population be

taken at random. Probably the most frequent cause of incorrect conclusions

being drawn about a population from a sample is non-random sampling. Some-

times it is impossible to draw random samples because of physical or cost

limitations on a project. When this happens, interpretations of results

should be made with caution.

5.2 A study of sampling distributions of statistics for small samples

(n < 30) is called small sampling theory. Statistical tables are available. for use with the proper relationship to develop confidence in test data. 7 -'

For small samples the confidence limits for a mean are given by:

s

X ± cc iS _

X , n , and s are determined as given in paragraph 3.1. tc is from and

depends on the level of confidence desired and the sample size. Values of

tc for 90, 95, and 99 percent confidence limits are given below for n from

3 to 12.

t,%

n DF* 90 95 99

3 2 2.92 4.30 9.92
4 3 2.35 3.18 5.84
5 4 2.13 2.78 4.60
6 5 2.02 2.57 4.03
7 6 1.94 2.45 3.71
8 7 1.90 2.36 3.50
9 8 1.86 2.31 3.36

10 9 1.83 2.26 3.25
11 10 1.81 2.23 3.17
12 11 1.80 2.20 3.11

Degrees of freedom

3
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Using this calculation and given an estimate of the standard deviation of a

population, one can estimate the number of samples needed to get a desired

level of confidence on the mean. See paragraph 7.2 for an example.

6. Dealing with Outliers

6.1 An outlying observation or "outlier" is one that appears to deviate

markedly from other members of the sample in which it occurs. Outliers may be

merely unusual examples of the population extremes or they may actually be

samples taken accidentally from another population. In the former case, the

observations should not be deleted from the sample, whereas in the latter case

they should be deleted. It is often difficult to know which applies. When

some assignable cause is known, for example when one rock specimen is allowed

to dry out prior to strength testing and all others are wet, then the dry

specimen is reasonably considered to belong to a different population and

should be discarded. In the absence of an assignable cause, outliers should

not be discarded without first examining the observation in light of an objec-

tive procedure. This is particularly critical with small samples. For exam-

ple, it is quite common when samples of 3 are taken that two observations fall

quite close together and the third to be somewhat away. Without substantial

experience or an objective method, intuition often misleads one into discard-

ing the outlier. Many test methods provide guidance on handling outliers.

ASTM E 1787- provides a general technique for handling outliers.

7. Examples

7.1 For the purposes of illustrating a confidence limit calculation,

assume there is a normal distribution of compressive strength data7 -" for a

particular rock type yielding the following individual specimen strengths,

taken at random: 18,000; 18,700; 19,200; 19,600; 20,000; 20,100; 20,500;

20,800; 21,100; and 22,000 psi. Find the 95 percent confidence limits for the

mean strength.

By computation:

n 10

4
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S= 20,000 psi

s = 1183

95% confidence limits = x± ts (s/vrn-7-T) ; thus

x ± 2.26 (1183/Vi----i)

20,000 ± 2.26 (420) = 20,000 ± 891 psi

Thus, we can be 95 percent confident that the true mean lies between 19,109

and 20,891.

7.2 As an example of the use of confidence limit calculation to estimate

sample sizes, consider the population described in paragraph 7.1. Suppose the

objective of a sample was to estimate the mean strength of that population

. with a confidence limit on that mean of ±1,000 psi. Then confidence limit

could be calculated for a range of sample sizes, as follows:

95%
Sample Confidence
Size Interval

4 1636 psi

5 1238 psi

6 1024 psi

7 891 psi

By inspection, a sample size of about 6 should be suitable to achieve the

desired confidence limit.

8. References

8.1 Spiegel, M. R., Theory and Problems of Statistics, Schaun's Outline

Series, McGraw-Hill Company, New York, 1961.

8.2 Volk, William, Applied Statistics for Engineers, McGraw-Hill Company,

New York, 1958.
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8.3 Obert, Leonard and Duvall, W. I., Rock Mechanics and the Design of

Structures in Rock, John Wiley and Sons, Inc., New York, 1967.

8.4 "Engineering Geology; Special Issue, Uniaxial Testing in Rock

Mechanics Laboratories," Elsevier Publishing Company, Amsterdam, Vol 4, No. 3,

July 1970.

8.5 ASTM E 178. "Standard Practice for Dealing with Outlying Observa-

tions," Annual Book of ASTM Standards, Vol 14.02, ASTM, Philadelphia, PA.

()o



0 RTH 105-93

METHOD FOR DETERMINATION OF
REBOUND NUMBER OF ROCK

I. Scope

1.1 This method provides instructions for the determination of a

rebound number of rock using a spring-driven steel hammer (Fig. I).

I Impact plunger 11
3 Housing eompt.
4 Rider with guide rod 21

S Scale (starting with sedal 20
No. 230 printed on window 23 3
No. 19) 22

6 Pushbutton compL8
7 Hammer guide bar
I Disk
6 Cap

10 Two-part ring
11 Rear cover

12 Compression spring
13 Pewl
14 Hammer maoe 4<

IS Retaining spring 5 --

16 Impact spring I
17 Guide sleeve
16 Felt washer
It Plexiglasiq window 3

20 Trip screw 14
21 Lock nut
n2 Pta
23 Pewi spring

F 1A

Fig. 1. Spring-driven steel hammer.
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2. Significance

2.1 The rebound number determined by this method may be used to

assess the uniformity of rock in situ, or on cored samples to indicate

hardness characteristics of the rock.

3. Apparatus

3.1 Rebound Hammer - The rebound hammer consists of a spring-loaded

steel hammer which when released strikes a steel plunger which is in

contact with the test surface. The spring-loaded hammer must travel
with a fixed and reproducible velocity. The rebound distance of the

steel hammer from the steel plunger is measured by means of a linear

scale attached to the frame of the instrument (Note 1).

NOTE 1-Several types and sizes of rebound hammers are commercially

available. Hammers with an energy impact of 0.075 m-kg (0.542 ft-lb)

have been found satisfactory for rock testing.

3.2 Abrasive Stone - An abrasive stone consisting of medium grain

texture silicon carbide or equivalent material shall be provided.

4. Test Area

4.1 Selection of Test Surface - Surfaces to be tested shall be at

least 2 in. (50 mm) thick and fixed within a stratum. Specimens should

be rigidly supported. Some companies market a "rock cradle" for this

purpose. Areas exhibiting scaling, rough texture, or high porosity

should be avoided. Dry rocks give higher rebound numbers than wet.

4.2 Preparation of Test Surface - Heavily textured soft surfaces or

surfaces with loose particles shall be ground smooth with the abrasive

stone described in Section 3.2. Smooth surfaces shall be tested without

grinding. The effects of drying and carbonation can be minimized by

thoroughly wetting the surfaces for 24 hours prior to testing.

4.3 Factors Affecting Test Results Other factors related to test

circumstances may affect the results of the test:

2
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(a) Rock at 32 0 F (0 0 C) or less may exhibit very high rebound

values. Rock should be tested only after it has thawed.

(b) The temperature of the rebound hammer itself may affect

the rebound number (Note 2).

NOTE 2-Rebound hammers at 00F (-18°C) may produce rebound

numbers reduced by as much as 2 or 3 units.

(c) For readings to be compared, the direction of impact--

horizontal, downward, upward, etc.-must be the same.

(d) Different hammers of the same nominal design may give

rebound numbers differing by 1 to 3 units, and therefore, to be compared,

tests should be made with a single hammer. If more than one hammer is

to be used, a sufficient number of tests must be made on typical rock

surfaces to determine the magnitude of the differences to be expected.

(Note 3)

NOTE 3-Rebound hammers require periodic servicing and veri-

fication annually for hammers in heavy use, biennially for hammers in

less frequent use, and whenever there is reason to question their proper

operation. Metal anvils are available for verification and are recom-

mended. However, verification on an anvil will not guarantee that

different hammers will yield the same results at other points on the

rebound scale. Some users compare several hammers on surfaces

encompassing the usual range of rebound values encountered in the field.

5. Test Procedure

5.1 The instrument shall be firmly held in a position which allows

the plunger to strike perpendicular to the surface tested. The pressure

on the plunger shall be gradually increased until the hammer impacts.

After impact, the rebound number should be recorded to two significant

figures. Ten readings shall be taken from each test area with no two

impact tests being closer together than 1 in. (25.4 mm). Examine the

impression made on the surface after impact and disregard the readinge If the impact crushes or breaks through the surface.

3
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6. Calculation

6.1 Readings differing from the average of 10 readings by more than

7 units are to be discarded and the average of the remaining readings

determined. If more than 2 readings differ from the average by 7 units,

the entire set of readings should be disckrded.

7. Precision

7.1 The single-spec imen-operator-machine-day precision is 2.5 units

(IS) as defined in ASD{ Recommended Practice E 177, "Use of the Terms

Precision and Accuracy as Applied to Measurement of a Property of a

Material."

8. Use and Interpretation of Rebound Hammer Results

8.1 Optimally, rebound numbers may be correlated with core testing

information. There is a relationship between rebound number and

strength and deformation and the relationship is normally provided by

the rebound hammer manufacturer.

9. Report

9.1 The report should include the following information for each

test area:

9.1.1 Rock identification.

9.1.2 Location of rock stratum.

9.1.3 Description and composition of rock if known.

9.1.4 Average rebound number for each test area or specimen.

9.1.5 Approximate angular direction of rebound hammer impact, with

horizontal being considered 0, vertically upward being +90 deg (1.57

radians), and vertically downward being -90 deg (1.57 radians).

9.1.6 Hammer type and serial number.

4
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METHOD FOR DETERMINATION OF THE
WATER CONTENT OF A ROCK SAMPLE

1. Scope

1.1 This test method covers the determination of the percentage of evapo-

rable water in the pores of a rock sample as a percentage of the ovendry sam-

ple mass.

2. Apparatus

(a) An oven capable of maintaining a temperature of 110 ± 5 °C for a

period of at least 24 hr.

(b) A sample container of noncorrodible material, including an airtight

lid.

(c) A desiccator to hold sample containers during cooling.

(d) A balance of adequate capacity, capable of weighing to an accuracy of

0.01 percent of the sample mass.

. 3. Procedure

(a) The container and lid is cleaned, dried, and its mass determined.

(b) A representative sample is selected, preferably comprising at least

ten rock lumps each having a mass of at least 50 g to give a total sample mass

of at least 500 g. For in situ water content determination, sampling, stor-

age, and handling precautions should retain water content to within 1 percent

of its in situ value.

(c) The sample is placed in the container, the lid replaced, and the mass

of the sample plus container is determined.

(d) The lid is removed and the sample dried to constant mass. Constant

mass is achieved when the mass loss is less than 0.1 percent of the sample

mass in 4 hr of drying.

(e) The lid is replaced and the sample allowed to cool in the desiccator

for 30 minutes. The mass of sample plus container is determined.

0
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4. Calculation

Water content w = pore water weight . 100% = Y-Z . 100%
grain weight Z-X

4.1 Calculate the water content of the rock sample as follows:

W = Y (100)

where

W - water content, percent

Y - original sample mass, g

Z - dried sample mass, g, and

X - sample container and lid mass, g

5. Reporting of Results

5.1 The water content should be reported to the nearest 0.1 percent stat-

ing whether this corresponds to in situ water content, in which case precau-

tions takeil to retain water during sampling and storage should be specified.

2
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Standard Test Method for
Specific Gravity and Absorption of Coarse Aggregate1

This standard is issued under the fixed designation C 127; the number immediately folloving the designation indicates the yte of
original adoption or. in the case of revision, the year of last revtsaon. A number in parentheses indicates the year of last reapproval. A
uperscnpt epsilon (t) indiceats in editorial change since the last nevision or reapproval.

This test method has been approved for use by agencies of the Depanment of Defense- Consult the DoD Index of"Speclfications and
Standards foe the specoic year of Lssue which has been adopted by the Depanment of Defense.

1. Scope E 12 Definitions of Terms Relkting to Density and Spe-
1.1 This test method covers the determination of specific cific Gravity of Solids, Liquids, and Gases'

gravity and absorption of coarse aggregate. The specific 2.2 AASHTO Standard:

gravity may be expressed as bulk specific gravity, bulk AASHTO No. T 85 Specific Gravity and Absorption of

specific gravity (SSD) (saturated-surface-dry), or apparent Coarse Aggregate6
specific gravity. The bulk specific gravity (SSD) and absorp- 3. Terminology
tion are based on aggregate after 24 h soaking in water. This
test method is not intended to be used with lightweight 3.1 Definitions:
aggregates. 3.1.1 absorption-the increase in the weight of aggregate

1.2 The values stated in SI units are to be regarded as the due to water in the pores of the material, but not induding
standard. water adhering to the outside surface of the particles,

1.3 This standard 'iay involve hazardous materials, oper- expressed as a percentage of the dry weight. The aggregate is
ations, and equipment. This standard does not purport to considered "dry" when it has been maintained at a temper-
address all of the safety problems associated with its use. It is ature of 110 ± 5"C for sufficient time to remove all
the responsibility of the user of this standard to establish uncombined water.
appropriate safety and health practices and determine the 3.1.2 specific gravity-the ratio of the mass (or weight in
applicability of regulatory limitations prior to use. air) of a unit volume of a material to the mass of the same

volume of water at stated temperatures. Values are dimen-
sionless.

2. Referenced Documents 3.1.2.1 apparent specific gravity-the ratio of the weight

2.1 ASTM Standards: in air of a unit volume of the impermeable portion of

C 29 Test Method for Unit Weight and Voids in aggegate at a stated temperature to the weight in air of an

Aggregate2 equal volume of gas-free distilled water at a stated tempera-

C 125 Definitions of Terms Relating to Concrete and ture.

Concrete Aggregates2  3.1.2.2 bulk specific gravity-the ratio of the weight in air

C 128 Test Method for Specific Gravity and Absorption of of a unit volume of aggregate (including the permeable and
Fine Aggregate2  impermeable voids in the particles, but not including the

C 136 Method for Sieve Analysis of Fine and Coarse voids between particles) at a stated temperatare to the weight
Aggregates2 in air of an equal volume of gas-free distilled water at a stated

C 566 Test Method for Total Moisture Content of Aggre- temperature.
gate by Drying3 3.1.2.3 bulk specific gravity (SSD)-the ratio of the weight

C 670 Practice for Preparing Precision Statements for Test in air of a unit volume of aggregate, including the weight of
Methods for Construction Materials2  water within the voids filled ti the extent achieved by

C 702 Practice for Reducing Field Samples of Aggregate to submerging in water for approximately 24 h (but not
Testing Size3  including the voids between particles) at a stated tempera-

D 75 Practice for Sampling Aggregates2  ture, compared to the weight in air of an equal volume of
D448 Classification for Sizes of Aggregate for Road and gas-free distilled water at a stated temperature.

Bridge Construction2  Nonr ]-The terminology for specific gravity is based on terms in
E II Specification for Wire-Cloth Sieves for T'esting Definitions E 12. and that for absorption is based on that term in

Purposes4 Terminology C 125.

4. Summary of Test Method
IThis test method is under the jurisdiction of ASTM Committee C-9 on 4.1 A sample of aggregate is immersed in water for

Coocrte and Concrete Aggregates and is the direc responsibiliy ofSubcommitter approximately 24 h to essentially fill the pores. It is then
C09.03,05 on MethodsofTesting and Specifications for Physical Characterstics of removed from the water, the water dried from the surface ofS Concrete Aggregates.

Currnt edition approved Oct. 31, 1988 Published Decemner 1988 Originafl!
pub.lshed as C 127 - 36 T. last previous edition C 127 - 84

2 Annual Book ofASTM Siandards. VoLt 04.02 and 04.03 Annual Book ofAS7 %f Stdndards. Vols 04.02. 1 505
'Annual Book of ASTM Standards, Vol 04.02. Available from American Association of State Highwa) and Tranosportatron
'Annual Book of ASTM Standards. Vol 14.02 Officials. 444 North Capitol St N W. Suite 225. Wahminvn, IX 2(Ora
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the particles, and weighed. Subsequently the sample is 6.2 Sample C'ontatnr-A wire basket of 3.35 mm (No. 6)
weighed while submerged in water. Finally the sample is or finer mesh. or a bucket of approximately equal breadth
oven-dried and weighed a third time. Using the weights thus and height, with a capacity of 4 to 7 L for 37.5-mm (I '/!-,in.)
obtained and formulas in this test method, it is possible to nominal maximum size aggregate or smaller, and a larger
calculate three types of specific gravity and absorptibn. container as needed for testing larger maximum size aggre-

gate. The container shall be constructed so as to prevent

5. Significance and Use trapping air when the container is submerged.
6.3 Water Tank-A watertight tank into which the

5.1 Bulk specific gravity is the characteristic generally sample container may be placed while suspended below the
used for calculation of the volume occupied by the aggregate balance.
in various mixtures containing aggregate, including portland 6.4 Sieves-A 4.75-mm (No. 4) sieve or other sizes as
cement concrete, bituminous concrete, and other mixtures needed (see 7.2, 7.3. and 7.4), conforming to Specification
that are proportioned or analyzed on an absolute volume E i1.
basis. Bulk specific gravity is also used in the computation of
voids in aggregate in Test Method C 29. Bulk specific gravity 7. Sampling
(SSD) is used if the aggregate is wet, that is, if its absorption 7.1 Sample the aggregate in accordance with Practice
has been satisfied. Conversely, the bulk specific gravity D 75.
(oven-dry) is used for computations when the aggregate is 7.2 Thoroughly mix the sample of aggregate and reduce it
dry or assumed to be dry. to the approximate quantity needed using the applicable

5.2 Apparent specific gravity pertains to the relative procedures in Methods C 702. Reject all material passing a
density of the solid material making up the constituent 4.75-mm (No. 4) sieve by dry sieving and thoroughly
particles not including the pore space within the particles washing to remove dust or other coatings from tIe surface. If
which is accessible to water.

5.3 Absorption values are used to calculate the change in the coarse aggregate contains a substantial quantity of

the weight of an aggregate due to water absorbed in the pore material finer than the 4.75-mm sieve (such as for Size No. 8

spaces within the constituent particles, compared to the dry ant Y aggregates in Classification D 448), use the 2.36-mm

condition, when it is deemed that the aggregate has been in (No. 8) sieve in place of the 4.75-mm sieve. Alternatively,
contact with water long enough to satisfy most of the separate the material finer than the 4.75-mm sieve and test

absorption potential. The laboratory standard for absorption the finer material according to Test Method C 128.

is that obtained after submerging dry aggregate for approxi- 7.3 The minimum weight of test sample to be used is
mately 24 h in water. Aggregates mined from below the given below. In many instances it may be desirable to test awateralemay 24e h ighwat er. A atesormionwhened , frif not coarse aggregate in several separate size fractions; and if the
water table may have a higher absorption, when used, i sample contains more than 15 % retained on the 37.5-mm
allowed to dry. Conversely, some aggregates when used may (1½/-in.) sieve, test the material larger than 37.5 mm in one
contain an amount of absorbed moisture less than the 24-h
soaked condition. For an aggregate that has been in contact fractions. When an aggregate is tested in separate size
with water and that has free moisture on the particle fractions, the minimum weight of test sample for each
by deducting the absorption from the totae moisture content fraction shall be the difference between the weights pre-
bydeterminghed byTsoptihod C e 5l mscribed for the maximum and minimum sizes of the fraction.determined by Test Method C 566.

5.4 The general procedures described in this test method Nomina Maximum Size. Minimum Weight of Teo

are suitable for determining the absorption of aggregates that mm (in.) Saple. k Nb)haehd12.5 ('/2) orkIS 2 (4.4)

have had conditioning other than the 24-h soak, such as 19.0 (1b 3(6.6)

boiling water or vacuum saturation. The values obtained for 25.0(1) 4(3.8)
absorption by other test methods will be different than the 37.5 (11/) 5(11)
values obtained by the prescribed 24-h soak, as will the bulk 50(2) 8 (is)

63 (21/2) 12 (26)specific gravity (SSD) 73(3) 12(40)

5.5 The pores in lightweight aggregates may or may not 90 (3,/,) 25(55)
become essentially filled with water after immersion for 24 h. 100(4) 40(88)
In fact, many such aggregates can remain immersed in water 112 (41) 500(10)

125 (5) 75 (165)
for several days without satisfying most of the aggregates' 150(6) 125(276)

absorption potential Therefore, this test method is not 7.4 If the sample is tested in two or more size fractions,
intended for use with lightweight aggregate. determine the grading of the sample in accordance with

Method C 136, including the sieves used for separating the
6. Apparatus size fractions for the determinations in this method. In

6.1 Balance-A weighing device that is sensitive, read- calculating the percentage of material in each size fraction,
able, and accurate to 0.05 % of the sample weight at any ignore the quantity of material finer than the 4.75-mm (No.
point within the range used for this test, or 0.5 g, whichever 4) sieve (or 2.36-mm (No. 8) sieve when that sieve is used in
is greater. The balance shall be equipped with suitable accordance with 7.2).
apparatus for suspending the sample container in water from
the center of the weighing platform or pan of the weighing 8. Procedure
device. 8.1 Dry the test sample to constant weight at a tempera-



RTH 107-93

Q C 127

ture of 110 ± 5"C (230 ± 9"F), cool in air at room 9.1.2 Bulk Specific Gravity (Saturated-Surface-Dry)-
temperature for I to 3 h for test samples of 37.5-mm Calculate the bulk specific gravity, 23/23C (73.4/73.4"F). on
(Il/2-in.) nominal maximum size, or longer for larger sizes the basis of weight of saturated-surface-dry aggregate as
until the aggregate has cooled to a temperature that is follows:
comfortable to handle (approximately 50"C). 'Subsequently Bulk sp gr (saturated-surface-dry) = BI(B - C)
immerse the aggregate in water at room temperature for aperiod of 24 ± 4 h. 9.1.3 Apparent Specific Gravity--Calculate the apparent

peo ospecific gravity, 23/23"C (73.4/73.4"F), as follows:
NOTE 2-When testing coarse aggregate of large nominal maximum

size requiring large test samples, it may be more convenient to perform Apparent sp gr = A/(A - C)
the test on two or more subsamples, and the values obtained combined 9.2 Average Specific Gravity Values-When the sample is
for the computations described in Section 9. tested in separate size fractions the average value for bulk

8.2 Where the absorption and specific gravity values are specific gravity, bulk specific gravity (SSD), or apparent
to be used in proportioning concrete mixtures in which the specific gravity can be computed as the weighted average of
aggregates will be in their naturally moist condition, the the values as computed in accordance with 9.1 using the
requirement for initial drying to constant weight may be following equation:
eliminated, and, if the surfaces of the particles in the sample G1- _(seeAppendixX_1)

have been kept continuously wet until test, the 24-h soaking G = (se Appendix XP )
may also be eliminated. P0 P,100G, 1 0 OG, 1(30G(7

NomT 3-Values for absorption and bulk specific gravity (SSD) may
be significantly higher for aggregate not oven dried before soaking than where:
for the same aggregate treated in accordance with S.1. This is especiany G = average specific gravity. All forms of ex-
true of particles larger than 75 mm (3 in.) since the water may not be pression of specific gravity can be aver-
able to penetrate the pores to the center of the particle in the prescribed aged in this manner.
soaking period. G1, G2 ... G,, = appropriate specific gravity values for each

8.3 Remove the test sample from the water and roil it in a size fraction depending on the type of
large absorbent cloth until all visible films of water are specific gravity being averaged.
removed. Wipe the larger particles individually. A moving P1,. 2, ... F -, weight percentages of each size fraction
stream of air may be used to assist in the drying operation. present in the original sample.. Take care to avoid evaporation of water from aggregate pores
during the operation of surface-drying. Weigh the test sample NorE 5-Some users of this test method may wish to express the
in the saturated surface-dry condition. Record this and all results in terms of density. Density may be determined by multiplying
subsequent weights to the nearest 0.5 g or 0.05 % of the the bulk specific gravity, bulk specific gravity (SSD), or apparent specific
sample weight, whichever is greater. gravity by the weight of water (997.5 kg/im or 0.9975 Mg/m' or 62.27

lb/ft3 at 23C). Some authorities recommend using the density of water8.4 After weighing, immediately place the saturated-sur- at 4.C (1000 kg/m3 or 1.000 Mg/mr or 62.43 lb/fl3) as being sufficiently
face-dry test sample in the sample container and determine accurate. Results should be expressed to three significant figures. The
its weight in water at 23 ± I.7"C (73.4 ± 3"F), having a density terminology corresponding to bulk specific gravity, bulk specific
density of 997 ± 2 kg/m 3. Take care to remove all entrapped gravity (SSD). and apparent specific gravity has not been standardized
air before weighing by shaking the container while im- 9.3 Absorption-Calculate the percentage of absorption,
mersed. as follows:

NOTE 4-The container should be immersed to a depth sufficient to Absorption, % = [(B - A)IA] x 100
cover it and the test sample during weighing. Wire suspending the
container should be of the smallest practical size to minimize any 9.4 Average Absorption Value-When the sample is tested
possible effects of a variable immersed length. in separate size fractions, the average absorption value is the

average of the values as computed in 9.3, weighted in8.5 Dry the test sample to constant weight at a tempera- proportion to the weight percentages of the size fractions inture of 110 ±- S"C (230 ±_ 9"F), cool in air at room the original sample as follows:

temperature 1 to 3 h, or until the aggregate has cooled to a

temperature that is comfortable to handle (approximately A = (PA,/I00) + (P2A2/100) + (PF,.1 /I00)
50'C), and weigh. where:

A = average absorption, %,
9. Calculations A,, A 2 ... At, = absorption percentages for each size frac-

9,1 Specific Gravity: tion, and
9.1.1 Bulk Specific Gi .vty-Calculate the bulk specific P 2 ... = weight percentages of each size fraction

gravity, 23/23"C (73.4/73.47), as follows: present in the original sample.

Bulk sp gr = .41(B - 0). where: 10. Report
A = weight of oven-dry test sample in air, g, 10.1 Report specific gravity results to the rearest 0.01.
B = weight of saturated-surface-dry test sample in air, g. and indicate the tye of specific gravity. whetht, bulk, hulk

and (saturated-surface-dry), or apparent.
C = weight of saturated test sample in water, g. 10.2 Report the absorption result to the nearest 0.1 .

I
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10.3 If the specific gravity and absorption values were TABLE 1 Precision

determined without first drying the aggregate, as permitted in Standard Deviatcn Acc•ept Range os

8.2. it shall be noted in the report,. (S)A Two its (D2S)A

BuA spe-fic gravity (dry) 0.009 0025
Bulk spedfic gravity (Sso) 0007 0020

l1. Precision and Bias Apparent specifc gravity 0007 0 020
Absorptona. % 0088 025

11. 1 The estimates of precision of this test method listed Muitiataor Pocion

in Table I are based on results from the AASHTO Materials Bulk specific gravity (dry) 0.013 0038

Reference Laboratory Reference Sample Program, with Buk sp-c gravity (SSO) 0.011 0032
Apparent specft graaty 0.011 0-032

testing conducted by this test method and AASHTO Method Ap-wnspeca. r 0.145 0.41

T 85. The significant difference between the methods is that A These numbers represent. respectrvety. the (15) ad (02S) k~its as desoted
Test Method C 127 requires a saturation period of 24 ± 4 h, in Practe C 670. The precision estiwate were obtied trm t" antysas at

while Method T 85 requires a saturation period of 15 h oontioed Ak-rrO Matenals Retrence Uoraory rlerenoa sarn data from

minimum. This difference has been found to have an taobtonrstr " 15 h wrwnm satwiam ties and 0o0th oraoneS U 24
t 4 h satation tirnes. Testrg was peformed on norrn-wesM aggregate, and

insignificant effect on the precision indices. The data are starWv. w ggates in tine oven-dy ondrbon.

based on the analyses of more than 100 paired test results Premcsion eswates are base on aggregates wrth absorpbom ot es trian

from 40 to 100 laboratories. 2%.

11.1 Bias-Since there is no accepted reference material
for determining the bias for the procedure in this test
method, no statement on bias is being made.

APPENDIXES

(Noninandatory Information)

Xl. DEVELOPMENT OF EQUATIONS

X I. 1 The derivation of the equation is apparent from the G =
following simplified cases using two solids. Solid I has a W / (J,'.\
weight W, in grams and a volume V, in millilitres; its W1 + W2 W, W1 + W2  W2

specific gravity (GI) is therefore W,1/V. Solid 2 has a weight However, the weight fractions of the two solids are-.
W2 and volume V2, and G2 = W2 /V,. If the two solids are W,(wt + W2) P,/l10 and W2/(W, + W2) - P21 10

considered together, the specific gravity of the combination
is the total weight in grams divided by the total volume in and,
millilitres: I/G, = V,1 W, and l1G2 = V2/W2

G - (W, + W2) / (VI + V2) Therefore,

Manipulation of this equation yields the following: G = l/[(Pj1/l00Xi/G,) + (P2/IoOX/IG2 )1

G _I I An example of the computation is given in Table X 1.1.
v+ , V + v,

W,+ W2  V1,+ W2  W 1

TABLE X1.1 Example of Calculation of Average Values of

Speclfi Gravity and Absorption for a Coarse Aggregate
Tested In Separate Sizes

Size Samne Weight Buk Specifi Absorption.
Fraction, mm (in.) Ork* Used in Test. g Gravity (SSO) %Sample

4.75 to 12.5 44 2213.0 2.72 0.4
(No. 4 to '/1)

12.5 to 37.5 35 5462.5 256 25
(,/1 to 1,•)

375 to 63 21 125930 254 30
(1, a to 21/2)

Average Specft Gravity (SSD)

1
G&.. =262

044 035 021

272 256 2554

Average Absorptx)n

A - (0.44) (0 4) + (0 35) (2.5) + (0.21) (3.0) - 1.7 %

4
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X2. INTERRELATIONSItlPS BETWEEN SPECIFIC GRAVITIES AND ABSORPTION AS DEFINED IN
TEST METHtODS C 127 AND C 128

X2.1 Let: S = = I"S%_ (2a)
Sd = bulk specific gravity (dry basis). I+ A100 A [.a

s = bulk specific gravity (SSD basis), S, I -,
Sa = apparent specific gravity, and

A = absorption in%.
X2.2 Then, A = (S-- 1)100 (3)

S, =(I + A/LOO)Sd (I)/

A S A (S.S- ) 100 (4)
S- = I A d (2)

Sd 100 100

The Americam Society for Testing and Materials takes no position respecting the validity of any patent rights asserted in conneton
with any rn mentioned in this standard. Users of this standard ate expressly advised that determination ot the validity of any such
patent rights, and the risk of oifringemen ot such right, we entirely theo own responslity.

This standard is subiect to revision at any time by the responsible technical committee and must be reviewed every five years and
It not revised, eiher reapproved or withdrawn. Your cOmments are invited either for revision of this standard or for additional standards
and shouild be addressed to ASTM Headquarters. Your comments wilt receive cafe(ut consideration at a meeting of the respotsse
technical cormiwlee, which you may attend. If you feel that your comments have not received a lair heaoing you should make your
views known to the ASTM Committee on Standards, 1916 Race St.. Phdadelphia, PA 19103.

S
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Standard Test Method for
Specific Gravity and Absorption of Fine Aggregate1

This standard is issued under the fixed designation C 128; the number immediately following the designation indicates the year of
original adoption or, in the case ofrevision. the year of ast revision. A number in parentheses indicates the year of Last reapproval A
supersipt epsilon (t) indicates an editorial change since the last revision or reapproval.

This standard has been approdW for use by agencies f the Depanntvi of Defense. Consult the DoD Index of Specfications and
Standards for the speciefic year of Lssue which has been adopted by the Deparment of Defense.

1. Scope E 12 Definitions of Terms Relating to Density and Spe-
1.1 This test method covers the determination of bulk and cific Gravity of Solids, liquids, and Gases-

apparent specific gravity, 23/23C (73.4/73.4°F), and absorp- E 380 Metric Practice6

tion of fine aggregate. 2.2 AASHTO Standard:
1.2 This test method determines (after 24h in water) the AASHTO No. T 84 Specific Gravity and Absorption of

bulk specific gravity and the apparent specific gravity as Fine Aggregates 7

defined in Definitions E 12, the bulk specific gravity on the
basis of weight of saturated surface-dry aggregate, and the 3aabsorption as defined in Definitions C 125.3.Sgicne dUs

3.1 Bulk specific gravity is the characteristic generally
NoT I1-The subcommittee is considering revising Test Methods used for calculation of the volume occupied by the aggregate

C 127 and C 128 to use the term density" instead of 'specific gravity" in various mixtures containing aggregate including portland
for coane and fine aggregaterep ecvely, cement concrete, bituminous concrete, and other mixtures

1.3 The values stated in ST units are to be regarded as the that are proportioned or analyzed on an absolute volume
standard. basis. Bulk specific gravity is also used in the computation of

1.4 This standard may involve hazardous materials, oper- voids in aggregate in Test Method C 29 and the determina-
ations, and equipment. This standard does not purport to tion of moisture in aggregate by displacement in water in

* address all of the safetyproblems associated wth its use. It is Test Method C 70. Bulk specific gravity determined on the
the responsibility of whoever uses this standard to consult and saturated surface-dry basis is used if the aggregate is wet, that
establish appropriate safety and health practices and deter- is, if its absorption has been satisfied. Conversely, the bulk
mine the applicability of regulatory limitations prior to use. specific gravity determined on the oven-dry basis is used for

computations when the aggregate is dry or assumed to be
2. Referenced Documents dry.

3.2 Apparent specific gravity pertains to the relative
2.1 ASTM Standards: density of the solid material making up the constituent
C 29/C 29M Test Method for Unit Weight and Voids in particles not including the pore space within the particles

Aggregate2  that is accessible to water. This value is not widely used in
C 70 Test Method for Surface Moisture in Fine Aggregate2  construction aggregate technology.
C 125 Terminology Relating to Concrete and Concrete 3.3 Absorption values are used to calculate the change in

Aggregates the weight of an aggregate due to water absorbed in the pore
C 127 Test Method for Specific Gravity and Absorption of spaces within the constituent particles, compared to the dry

Coarse Aggregate 2  condition, when it is deemed that the aggregate has been in
C 188 Test Method for Density of Hydraulic Cement3  contact with water long enough to satisfy most of the
C 566 Test Method for Total Moisture Content of Aggre- absorption potential. The laboratory standard for absorption

gate by Drying2  is that obtained after submerging dry aggregate for approxi-
C 670 Practice for Preparing Precision and Bias State- mately 24 h in water. Aggregates mined from below the

ments for Test Methods for Construction Materials2"'-4  water table may have a higher absorption when used, if not
C 702 Practice for Reducing Field Sampres of Aggregate to allowed to dry. Conversely, some aggregates when used may

Testing Size2  contain an amount of absorbed moisture less than the 24
D75 Practice for Sampling Aggregates 2

.4 h-soaked condition. For an aggregate that has been in
contact with water and that has free moisture on the particle
surfaces, the percentage of free moisture can be determined

' This test method is under the jurisdiction or ASTM Committee C-9 on by deducting the absorption from the total moisture content
Concrete and Concrete Aggregates and is the direct responsibility of Subcommittee determined by Test Method C 566 by drying.
0)9.03.05 on Methods of Testing and Specifications for Physical Char-e-teristc ofCo¢ncrete Aggrgates.

Current edition approved Nov. 25, 1988. Published January 1989. Originally

Published as C 128 - 36. Last previous edition C 128 - 84. 'Annual Book ofAST*A Standaids, Vol 15.05.
2 Annual Book of ASTM Standards, Vol 04.02. ' Annual Book of ASTA1 Standards, Vol 14.02. Excerpts in all volumes.

S Annual Book of ASTM Standards., Vol 04.01. 'Available from American Association of State Highway and Transport&htm
"Annual Book of ASTM Standards. Vol 04.03. Offciais. 444 North Capitol St. N.W., St,,te 225, Washington, DIC 20001.
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4. Apparatus has reached a surface-dry condition. If the first trial of the

4.1 Balance-A balance or scale having a capacity of I kg surface moisture test indicates that moisture is not present

or more, sensitive to 0.1 g or less, and accurate within 0.1 % on the surface, it has been dried past the saturated surface-

of the test load at any point within the range of use for this dry condition. In this case thoroughly mix a few millilitres of

test. Within any 100-g range of test load, a difference water with the fine aggregate and permit the specimen-to

between readings shall be accurate within 0.1 g. stand in a covered container for 30 min. Then resume the

4.2 Pycnometer-A flask or other suitable container into process of drying and testing at frequent intervals for the

which the fine aggregate test sample can be readily intro- onset of the surface-dry condition.

duced and in which the volume content can be reproduced 6.2.1 Cone Test for Surface Moisture-Hold the mold

within ±-0.1 cm 3. The volume of the container filled to mark firmly on a smooth nonabsorbent surface with the large

shall be at least 50 % greater than the space required to diameter down. Place a portion of the partially dried fine

accommodate the test sample. A volumetric flask of 500 cm3  aggregate loosely in the mold by filling it to overflowing and

capacity or a fruit jar fitted with a pycnometer top is heaping additional material above the top of the mold by

satisfactory for a 500-g test sample of most fine aggregates. A holding it with the cupped fingers of the hand holding the

Le Chatelier flask as described in Test Method C 188 is mold. Ughtly tamp the fine aggregate into the mold with 25

satisfactory for an approximately 55-g test sample. light drops of the tamper. Each drop should start about 5

4.3 Mold-A metal mold in the form of a frustum of a mm (0.2 in.) above the top surface of the fine aggregate.

cone with dimensions as follows: 40 ± 3 mm inside diameter Permit the tamper to fall freely under gravitational attraction

at the top, 90 ± 3 mm inside diameter at the bottom, and 75 on each drop. Adjust the starting height to the new surface

± 3 mm in height, with the metal having a minimum elevation after each drop and distribute the drops over the

thickness of 0.8 mm. surface. Remove loose sand from the base and lift the mold

4.4 Tamper-A metal tamper weighing 340 ± 15 g and vertically. If surface moisture is still present, the fine aggre-

having a flat circular tampiing face 25 ± 3 mm in diameter gate will retain the molded shape. When the fine aggregate
slumps slightly it indicates that it has reached a surface-dry

5. Sampling condition. Some angular fine aggregate or material with a

5.1 Sampling shall be accomplished in general accordance high proportion of fines may not slump in the cone test upon

with Practice D 75. reaching a surface-dry condition. This may be the case if
fines become airborne upon dropping a handful of the sand

6. Preparation of Test Specimen from the cone test 100 to 150 mm onto a surface. For these

6.1 Obtain approximately 1 kg of the fine aggregate from materials. the saturated surface-dry condition should be

the sample using the applicable procedures described in considered as the point that one side of the fine aggregate

Methods C 702. slumps slightly upon removing the mold. '
6.1.1 Dry it in a suitable pan or vessel to constant weight No=r 3-The following criteria have also been used on materials that

at a temperature of I I0 ±- 5.C (230 ±t 9"F). Allow it to cool to do not readily slump:
comfortable handling temperature, cover with water, either (I) Provisional Cone Tesi-Fill the cone mold as described in 6.2.1

by immersion or by the addition of at least 6 % moisture to except only use 10 drops of the tamper. Add more fine aggregate and use

the fine aggregate, and permit to stand for 24 t 4 h. 10 drops of the tamper again. Then add material two more .imes using
6.1.2 Aane a lgre ternatper to 6.1.1, where2 the absorptn a 3 and 2 drops of the tamper, respectively. Level off the material even
6.1.2 As an alternative to 6.1.p1, where the absorption and with the top of the mold, remove loose material from the base; and lift

specific gravity values are to be used in proportioning the mold vertically.
concrete mixtures with aggregates used in their naturally (2) Provisional Surface Test-If airborne fines are noted when the
moist condition, the requirement for initial drying to con- fine aggregate is such that it will not slump when it is at a moisture
stant weight may be eliminated and, if the surfaces of the condition, add more moisture to the sand, and at the onset of the

particles have been kept wet, the 24-h soaking may also be surface-dry condition, with the hand lightly pat approximately 100 g of
the material on a flat, dry, clean, dark or dull nonabsorbent surface such

eiminated, as a sheet of rubber, a worn oxidized, galvanized, or steel surface, or a
NOTE 2-Values for absorption and for specific gravity in the black-painted metal surface. After I to 3 s remove the fine aggregate. If

saturted surface-dry condition may be significantly higher for aggregate noticeable moisture shows on the test surface for more than I to 2 s then
not oven dried before soaking than for the same aggregate treated in surface moisture is considered to be present on the fine aggregate.
accordance with 6.1.1. (3) Colorimetric procedures described by Kandhal and Lee. Highway

Research Record No. 307, p. 44.
6.2 Decant excess water with care to avoid loss of fines, (4) For reaching the saturated surface-dry condition on a single size

spread the sample on a flat nonabsorbent surface exposed to material that slumps when wet. hard-finish paper towels can be used lo
a gently moving current of warm air, and stir frequently to surface dry the material until the point is just reached where the paper
secure homogeneous drying desired, mechanical aids such towel does not appear to be picking up moisture from the surfaces of the
as tumbling or stirring may be employed zo assist in fine agrepate particles.
achieving the saturated surface-dry condition. Continue this
operation until the test specimen approaches a free-flowing 7. Procedure
condition. Follow the procedure in 6.2.1 to determine 7.1 Make and record all weight determinations to 0.1 g.
whether or not surface moisture is present on the constituent 7.2 Partially fill the pycnometer with water. Immediately
fine aggregate particles. It is intended that the first trial of the introduce into the pycnometer 500 ± 10 g of saturated
cone test will be made with some surface water in the surface-dry fine aggregate prepared as described in Section 6,10
specimen. Continue drying with constant stirring and test at and fill with additional water to approximately 90 % of
frequent intervals until the test indicates that the specimen capacity. Roll, invert, and agitate the pycnometer to elimi-



RTH 107a-93

Q C 128

nate all air bubbles. Adjust its temperature to 23 ± 1.7"C where:
(73.4 ± 3"F), if necessary by immersion in circulating water, A = weight of oven-dry specimen in air, g,
and bring the water level in the pycnometer to its calibrated B = weight of pycnometer filled with water, g,
capacity. Determine the total weight of the pycnometer, S = weight of the saturated surface-dry specimen, and
specimen, and water. C = weight of pycnometer with specimen and water to

NOTE 4-It normally takes about 15 to 20 min to eliminate air 8calibration mark, g.

bubble 4 8.1.1 If the LU Chatelier flask method was used, calculate
the bulk specific gravity, 23/23"C, as follows:

7.2.1 Alternative to Weighing in 7.2-The quantity of SI I- ((S - A)/A)]
added water necessary to fill the pycnometer at the required Bulk SP gr = 0.9975 (R2 - R,)
temperature may be determined volumetrically using a buret
accurate to 0.15 mL. Compute the total weight of the where:
pycnometer, specimen, and water as follows: S, = weight of saturated surface-dry specimen used in Le

y m - .975.+ +WChatelier flask, g.
C = 0.9975 + S + WR, = initial reading of water level in Le Chatelier flask, and

where: R2 = final reading of water level in Le Chatelier flask.
C = weight of pycnometer with specimen and water to

calibration mark, g, 9. Bulk Specific Gravity (Satnrated Surface-Dry Basis)
V. = volume of water added to pycnometer, mL, 9.1 Calculate the bulk specific gravity, 23/23"C (73.4/
S = weight of the saturated surface-dry specimen, and 73.4"F), on the basis of weight of -saturated surface-dry
W = weight of the empty pycnometer, g. aggregate as follows:

7.2.2 Alternative to the Procedure in 7.2-Use a as
Chatelier flask initially filled with water to a point on the Bulk sp gr (saturated surface-dry basis) - SI(B + S - C)
stem between the 0 and the l-mL mark. Record this initial 9.1.1 If the Lt Chatelier flask method was used, calculate
reading with the flask and contents within the temperature the bulk specific gravity, 23/23"C, on the basis of saturated
range of 23 ± 1.7"C (73.4 ± YF). Add 55 ± 5 g of fine surface-dry aggregate as follows:
aggregate in the saturated surface-dry condition (or other
weight as necessary to result in raising the water level to some Bulk sp gr (saturated surface-dry basis) - -.997 ( -
point on the upper series of gradation). After ,211 fine (R, R,)

* aggregate has been introduced, place the stopper in the flask 10. Apparent Specific Gravity
and roll the flask in an inclined position, or gently whirl it in
"a horizontal circle so as to dislodge all entrapped air, 10.1 Calculate the apparent specific gravity, 23/23"C
continuing until no further bubbles rise to the surface. Take (73.4/73.41F), as defined in Definitions E 12, as follows:
a final reading with the flask and contents within I1C (I.8"F) Apparent sp gr - A/(B + A - C)
of the original temperature.

7.3 Remove the fine aggregate from the pycnometer, dry 11. Absorption
to constant weight at a temperature of 110 ± 5"C (230 - 11.1 Calculate the percentage of absorption, as defined in
9"F), cool in air at room temperature for I ± 1/2 h, and weigh. Definitions C 125, as follows:

7.3.1 If the Le Chatelier flask method is used, a separate Absorption. % = f(S - A)/AJ x 100
sample portion is needed for the determination of absorp-
tion. Weigh a separate 500 ± 10-g portion of the saturated 12. Report
surface-dry fine aggregate, dry to constant weight, and 12.1 Report specific gravity results to the nearest 0.01 and

7.4Dtewe tabsorption to the nearest 0. 1 %. The Appendix gives mathe-7.4 Determine the weight of the pycnometer filled to its matical interrelationships among the three types of sp-ecific

calibration capacity with water at 23 ± i.7 "C (73.4 ± 3 "F). ma ti es interrela tions h es m ay t e u se f i c ecking
7.4.1 Alternative to Weighing in 7.4-The quantity of gravities and absorption. These may be useful in checking

water necessary to fill t..,: empty pycnometer at the required the consistency of reported data or calculating a value thattemperature may be determined volumetrically using a buret was not reported by using other reported data.
temperature to0.15may be lcude termined volumetricay un ae bet 12.2 If the finc aggregate was tested in a naturally moist
accurate to 0.15 mL. Calculate the weight ofthe pycnometer condition other than the oven dried and 24 h-soaked
filled with water as follows: condition, report the source of the sample and the proce-

B = 0.9975 ' + W dures used to prevept drying prior to testing-

where: 13. Precision and Bias
B = xeight of flask filled with water, g, 13.1 P'recision-The estimates of precision of this test
V = volume of flask, mnL, and method (listed in Table I) are based on results from the
W = weight ofthe flask empty, g. AASIITO Materials Reference Laboratory Reference

8. Bulk Specific Gravity Sample Program, with testing conducted by this test method
and AASHITO Method T 84. The significant differenceb I. Calculate the bulk specific gravity, 23/23'(; (73.4/ between the methods is that Test Method C 128 requires a

73.4"F), as defined in Definitions E 12, as follows: saturation period of 24 ± 4 h, and Method T 84 requires a
Bulk sp gr = A/(B + S- C) -saturation period of 15 to 19 h. This difference has been

. . iI I I I I3
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TABLE 1 Precision

Standard Acceptable Range
Deviation of Two Results(13G) 4 (D2S) A

Single-Operator Precision: .
Bulk Specific gravity (dry) 0.011 0032
Bulk specific gravity (SSD) 0.0095 0.027
Apparent specific gravity 00095 0.027
Absorption', % 0. 11 0.31

Multilaboratcry Precision:
Bulk specific gravity (dry) 0.023 0.066
Bulk specific gravity (SSD) 0.020 0.056
Apparent specfc gravity 0.020 0.056
Absorption 8 . % 0.23 0.66
A These numrbers represent, respectively, the (I S) and (D2S) liits as desc:bed

In Practice C 670. The precision estimates were obtained from the analysis of
combined AASHTO Materials Research Laboratory reference sample data trom
laboratories using 15 to 19 h saturation times and other laboratories using 24 ± 4
h saturation time. Testing was performed on normal weight aggregates, and
started with aggregates in the oven-dry conditi'n.

8 Precision estimates are based on aggregates with absorptions 0o less than
I % and may differ for manufactured fine aggregates and fine aggregates having
absorption values greater than i I.

found to have an insignificant effect on the precision indices. 13.2 Bias-Since there is no accepted reference material
The data are based on the analyses c,r more than 100 paired suitable for determining the bias for this test method, no
test results from 40 to 100 laboratori-s. statement on bias is being made.

APPENDIX

(Nonmandatory Information)

XI. INTERRELATIONSHIPS BETWEEN SPECIFIC GRAVITIES AND ABSORPTION AS DEFINFE) IN TEST
METHODS C 127 AND C 128

XI.I Lt: (2a) orS, = I+A/IO0 SA
Sd = bulk specific gravity (dry-basis), I 100

S, = bulk specific gravity (SSD-basis), S, 100
S. = apparent specific gravity, and S,- A
A =absorption in %. I - A 0,S, - I)
Then:

(S,)= (I + A1/lOO)S (3) A S (,- I) 100
(3) A=•.Sd- I1/

(2) S= . S,
I A _ ASd (4) A S1•0- 0Sl 100

Sd 100 100

The Aierican Society for resting and Materials takes o.oasition respecting the validity of any patent rights asserted in connectfon
,.4h any mft mentioned in this standard. Users of this standard ere expressly advised that determination of the %alidirty of any such
pater. ,•,hts, and the risk of Infringement of such rights, are entirety their own responsibirty.

7hi., slandaro Is subject to revision at any time by Mie re•ponsible technical committee and must be reviewed every fiwe years and
if r-A revised, either reapprove, withdrawn, Your comments are invited either for revision of this ! landard or for additional standards
and should be addressed to A' ' ; ieao .,arters Your comments will receive careful consideration at a meeting oL the responsible
technical committee, whi#,• C,, , iiy attend. If you ftel that your comments have not received a fair hearing you shou(id make your
views known to the ASTM '.,,mmittoe on Standards, 1916 Race St., Philadelphia, PA 19103.
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METHOD OF DETERMINING DENSITY OF SOLIDS

1. Scope and Definition

1 This method covers procedures for determining the density of solids.

The density of solids is the ratio of the mass in air of a given volume of

crushed solids ta the total volume of solids.

2. Apparatus

1 The apparatus shall consist of the following:

(a) Volumetric flask, 500-mL capacity.

(b) Vacuum pump or aspirator connected to vacuum line.

(c) Oven of the forced draft type, automatically controlled to main-

tain a uniform temperature of 110 ± 5 °C throughout the oven.

(d) Balance, sensitive and accurate to 0.01 g, capacity 500 g or

more.

(e) Thermometer, range 0 to 50 "C, graduated in 0.1 *C.

(f) Evaporating dish.

(g) Water dish.

(h) Sieves, U.S. Standard 4.75-mm (No. 4) and 600-pm (No. 30) con-

forming to ASTM Designation E 11, "Specifications for Wire-Cloth Sieves for

Testing Purposes."

(i) Sample splitter suitable for splitting material passing 4.75-mm

(No. 4) and 600-pm (No. 30) sieves.

3. Calibration of Volumetric Flask

1 The volumetric flask shall be calibrated for the mass of the flask and

water at various temperatures. The flask and water are calibrated by direct

determination of mass at the range of temperatures likely to be encountered in

the laboratory. The calibration procedure is as follows.

2 Fill the flask with de-aired, distilled, and demineralized water to

slightly below the calibration mark and place in a water bath which is at a

temperature between 30 and 35 *C. Allow the flask to remain in the bath until

the water in the flask reaches the temperature of the water bath. This may. take several hours. Remove the flask from the water bath and adjust the water

1
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level in the flask so that the bottom of meniscus is even with the calibration

mark on the neck of the flask. Thoroughly dry the outside of the flask and

remove any water adhering to the inside of the neck above the graduation, then

determine the mass of the flask and water to the nearest 0.01 g. Immediately

after determination of mass, shake the flask gently and determine the tempera-

ture of the water to the nearest 0.1 0C by immersing a thermometer to the

middepth of the flask. Repeat the procedure outlined above at approximately

the same temperature, than make two more determinations, one at room tempera-

ture and the other at approximately 5 *C less than room temperature. Draw a

calibration curve showing the relation between temperature and corresponding

values of mass of the flask plus water. Prepare a calibration curve for each

flask used for density determination and maintain the curves as a permanent

record. A typical calibration curve is shown in Fig. 1.

In654 -- ---- - _____ -

"- - -CALZBRATION CURVE OF
VOLUUEMRJC FLASK No. a8

------ - -- --- CAUBRATED 15 DEC 195g

•< - - - -

fIN

In- 

-I

X 6521 Z!----------
15 20 25 30 35

TEMPERATURE. DEGREES CELSIUS

Fig. 1. Typical calibration curve of volumetric flask.

4. Sample

1 Crush the sample until it all passes a 4.75-mm (No. 4) sieve. With a

sample splitter, separate out 120 to 150 g of representative crushed material.

Pulverize this material to pass a 600-pim (No. 30) sieve. Oven-dry the crushed

material to constant mass, determine the mass of the material to the nearest

0.01 g, and record the mass.

2
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5. Procedure

1 After determination of mass, transfer the crushed material to a volu-

metric flask, taking care not to lose any material during this operation. To

reduce possible error due to loss of material of known mass, the sample may

have its mass determined after transfer to the flask. Fill the flask approxi-

mately half full with de-aired, distilled water. Shake the mixture well and

allow it to stand overnight.

2 Then connect the flask to the vacuum line and apply a vacuum of

approximately 99.99 Pa (750 mm of mercury) for approximately 4 to 6 h,

agitating the flask at intervals during the evacuation process. Again, allow

the flask to stand overnight. Finally, fill the flask with de-aired,

distilled water to about 3/4 in. (19 mm) below the 500-mL graduation and again

apply a vacuum to the flask until the suspension is de-aired, slowly and care-

fully remove the stopper from the flask, and observe the lowering of the water

surface in the neck. If the water surface is lowered less than 1/8 in.

S (3.2 mm), the suspension can be considered sufficiently de-aired. Fill the

flask until the bottom of the meniscus is coincident with the calibration line

of the neck of the flask. Thoroughly dry the outside of the flask and remove

the moisture on the inside of the neck by wiping with a paper towel. Deter-

mine the mass of the flask and contents to the nearest 0.01 g. Immediately

after determination of mass, stir the suspension to assure uniform tempera-

ture, and determine the temperature of the suspension to the nearest 0.1 CC by

immersing a thermometer to the middepth of the flask. Record the mass and

temperature.

3 Compute the density of the solid,P$ , from the following formula:

PS =

Ws + WfW - WfWs

where

Ws = the ovendry mass of the crushed rock sample, g

7 = density of water at test temperature, g/cc

3
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Wfw = mass of flask plus water at test temperature, g
(from calibration curve, Fig. 1)

Wfus = mass of flask plus water plus solids at test
temperature, g

6. Report

1 The report shall include the following:

(a) The density of the solid.

(b) Ovendry mass of test sample.

(c) Water temperature during test.

0
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METHOD OF DETERMINING EFFECTIVE (AS RECEIVED) AND

DRY UNIT WEIGHTS AND TOTAL POROSITY OF ROCK CORES

1. Scope and Definition

1.1 This method covers the procedure for determining the effective unit

weight, dry unit weight, and porosity of rock cores as defined in RTH 101.

(This method covers determination of "total" porosity of a rock sample.

Porosity calculated from the bulk volume and grain volume using the pulveriza-

tion method is termed "total" since the pore volume obtained includes that of

all closed pores. Other techniques give "effective" porosity since they mea-

sure the volume of interconnected pores only.)

2. Apparatus

2.1 The apparatus shall consist of the following:

(a) Balance having a capacity of 5 kg or more and sensitive and. accurate to 0.5 g or 0.05 percent of the sample mass. Balances with capaci-

ties less than 5-kg shall be sensitive and accurate to 0.1 g.

(b) Wire basket of 4.75-mm (No. 4) mesh, diameter at least 50.8 mm

(2 in.) greater than that of the core to be tested, walls at least one-half

the height of the cylinder, and bail clearing the top the core by at least

25.4 mm (1 in.) at all points.

(c) Watertight container in which the wire basket may be suspended

with a constant-level overflow spout at such a height that the wire basket,

when suspended below the spout, will be at least 25.4 mm (1 in.) from the

bottom of the container.

(d) Suspending apparatus suitable for suspending the wire basket in

the container from the center of the balance platform or pan so that the bas-

ket will hang corpletely below the overflow spout and not be less than 25.4 mm

(I in.) from the bottom of the container.

(e) Thermometer, range 0 to 50 °C, graduated to 0.1 OC.

(f) Caliper or suitaý)le measuring device capable of measuringj

lerngths and diamot,.Is of t ,u;t (orels to th, , nearest 0.1 mm.

o1
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(g) Oven of the forced draft type, automatically controlled to main-

tain a uniform temperature 110 + S OC throughout.

3. Sample

3.1 Select representative samples from the population and identify each

sample. Individual sample mass should not exceed 5 kg.

4. Effective Unit Weight (As Received)

4.1 The test procedure for determining the effective unit weight of rock

cores shall consist of the following steps:

(a) Determine the mass of the core (as received) to the nearest gram

(0.1 g for 76.2-mm (3-in.) and smaller cores) (Wa) and the temperature in the

working area near the core surface.

(b) Determine the bulk volume of the core in cubic centimetres by

one of the following two methods:

(1) Determine the average length and diameter of the core from

measurements of each of these dimensions at .evenly spaced intervals covering

the surface of the specimen. These measurements should be made to the nearest

0.1 mm. Calculate the volume using the formula V = A d 2 L , where V = volume,
4

d = diameter of the core, and L = length of the core. (Note 1)

NOTE 1--If this method is used, the specimen should be sawed and

machined to conform closely to the shape of a right cylinder or prism prior to

determining its mass as in 4.1(a) above.

(2) Coat the surface of the core with wax or other suitable

coating until it is watertight, making sure that the coating material does not

measurably penetrate the pores of the core. Determine the mass of the speci-

men, after coating, to the nearest gram (or 0.1 g) . The density of the coat-

ing material shall be determined. The volume of the coatir-g on the core shall

be determined by dividing the mass of coating by the density of the coating.

Determine the volume of the coated core in cubic centimetres by liquid dis-

placement. Subtract the volume of the coating material from the volume of the

coated core to obtain the volume of the core (V) in cubic centimetres.

20
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(c) Calculate the effective unit weight of the core from the follow-

ing formula:

Wa
Ye = -V

where

Ye = effective unit weight of the core, as received

Wa = mass of the core, in grams, as received

V = volume of the core, in cubic centrimetres

S. Dry Unit Weight

5.1 The test procedure for determining the dry unit weight of rock cores

shall consist of the following steps:

(a) If a coating was utilized to waterproof the specimen as inC 4.1(b) (2), remove it and, if applicable, brush to remove dust or elements of

the coating. Then determine the mass of the core. (Note 2)

NOTE 2--If there is no mass loss in stripping or loss or gain in

moisture, this mass should equal Wa*

(b) Crush the sample until it all passes a No. 4 sieve, taking care

not to lose any material.

(c) Oven-dry the crushed material to constant mass Wb (constant

mass is achieved when the mass loss is less than 0.1 percent of the sample

mass during any 4-hour drying period), cool to room temperature, then record

the mass and room temperature in the area of the test on the data sheet.

(d) Calculate the dry unit weight of the core from the following

formula:

Wb
Yd = --V

where

Yd dry unit weight of the core

Wb mass of the crushed, dried core, in grams

3
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V = volume of the core, in cubic centrimetres

6. Porosity

6.1 The total porosity, n , may be determined from the dry unit weight

and the gram unit weight of a sample. Determine the density of the solids,

PS , according to RTH 108.

Determine the total porosity by the expression:

n = (1- W1 ) 100

PsV

where

n = total porosity, %

Wb = mass of crushed, dried core, g

V = volume of the core, cc

PS= density of the solids, g/cc

as determined by RTH - 108)

4
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M Designation: D 2845 - 901' AMERICAN SOET FOR TESTING AND MAwtAS
1916 Raoe SI Philadelphia, Pa 19103

UReplmeted 1tom the Arv%.* Book of ASTU Starvds. Copyrigth ASTM

SStandard Test Method for H rot jted In the currenlt cvqvined index, Wil appear in the r* cdtio

Laboratory Determination of Pulse Velocities and Ultrasonic
Elastic Constants of Rock'

This standard is issued under the fixed desigation D 2845: the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapprovaL A
supera=s epsilon (e) indicates an editorial chman since the last revision or rtapprovaL

'NoTN-Secion 10 was changed editorially in December 1991.

1. Scope 3. Significance and Use
1. 1 This test method describes equipment and procedures 3.1 The primary advantages of ultrasonic testing are that

for laboratory measurements of the pulse velocities of it yields compression and shear wave velocities, and ultra-
compression waves and shear waves in rock (1)2 (Note 1) and sonic values for the elastic constants of intact homogeneous
the determination of ultrasonic elastic constants (Note 2) of isotropic rock specimens (3). Elastic constants are not to be
an isotropic rock or one exhibiting slight anisotropy. calculated for rocks having pronounced anisotropy by proce.

NorE I-The compression wave velocity as defined hem is the dures described in this test method. The values of elastic
dilatational wave velocity. It is the propagation velocity of a longitudinal constants often do not agree with those determined by static
wave in a medium which is effctively infinite in lateral extent. It should laboratory methods or the in situ methods. Measured wave
not be confused with the bar or rod velocity, velocities likewise may not agree with seismic velocities, but

Norm 2--m elastic constants determined by this test method are offer good approximations. The ultrasonic evaluation of rock
termed ultrasonic since the puls frequencies used are above the audible properties is useful for preliminary prediction of static
rante The terms sonic and dynamic are sometimes applied to these properties. The te method is useful for evaluating the
consat but do " decrb them precisely (.). It is posil that the
ultrasonic dastic constants may differ from those determined by othe effects of uniaxial stress and water saturation on pulse

* dynamic methods. velocity. These properties are in turn useful in engineering

1.2 This test method is valid for wave velocity measure- design.
ment inbot aniotrpi an isoropc rcks lthughthe 3.2 The test method as described herein is not adequatemerits in both anisotropic and isotropic rocks although the for measurement of stress-wave attenuation. Also, whilevelocities obtained in grossly anisotropic rocks may be pusveoiescnbemlydtdtrietheatc

influenced by such factors as direction, travel distance, and pulse velocities can be employed to determine the elastic
dinfened by tnsducheors. aconstants of materials having a high degree of anisotropy,
diameter of transducersprocedures a not treated herein.

1.3 The ultrasonic elastic constants are calculated from
the measured wave velocities and the bulk density. The 4. Apparatus
limiting degree of anisotropy for which calculations of elastic
constants are allowed and procedures for determining the 4.1 General-The testing apparatus (Fig. 1) should have
degree of anisotrophy are specified, impedance matched electronic components and shielded

1.4 The values stated in U.S. customary units are to be leads to ensure effiient energy transfer. To prevent damage
regarded as the standard. The metric equivalents of U.S. to the apparatus allowable voltage inputs should not becustomary units may be approximate. exceeded.

4.2 Pulse Generator Unit-This unit shall consist of an
2. Summary of Test Method electronic pulse generator and external voltage or power

2.1 Details of essential procedures for the determination amplifiers if needed. A voltage output in the form of either
o2 the ultrasonic velocity, measured in terms of travel time rectangular pulse or a gated sine wave is satisfactory. The
ofd theiutrasnicveloci, mpredn ind earms oavel tin e ro generator shall have a voltage output with a maximum value
and distance, of compression and shear waves in rock after amplification of at least 50 V into a 50-n impedance
specimens include requirements of instrumentation, sug- load. A variable pulse width, with a range of 1 to 10 ju is
gested types of transducers, methods of preparation, and desirable. The pulse repetition rate may be fixed at 60
effects of specimen geometry and grain size. Elastic constants repetition rate a be fi20 t 60
may be calculated for isotropic or slightly anisotropic rocks, repetitions per second or less although a range of 20 to 100

whie aisorop isreprte inters o th vaiaton f wve repetitions per second is recommended. The pulse generatorwhile anisotropy is reported in terms ofthe variation ofwave shall also have a trigger-pulse output to trigger the oscillo-
velocity with direction in the rock. scope. There shall be a variable delay of the main-pulse

output with respect to the trigger-pulse output, with a

'This test method is under the jurnsdiction of ASTM Committee D-18 on Soil minimum range of 0 to 20 ps.
and Rock and is the direct responsibility of Subcommittee D18.12 on Rock 4.3 Transducers-The transducers shall consist of a trans-
Mechanics. mitter which converts electrical pulses into mechanical

Current edition approved June 29, 1990. Published October 1990. Originally pulses and a receiver which converts mechanical pulses into
published as D 2845 - 69. Last previous edition D 2845 - 83.

'The boldface numbers in parentheses refer to the list of references at the end electrical pulses. Environmental conditions such as ambient
of this W method. temperature, moisture, humidity, and impact should be
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Pulse Generator F.-
Unit j Preamplifier I
ouput joutpul L

Z Specimen

Transmitter Receiver direct pulse

Iar, smilledpulse

- -1 [EWo, OscilloscopeITirne Delay I .. , I o•t•,€o ,
L -Cir cuit Counter

Itr stopI

NoT--Conptoents O'•ow by dasihed k, es a's opf . deparldrg on method a tMave1.4 meaNWnt ad ,vottage senstvity of oescope.
FIG. 1 Schematic Diagram of Typical Apparatus

considered in selecting the transducer elhment. Piczoelectric making the face plate from a metal such as magnesium
elements are usually recommended, but magnetostrictive whose characteristic impedance is close to that of common
elements may be suitable. Thickness-expander piezoelectric rock types, (3) making the face plate as thin as practicable,
elements generate and sense predominately compression- and (4) coupling the transducer element to the face plate by a
wave energy, thickness-shear piezoelectric elements are pre- thin layer of an electrically conductive adhesive, an epoxy
ferred for shear-wave measurements. Commonly.used piezo- type being suggested.
electric materials include ceramics such as lead-zirconate- 4.3.2 Pulse velocities may also be determined for speci-
titanate for either compression or shear, and crystals such as mens subjected to uniaxial states of stress. The transducer W
a-c cut quartz for shear. To reduce scattering and poorly housings in this case will also serve as loading platens and
defined first arrivals at the receiver, the transmitter shall be should be designed with thick face plates to assure uniform
designed to generate wavelengths at least three times the loading over the ends of the specimen (5).
average grain size of the rock. NoTE 4-The state of stress in many rock types has a marked effea

NOTE 3-Wavelength is the wave velocity in the rock specimen on the wave velocities. Rocks In situ are usually in a stressed state and
divided by the resonance frequency of the transducer. Commonly used therefore tests under stress have practical significance.
frequencies range from 75 kHz to 3 MHz. 4.4 Preamplifter-A voltage preamplifier is required if the

4.3.1 In laboratory testing, it may be convenient to use voltage output of the receiving transducer is relatively low or
unhoused transducer elements. But if the output voltage of if the display and timing units are relatively insensitive. To
the receiver is low, the element should be housed in metal preserve fast rise times, the frequency response of the
(grounded) to reduce stray electromagnetic pickup. If protec- preamplifier shall drop no more that 2 dB over a frequency
tion from mechanical damage is necessary, the transmitter as range from 5 kHz to 4 x the resonance frequency of the
well as the receiver may be housed in metal. This also allows receiver. The internal noise and gain must also be considered
special backings for the transducer element to alter its in selecting a preamplifier. Oscilloscopes having a vertical-
sensitivity or reduce ringing (4). The basic features of a signal output can be used to amplify the signal for an
housed element are illustrated in Fig. 2. Energy transmission electronic counter.
between the transducer element and test specimen can be 4.5 Display and Timing Unit-The voltage pulse applied
improved by (1) machining or lapping the surfaces of the to the transmitting transducer and the voltage output from
face plates to make them smooth, flat, and parallel, (2) the receiving transducer shall be displayed on a cathode-ray

oscilloscope for visual observation of the waveforms. The
yindricol wall oscilloscope shall have an essentially flat response between a

frequency of 5 kHz and 4 X the resonanc- frequency of the
• . .. , ,, ,X • , ,, ,, •, •transducers. It shall have dual beams or dual traces so that

:ransducer eleen the two waveforms may be displayed simultaneously and
lace their amplitudes separately controlled. The oscilloscope shall
"plol° be triggered by a triggering pulse from the pulse generator.

Sd iThe timing unit shall be capable of measuring intervals
eCaecri _ , _________ between 2 pIs and 5 ms to an accuracy of I part in 100. TwoAo -A alternative classes of timing units are suggested, the respec-

FIG. 2 Basic Features of a Housed Transmitter or Receiver tive positions of each being shown as dotted outlines in the

2
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block diagram in Fig. 1: (1) an electronic counter with dimension not exceed S. Reliable pulse velocities may not be
* provisions for time interval measurements, or (2) a time- measurable for high values of this ratio. The travel distance

delay circuit such as a continuously variable-delay generator, of the pulse through the rock shall be at least 10 x the
or a delayed-sweep feature on the oscilloscope. The travel- average grain size so that an accurate average propagation
time measuring circuit shall be calibrated periodically with velocity may be determined. The grain size of the.rock
respect to its accuracy and linearity over the range of the sample, the natural resonance frequency of the transducers,
instrument. The calibration shall be checked against signals and the minimum lateral dimension of the specimen are
transmitted by the National Institute of Standards and interrelated factors which affect test results. The wavelength
Technology radio station WWV, or against a crystal con- corresponding to the dominant frequency of the pulse train
trolled time-mark or frequency generator which can be in the rock is approximately related to the natural resonance
referenced back to the signals from WWV periodically. It is frequency of the transducer and the pulse-propagation ve-
recommended that the calibration of the time measuring locity, (compression or shear) as follows:
circuit be checked at least once a month and after any severe A $/: (i)
impact which the instrument may receive. where:

5. Test Specimens A = dominant wavelength of pulse train, in. (or m),
V = pulse propagation velocity (compression or shear), i,.Is

5.1 Preparation--Exercise care in core drilling, handling, (or m/s), and
sawing, grinding, and lapping the test specimen to minimize f = natural resonance frequency of transducers, Hz.
the mechanical damage caused by stress and heat. It is The minimum lateral dimension of the test specimen shall
recommended that liquids other than water be prevented be at least 5 x the wavelength of the compression wave so
from contacting the specimen, except when necessary as a that the true dilational wave velocity is measured (Note 5),
coupling medium between specimen and transducer during that is,
the test. The surface area under each transducer shall be
sufficiently plane that a feeler gage 0.001 in. (0.025 mm) D ; 5A, (2)
thick will not pass under a straightedge placed on the surface. where:
The two opposite surfaces on which the transducers will be D = minimum lateral dimension of test specimen, in. (or
placed shall be parallel to-within 0.005 in.fin. (0.1 mm/20 m).
mm) of lateral dimension (Fig. 3). If the pulse velocity The wavelength shall be at least 3 x the average grain size
measurements are to be made along a diameter of a core, the
above tolerance then refers to the parallelism of the lines of (See 4.3) so that
contact between the trahsducers and curved surface of the A ; 3d, (3)
rock core. Moisture content of the test specimen can affect where:
the measured pulse velocities (see 6.2). Pulse velocities may d = average grain size, in. (or m).
be determined on the velocity test specimen for rocks in the
oven-dry state (0 % saturation), in a saturated condition Equations 1, 2, and 3 can be combined to yield the
(100 % saturation), or in any intermediate state. Jf the puls relationship for ompression waves as follows:
velocities are io be determined with the rock in the same D 2 5(V.I/J) 2 15 d, (4)
moisture condition as received or as exists underground, care where:
must be cxercised during the preparation procedure so that V pulse propagation velocity (compression), in./s (or
the moisture conteut does not change. In this case it is P -uses
suggested that both the sample and test specimen be stored in m/s).
moisture-proof bags or coated with wax and that dry
surface-preparation procedures be employed. If results are SP*,6.n Length, L (in.)

desired for specimens in the oven-dried condition, the oven s ,o 15 20
temperature shall not exceed 150"F (66"C). The specimen 4 .25
shall remain submerged in water up to the time of testing 0.25

when results are desired for the saturated state.
5.2 Limitation on Dimensions-It is recommended that i~-02

the ratio of the pulse-travel distance to the minimum lateral S

0.5~
j2

T on0d.cers 6

0 &(B) - H0. 0 5

"t1 (C) 02 04 06 08
Test Spec,.mte .. Fepagotiio Velocity , V (in (

( RtsoAce Freq •,nc7  I

(Itn. • 0.0254 o)

FIG. 4 Graph Showing Allowable Values of Specimen Diameter

NOTE-4A) must be withn 0.1 mm of (B) for each 20 mm of width (C) and Grain Size Versus the Ratio of Propagation Velocity to Reso-
FIG. 3 Specification for Parallelism nance Frequency

3
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Since V., and d are inherent properties of the material, f and applied to the transmitter and is triggered to stop by the first
D shall be selected to satisfy Eq 4 (Fig. 4) for each test arrival of the pulse reaching the receiver. Because a voltage
specimen. For any particular value of VpJf the permissible change is needed to trigger the counter, it can not accurately
values of specimen diameter D lie above the diagonal line in detect the first break of a pulse. To make the most accurate
Fig. 4, while the permissible values of grain size d-lie below time interval measurements possible, increase the counter's
the diagonal line. For a particular diameter, the permissible triggering sensitivity to an optimum without causing spu-
values for specimen length L lie to the left of the diagonal rious triggering by extraneous electrical noise.
line. 6.3.2 Determine the zero time of the circuit including

NotE 5-Silaeva and Shamina (6) found the limiting ratio of both transducers and the travel-time measuring device and
diameter to wavelength to be about 2 for metal rods. Data obtained by apply the correction to the measured travel times. This factor
Cannady (3) on rock indicate the limiting ratio is at least 8 for a will remain constant for a given rock and stress level if the
specimen length-to-diameter ratio of about 8. circuit characteristics do not change. Determine the zero

time accordingly to detect any changes. Determine it by (1)
6. Procedure placing the transducers in direct contact with each other and

6.1 Determination of Travel Distance and Density-Mark measuring the delay time directly, or (2) measuring the
off the positions of the transducers on the specimen so that apparent travel time of some uniform material (such as steel)
the line connecting the centers of the transducer contact as a function of length, and then using the zero-length
areas is not inclined more than 2" (approximately 0.1 in. in 3 intercept of the line through the data points as the correction
in. (1 mm in 30 mm)) with a line perpendicular to either factor.
surface. Then measure the pulse-travel distance from center 6.3.3 Since the first transmitted arrival is that of the
to center of the transducer contact area to within 0.1 %. The compression wave, its detection is relatively easy. The
density of the test specimen is required in the calculation of shear-wave arrival, however, may be obscured by vibrations
the ultrasonic elastic constants (see 7.2). Determine the due to ringing of the transducers and reflections of the
density of the test specimen from measurements of its mass compression wave. The amplitude of the shear wave relative
and its volume calculated from the average external dimen- to the compression wave may be increased and its arrival
sions. Determine the mass and average dimensions within time determined more accurately by means of thickness
0.1 %. Calculate the density'as follows: shear-transducer elements. This type of clement generates

p nm/V some compressional energy, so that both waves may be
where: detected. Energy transmission between the specimen and
p = density, lb sec2/in.4 (or kg/m 3), each transducer may be improved by using a thin layer of a
m = mass of test specimen, lb sec2/386.4 in. (or kg), and coupling medium such as phenyl salicylate, high-vacuum
V = volume of test specimen, in' (or M3 ). grease, or resin, and by pressing the transducer against the

6.2 Moisture Condition-The moisture condition of the specimea with a small seating force.
sample shall be noted and reported as 8.1.3. 6.3.4 For specimens subjected to uniaxial stress fields, first

6.3 Determination of Pulse-Travel Time: arrivals of compression waves are usually well defined.
6.3.1 Increase the voltage output of the pulse generator, However, the accurate determination of shear-wave first

the gain of the amplifier, and the sensitivity of the oscillo- arrivals for specimens under stress is complicated by mode
scope and counter to an optimum level, giving a steeper conversions at the interfaces on either side of the face plate
pulse front to permit more accurate time measurements. The and at the free boundary of the specimen (4). Shear-wave
eptimum level is just below that at which electromagnetic arrivals are therefore difficult to determine and experience is
noise reaches an intolerable magnitude or triggers the required for accurate readings.
counter at its lowest triggering sensitivity. The noise level 6.4 Ultrasonic Elastic Constants-The rock must be iso-
shall not be greater than one tenth of tLe'amplitude of the tropic or possess only a slight degree of anisotropy if the
first peak of the signal from the receiver. Measure the travel ultrasonic elastic constants are to be calculated (Section 7).
time to a precision and accuracy of I part in 100 for In order to estimate the degree of anisotropy of the rock,
compression waves and I part in 50 for shear waves by (1) measure the compression-wave velocity in three orthogonal
using the delaying circuits in conjunction with the oscillo- directions, and in a fourth direction oriented at 45" from any
scope (see 6.1.1) or (2) setting the counter to its highest one of the former three directions if required as a check.
usable precision, (see 6.3.2). Make these measurements with the same geometry, that is,

6.3. 1.1 The oscilloscope is used with the time-delay circuit all between parallel flat surfaces or all across diameters. The
to display both the direct pulse and the first arrival of the equations in 7.2 for an isotropic medium shall not be applied
transmitted pulse, and to measure the travel time. Character- if any of the three compression-wave velocities varies by
istically, the first arrival displayed on the oscilloscope con- more than 2 % from their average value. The error in E and
sists of a curved transition from the horizontal zero-voltage G (see 7.2) due to both anisotropy and experimental error
trace followed by a steep, more or less linear, trace. Select the All then normally not exceed 6 %. The maximum possible
first break in a consistent manner for both the test measure- error in p, X, and K depends markedly upon the relative
ment and the zero-time determination. Select it either at the values of V, and V, as well as upon testing errors and
beginning of the curved transition region or at the zero- anisotropy. In common rock types the respective percent of W
voltage intercept of the straight line portion of the first errors for pi, X, and K may be large as or even higher than 24,
arrival. 36, and 6. For greater anisotropy, the possible percent of

6.3.1.2 The counter is triggered to start by the direct pulse error in the elastic constants would be still greater.
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7. Calculation 8.1.1 Identification of the test specimen including rock

e 7.1 Calculate the propagation velocities of the compres- type and location,
sion and shear waves, V, and V, respectively, as follows: 8.1.2 Density of test specimen,

S.t8.1.3 General indication of moisture condition of sampleVP = LIT, at time of test such as as-received, saturated, laboratory air
V. = L,/T, dry, or oven dry. It is recommended that the moisture

where: condition be more precisely determined when possible and
V - pulse-propagation velocity, in./s (or mr/s), reported as either water content or degree of saturation.
L - pulse-travel distance, in. (or m), 8.1.4 Degree of anisotropy expressed as the maximum
T = effective pulse-travel time (meas,,red time minus zero percent deviation of compression-pulse velocity from the

time correction), s, average velocity determined from measurements in three
and subscripts , and , denote the c-impression wave and directions,
shear wave, respectively. 8.1.5 Stress level of specimens,

7.2 If the degree of velocity anisotropy is 2 % or less, as 8.1.6 Calculated pulse velocities for compression and
specified in 6.4, calculate the ultrasonic elastic constants as shear waves with direction of measurement,
follows- 8.1.7 Calculated ultrasonic elastic constants (if desired

E - [pV,2(3V,2 - 4V,2)]/(V,2 - V,2) and if degree of anisotropy is not greater than specified
where: limit),
whEre: -8.1.8 Coupling medium between transducers and spec-
E = Young's modulus of elastity, psi (or Pa), and imen, and
p= density, lb/in.3 (or kg/m 3); 8.1.9 Other data such as physical properties, composition,

G = pV,2 petrography, etc., if determined.

where: 9. Precision and Bias
G = modulus of rigidity or shear modulus, psi (or Pa); 9. Precision ao Biks9.1 Precision--Due to the nature of rock materials tested

p = (Vl" - 2V,1)/[2(V, - VI)] by this test method, it is either not feasible or too costly at
where: this time to produce multiple specimens which have uniform

Poisson's ratio; physical properties. Any variation observed in the data is just
X = p(V, 2 - 2V2) as likely to be due to specimen variation as to operator or

where: laboratory testing variation. Subcommittee D18.12 wel-
W Pa); and comes proposals that would allow for development of a valid

precision statement.
K = p(3 VP2 - 4V,2)/3 9.2 Bias-There is no accepted reference value for this

where: test method; therefore, bias cannot be determined.
K = bulk modulus, psi (or Pa). 10. Keywords

8. Report 10.1 compression testing, isotrophy; ultrasonic testing-,
8.1 The report shall include the following: velocity-pulse
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i. Scope 58 (Note I). One of the blocks shall be spherically
I - I This test method covets the determination seated and the other a plain rigid block. The

of the unconfined compressive strength of intact bearing faces shall not depart from a plane by
cylindrical rock specimens. more than 0.0005 in. (0.013 mm) when the

1.2 The values stated in inch-pound units are blocks are new and shall be maintained within a
to be regarded as the standard. permissible variation of 0.001 in. (0.025 mm).

1.3 This standard mar involve ha:ardous. a- The diameter of the spherically seated bearing
terials. operations, and equipment. This standard face shall be at least as large as that of the test
does not purport to address all of the saqetr prob- specimen but shall not exceed twice the diameter
lemts associated with its use. It is the responsibil- of the test specimen. The center of the sphere for
it.r olthe user Of'this standard to establish appro- the spherically seated block shall coincide with
priate saqtr" and health practices and determine the bearing face of the specimen. The movable
the applicability of regulatory limitations prior to portion of the bearing block shall be held closely

utse. in the spherical seat. but the design shall be such
that the bearing face can be rotated and tilted

2. Referenced Documents through small angles in any direction.

2.1 .STMt Standards: NorE I-7False platens. with plane bearing faces
D 4543 Practice for Preparing Rock Core Spec- conforming to the requirements of this method may be

used. These shall consist of disks about '/.- to '/ in. (12.7to 1l.05 mm) thick, oil-hardened to more than HRC

Shape Tolerances2  
58. and surface ground. With abrasive rocks. these

E 4 Practices for Load Verification of Testing platens tend to roughen after a number of specimens
Machines' have been tested, and hence need to be resurfaced from

E 122 Recommended Practice for Choice of time to time.

Sample Size to Estimate the Average Quality 4. Test Specimens
of a Lot or Process 4

4.1 Prepare test specimens in accordance with
3. Apparatus Practice D 4543.

3.1 Loading Device, to apply and measure 4.2 The moisture condition of the specimen

axial load on the specimens. of sufficient capacity
to apply load at a rate conforming to the require- This method is under the junsdiction of ASTM Committee
ments set forth in 5.3. It shall be verified at D-18 on Soil and Rock and is the direct responsibility of

suitable time intervals in accordance with the Subcommittee Di. 12 on Rock Mechanics.
procedures given in Practices E 4. and comply CurrenteditionapprovedOct. 31. 1986 Published December

198M. Onginally published as D 2938 - 71 Lasi previous editionwith the requirements prescribed therein. D2938 - 79
3.2 Bearing Sur/aces-The testing machine Innual Bim at ASTif Standards. \,ol 4 08S4nnual Bt A(.4STAI Standardv. Vols03.01.04 01.07.01.shall be equipped with two steel bearing blocks and 0803

having a Rockwell hardness of not less than HRC rnual Bi,•f ,,ASTAI Standard,. % o 14 02
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at time of test can have a significant effect upon 7.1.1 Source of sample including project
the indicated strength of the rock. Good practice name and location, and. if known, storage envi-
generally dictates that laboratory tests be made ronment. The location is frequently specified in
upon specimens representative of field condi- terms of the borehole number and depth of spec-
tions. Thus it follows that the field moisture imen from collar of hole.
condition of the specimen should be preserved 7.1.2 Physical description of sample including
until time of test. On the other hand. there may rock type; location and orientation of apparent
be reasons for testing specimens at other moisture weakness planes. bedding planes. and schisotos-
contents including zero. In any case, tailor the ity: large inclusions or inhomogeneities. if any.
moisture content of the test specimen to the 7.1.3 Date of sampling and testing.
problem at hand and report it in accordance with 7.1.4 Specimen diameter and length. con-
7.1.7. formance with dimensional requirements (see

Note 4).
5. Procedure 7.1.5 Rate of loading or deformation rate.

7.1.6 General indication of moisture condi-
5.1 Check the ability of the spherical seat to tion of sample at time of test such as as-received.

rotate freely in its socket before each test. saturated, laboratory air dry., or oven dry. It is
5.2 Wipe clean the bearing faces of the upper recommended that the moisture condition be

and lower bearing blocks and of the test specimen more precisely determined when possible and
and place the test specimen on the lower bearing reported as either water content or degree of
block. As the load is gradually brought to bear saturation.
on the specimen, adjust the movable portion of 7.1.7 Unconfined compressive strength for
the spherically seated block so that uniform seat- each specimen as calculated average unconfined
ing is obtained. compressive strength of all specimens tested.

5.3 Many rock types fail in a violent manner standard deviation or coefficient of variation.
when loaded to failure in compression. A protec- 7.1.8 Type and location of failure. A sketch
tive shield should be placed around the test spec- of the fractured sample is recommended.
imen to prevent injury from flying rock frag- 7.1.9 Other available physical data.
ments. NOTE 3-If only cores with a length-to-diameter

5.4 Apply the load continuously and without ratio (L/D) of less than 2 are available, these may be
shock to produce an approximately constant rate used for the test and this fact noted in the report.
of load or deformation such that failure will occur However. a length-to-diameter ratio (L/D) as close to
within 5 to I5 min of loading. 2 as possible should be used. This apparent compressivestrength may then be corrected in accordance with the

following equation:
NOTE 2-Results of tests by several investigators C /(0.88 + (O.24h/h))

have shown that strain rates within this range will
provide strength values that are reasonably free of rapid where:
loading effects and reproducible within acceptable tol- C = computed compressive strength of an equiva-
erances. lent L/D = 2 specimen.

C. = measured compressive strength of the specimen
tested.

6. Calculation h = test core diameter, and
h = test core height.

6.1 Calculate the unconfined compressive NOTE 4-The number of specimens tested may de-
strength of the specimen by dividing the maxi- pend upon availability of specimens. bui normally a
mum load carred by the specimen during the minimum of ten is preferred. The number of specimens
test by the cross-sectional area calculated and te-sted should be indicated. The statistical basis of relat-
express the result to the nearest 10 psi (68.9 kPa). ing the requirednumber of specimcns to the vanability

of measurements is given in Recommended Practice
E 122.

7. Report

7.1 The re!port should include the follow- 8. Precision and Bias
ing: 8.1 The variability of rock and resultant in-
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ability to determine a true reference value pre- precision of this test method. In additiion, the
vent development of a meaningful statement of subcommittee is seeking pertinent data from
bias. Data are being evaluated to determine the users of the method.

The' .4nuri, an Sixcict-ji-w Tieiing and AfuiI ae i '~ieir'i' ietcId, i ',paleni rteii' a' %w"iedi,w,to 'it, ii,,
with any itemn mentuorned in thi.,standard. Users 4i thisi sandard a,. ,"pre%.i, advit,'d hat determinnatio'n .'t the twiat dit, , al, %lit )I
patent rights, and the rid ediinlring'ernew e# wich righic. atonic, ther w, rl~v*'nsi/'iiii

7Iziistandard is suihjeti to revision, at ant- time* hu the respa'oihhlew hie,/nu cominhttee and most be revie,sied ewrt inthe ,ars atn
IInot revisred. eitther reapproved ir mithdrawnt Your coppmenti art, inviled eiiher jor retifitin ot thii ~iandard or tior additsionll

suandard.% and thould be addressed to .4STAI He.adquarters Youir cor'mments will rect ce cartlil con ,id.ratio.n at a 'neetine .'t the,
revjwnwihle inhnuialcormmittee, which rs'u mar atte-nd 11 vepa tell thiat itour torpmind-ni h'ard, not received a tair hearine wt ,' hould
make' rtur riewt% kniown tip theA.STM (Oinsnhttre ion Standards. /1)6 Race St. Philadelphia. P4 19103
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Standard Test Method for
Direct Tensile Strength of Intact Rock Core Specimens 1

"This standard is issued under the fixed daeiation D 2936; the number immediately foWowing the designtion indicates the year of
original adoption or. in the case of revision, the year of last revision. A number in parentheses indicates the year of lag reapprovaL A
su pe ti epsilon (e) indicates an editorial change since the last revision or reapprovaL

"9 Nom-Section 9 was ehan editorially in July 1989.
Q Nom-Section 10 was added editorially in December 1991.

1. Scope for load transfer from the loading device to the test specimen.
1. 1 This test method covers the determination of the The linkage system shall be so designed that the load will be

direct tensile strength of intact cylindrical rock specimens. transmitted through the axis of the test specimen without the
1.2 The values stated in inch-pound units are to b,t application of bending ortorsional stresses. The length of the

regarded as the standard. linkages at each end shall be at least two times the diameter
1.3 This standard may involve hazardous materials, oper- of the metal end caps. One such system is shown in Fig. 1.

ations, and equipment. This standard does not purport to NotE I-Roller or link chain of suitable capacity has been found to

address all of the safety problems associated with its use. It is perform quite well in this application. Because roller chain flexes in one
the responsibility of the user of this standard to establish plane only, the upper and lower segments should be positioned at right
appropriate safety and health practices and determine the angles to each other to effectively reduce bending in the specimen.
applicability of regulatory limitations prior to use. Ball-and-socket, cable, or similar arrangements have been found to be

generally unsuitable as their tendency for bending and twisting makes

2. Referenced Documents the assembly unable to transmit a purely direct tensil stress to the test
specimen.

2.1 ASTM Standards:
E 4 Practices for Load Verification of Testing Machines 2  5. Test Specimens

* E 122 Practice for Choice of Sample Size to Estimate the 5.1 Test specimens shall be right circular cylinders within
Average Quality of a Lot or Process3 the following tolerances:

3. Significance and Use 5.1.1 The sides of the specimen shall be generally smooth
3.1 Rock is much weaker in tension than in compression. and free of abrupt irregularities with all the elements straight

to within 0.020 in. (0.50 mm) over the full length of the
Thus, in determining the failure condition for a rock specimen. The deviation from straightness of the elemeus
structure, many investigators employ the tensile strength of shap m be determined by either Method A or Method B as
the component rock as the failure strength for the structure. follows:
Direct tensile stressing of rock is the most basic test for ;.1.1.1 Method A-Roll the cylindrical specimen on a
determining the tensile strength of rock. smooth flat surface and measure the height of the maximum

4. Apparatus gap between the specimen and the flat surface with a feeler
gage. If the maximum gap exceeds 0.020 in. (0.50 mm), the

4.1 Loading Device, to apply and measure axial load on specimen does not meet the required tolerance for
the specimen, of sufficient capacity to apply the load at a rate straightness of the elements. The flat cst surface on which
conforming to the retuirements of 6.2. The device shill be the specimen is rolled shall not depar from a plane by more
verified at suitable time intervals in accordance with the than 0.0005 in. (15 Itm).
procedures given in Practices E 4 and shall comply with the 5.1.1.2 Method B:
requirements prescribed therein. 5.1.1.2.1 Place the cylindrical surface of the specimen on

4.2 Caps-Cylindrical metal caps that, when cemented to a V-block that is laid flat on i surface. The smoothness of the
the specimen ends, provide a means through which the direct surface shall not depart from a plane by more than 0.0005 in.
tensile load can be applied. The diameter of the metal caps (15 Aim).
shall not be less than that of the test specimen, nor shall it 5.1.1.2.2 Place a -ial indicator in contact with the top of
exceed the test specimen diameter by more than 0.0625 in. the specimen as s',ewn in Fig. 2, and observe the dial reading
(1.6 mm). Caps shall have a thickness of at least 1/4 in. (32 as the specimem. ia moved from one end of the V-block to the
mm). Caps shall be provided with a suitable linkage system other along a straight line.

5.1.1.2 3 Record the maximum and minimum readings
on the dial gage and calculate the difference, Ao. Repeat the

'This test method is under the jurisdiction o"ASTM Committee D-18 on So nc
a* d Rock and is the direct responsibility of Subcommittee D!8.12 on Rock same operations by rotating the specimen for every 90%, and
Mechanics. obtain the differences, A%, Algo, and A270 . The maximum

Current edition approved Sept 28, 1984. Published November 1984. OriginaJy value of these four differences shall be less than 0.020 in.
published as D 2936 - 71. Last previous edition D 2936 - 71.

2Annual Book of ASTM Standards. Vou 03.01, 04.02, and 08.03. (0.50 mm).
3AnnualBookofASTMSwandards. Vol 14.02- 5.1.2 Cut the ends of the specimen parallel to each other,
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Dial Gage

Specimen -

V-block

FIG. 2 Assembly for Determining the Stralghtness of the
Cylindrical Surface

Dial Gage Specimen

FIG. 1 Direct Tensile-Strength Test Assembly

generally smooth (Note 2), and at right angles to the V-block
longitudinal axis. The ends shall not depart from perpendic- FIG. 3 Assembly for Determining the Perpendicularity of End
ularity to the axis of the specimen by more than 0.25 F. Surfaces to ete Specimen Axio
approximately 0.01 in. (0.3 mm) in 2 in. (50.0 mm). The
perpendicularity of the end surfaces to the longitudinal axis D = dieter.
shall be determined by the similar setup as for the cylindrical The smoothness of the end surfaces can be determined by
surface (Fig. 3), except that the dial gage is mounted near the taking dial gage readings for every % in. (3.2 mm) during the
end of the V-block. Move the mounting pad horizontally so perpendicularity measurements. The closeness of the read-
that the dial gage runs across the end surface of the specimen ings are expected to provide a smooth curve of the end
along a diametral direction. Take care to ensure that one end surface along the specific diametral plane. The smoothness
of the mounting pad maintains intimate contact with the end requirement is met when the slope along any part of the
surface of the V-block during moving. Record the dial gage curve is less than 0.25".
readings and calculate the difference between the maximum
randthemin iu vndc alcuesl.ate the spffe b e men te m ax m NoTE 2-In this test method, the condition of the specimen endsand the minimum values, A,. Rotate the specimen 90" and with regard to the degree of flatness and smoothness is not as critical as
repeat the same operations and calculate the difference, A2. it is, for example, in compression tests where good bearing is a
Turn the specimen around and repeat the same measure- prerequisite. In direct-tension tests it is more important that the ends be
ment procedures for the other end surface and obtain the paralel to each other and perpendicular to the longitudinal axis of the
difference values A',I and A' 2 . The perpendicularity will be specimen in order to facilitate the application of a direct tensile load.
considered to have been met when: End surfaces, such as result from sawing with a diamond cut-off wheel,

are entirely adequate. Grinding. lapping, or polishing beyond this point
and L', 0.005 serves no useful purpose, and in fact. may adversely affect the adhesion

D D of the cementing medium.

where: 5.1.3 The specimen shall have a length-to-diameter ratio
I = 1 or 2, and (L/D) of 2.0 to 2.5 (Note 3) and a diameter of not less than

2
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NX wireline core size, approximately 17/ in. (48 mm) (Note than 5 nor more than 15 min. Note and record the
S4). maximum load carried by the specimen during the test.

S NoTE 3-In direct-tension tests, the specimen should be free to select NOTE 6-In this test arrangement failure often occurs near one of the
and fail on the weakest plane within its length. This degree of freedom capped ends. Discard the results for those tests in which failure occurs
becomes less as the specimen length diminishes. When cores of shorter either partly or wholly within the cementing medium.
than standard length must be tested, make suitable notation of this fact
in the test report. 7. Calculation

NOTE 4-It is desirable that the diameter of rock tension specimens
be at least ten times greater than the diameter of the largest mineral 7.1 Calculate the tensile strength of the rock by dividing
grain. It is considered that the specified minimum specimen diameter of the maximum load carried by the specimen during test by
approximately I1 in. (48 mm) will satisfy this criterion in the majority the cross-sectional area computed in accordance with 5.3;
of cases. It may be necessary in some instances to test specimens that do express the result to the nearest 5 psi (35.0 kPa).
not comply with this criterion. In this case, and particularly when cores
of diameter smaller than the specified minimum must be tested because 8. Report
of the unavailability of larger size specimens (as is often the case in the
mining industry) make suitable notation of these facts in the test report, 8.1 The report shall include the following:
and mention the grain size. 8.1.1 Source of sample including project name and loca-

5.1.4 Determine the diameter of the test specimen to the tion, and, if known, storage environment (the location is
nearest 0.01 in. (0.25 mm) by averaging two diameters frequently specified in terms of the borehole number and
measured at right angles to each other at about midlength of depth of specimen from collar of hole),
the specimen. Use this average diameter for calculating the 8.1.2 Physical description of sample including: rock type,
cross-sectional area. Determine the length of the test spec- location and orientation of apparent planes, bedding planes,
imen to the nearest 0.01 in. by averaging two height and schisotosity, and large inclusions or inhomogeneities, if
measurements along the diameter. any,

5.1.5 The moisture condition of the specimen at the time 8.1.3 Date of sampling and testing,
of test can have a significant effect upon the indicated 8.1.4 Specimen length and diameter, also conformance
strength of the rock. Good practice generally dictates that with dimensional requirements as stated in Notes 3 and 4,
laboratory tests be made upon specimens representative of 8.1.5 Rate of loading or deformation rate,
field conditions or conditions expected under the operating 8.1.6 General indication of moisture condition of sample
environment. However, consider also that there may be at time of test, such as as-received, saturated, laboratory air

* reasons for testing specimens at other moisture contents, or dry, or oven dry (It is recommended that the moisture
with none. In any case, relate the moisture content of the test condition be more precisely determined when possible and
specimen to the problem at hand and report the content in reported as either water content or degree of saturation),
accordance with 8.1.6. 8.1.7 Direct tensile strength for each specimen as calcu-

lated, average direct tensile strength of all specimens, stan-
6. Procedure dard deviation or coefficient of variation,

6.1 Cement the metal caps to the test specimen to ensure 8.1.8 Type and location of failure (A sketch of the
alignment of the cap axes with the longitudinal axis of the fractured sample is recommended), and
specimen (Note 5). The thickness of the cement layer should 8.1.9 Other available physical data.
no; exceed 1/16 in. (1.6 mm) at each end. The cement layer NOTE 7-The number of specimens tested may depend upon the
must be of uniform thickness to ensure parallelism between availability of specimens, but normally a minimum of ten is preferred.
the top surfaces of the metal caps attached to both ends of The number of specimens tested should be indicated. The statistical

tespecimens. This should be checked before the ement is basis for relating the required number of specimens to the variability ofthe smeasurements is given in Recommended Practice E 122.hardened (Note 5) by measuring the length of the specimen
and end-cap assembly at three locations 120" apart and near 9. Precision and Bias
the edge. The maximum difference between these measure- 9.1 Precision-Due to the nature of rock materials tested
ments should be less than 0.005 in. (0.13 mm) for each 1.0 by this test method, it is, at this time, either not feasible or
in. (25.0 mm) of specimen diameter. After the cement has too costly to produce multiple specimens which have uni-
hardened sufficiently to exceed the tensile strength of the form physical properties. Therefore, since specimens which
rock, place the test specimen in the testing machine, making would yield the same test results cannot be tested, Subcom-
certain that the load transfer system is properly aligned. mittee D18.12 cannot determine the variation between tests

NOTE 5-In cementing the metal caps to the test specimens, use jigs since any variation observed is just as likely to be due to
and fixtures of suitable design to hold the caps and specimens in proper specimen variation as to operator or laboratory testing
alignment until the cement has hardened. The chucking arrangement of variation. Subcommittee D18.12 welcomes proposals to
a machine lathe or drill press is also suitable. The cement used should be
one that sets at room temperature. Epoxy resin formulations of rather resolve this problem that would allow for development of a
sff consistency and similar to those used as a patching and filling valid precision statement.
compound in automobile body repair work have been found to be a 9.2 Bias-There is no accepted reference value for this
suitable cementing medium, test method; therefore, bias cannot be determined.

6.2 Apply the tensile load continuously and without shock
to failure, Apply the load or deformation at an approxi- 10. Keywords
mately constant rate such that failure will occur in not less 10.1 leading tests; rock; tension (tensile) properties/tests

3
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The American Society for Tesswg and Materials takes no Position repecting the validity of any patent rights asserted in connection
with any item mentioned in this standard. Users Of this standad are eresip-j advised that determ~ination Of the validity of any such
patent rights, and the risk of lnfdtngement of such rights, are entirely their own responsibility.

This standard is subject to revision at any tkme by the respouible techica commnittee and must be reviewed every five Year and
it not revised, either reeppovad or wMthrwn. Your commnents are inwied either for revision of this standard or for addititonal standards
and should be addressed to AST7M Headquarters Your comlments wilt receive caehi consideration at a meeting of the responsbAW
technica committee, which you may attend. I you Iee tha your comments haem not receie a fair hoaring you should make your
views known to the ASTMf Commitee on Standads, 1916 Pace St., PhIladephia, PA 19103.
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Standard Test Method for
Splitting Tensile Strength of Intact Rock Core Specimens 1

This standard is issued under the fixed desipation D 3967; the number immediately following the designation indicates the year of
original adoption or, in the case ofrevision, the year oflast revision. A number in parentheses indicates the year of last reapproal. Asupescpt epsilon () indicates an editorial thang snce the last revision or reapproval.

"I Nom--Section 10 was corrected editorially November 1991

I. Scope the specimen, of sufficient capacity to apply the load at a rate
1.1 This test method covers testing apparatus, specimen conforming to the requirements in 7.3. It shall be verified at

preparation, and testing procedures for determining the suitable time intervals in accordance with Practices E 4 and
splitting tensile strength of rock by diametral line compres- shall comply with the requirements prescribed therein.
sion of a disk. 4.2 Bearing Surfaces--The testing machine shall be

St n obtequipped with two steel bearing blocks having a Rockwell
Note ri-The tenisdesinagth or rock determined by stre nthe and hardness of not less than 58 HRC (Note 2). One of the blocks

spciil, the value obtained in Scion 8 of this test i termed the shall be spherically seated and the other. a plain rigid block.

"splittins temil s The bearing faces shall not depart from a plane by more than

1.2 The values stated in inch-pound units are to be re- 0.0005 in. (0.0 127 mm) when the blocks are new and shall be

garded as the stan diard.i maintained within a permissible variation of 0.001 in. (0.025

1.3 hse standard does not pporto address all of th mm). The diameter of the spherically seated bearing face
safety probles anyr dessociated woth ito usdre.t alo the shall be at least as large as that of the test specimen but shall

safety problem, if any, associated with its use. It is the not exceed twice the diameter of the test specimen. The
responsibility of the user of this standard to establish appro- movable portion of the bearing block shall be held dosely in
priate safety and health practices and determine the applica- the spherical seat, but the design shall be such that the
bility of regulatory limitations prior to use. bearing face can be rotated and tilted through small angles in

2. Referenced Document any direction.

NOTE 2-False platens, with plane bearing faces conforming to the
2.1 ASTM Standard oS 2  requirements of this standard, may be used. These shall consist of disks
E 4 Practices for Load Verification of Testing Machines about ,s to -4 in. (12.7 to 19.05 mm) thick, oil hardened to more than

58 HRC, and surface ground. With abrasive rocks these platens tend to
3. Significance and Use roughen after a number of specimens have been tested, and hence need

3.1 By definition the tensile strength is obtained by the to be resurfaced from time to time.
direct uniaxial tensile test. But the tensile test is difficult and 4.2.1 During testing the specimen can be placed in direct
expensive for routine application. The splitting tensile test contact with the machine bearing plates (or false platens, if
appears to offer a desirable alternative, because it is much used) (Fig. 1). Otherwise, curved supplementary bearing
simpler and inexpensive. Furthermore, engineers involved in plates or bearing strips should be placed between the
rock mechanics design usually deal with complicated stress specimen and the machine bearing plates to reduce high
fields, including various combinations of compressive and stress concentration.
tensile stress fields. Under such conditions, the tensile 4.2.2 Curved supplementary bearing plates with the same
strength should be obtained with the presence of compressive specifications as described in 4.2 may be used to reduce the
stresses to be representative of the field conditions. The contact stresses. The radius of curvature of the supplemen-
splitting tensile strength test is one of the simplest tests in tary bearing plates shall be so designed that their arc of
which such stress fields occur. Since it is widely used in contact with the specimen will in no case exceed 15" or that
practice, a uniform test method is needed for data to be the width of contact is less than D/6, where D is the diameter
comparable. A uniform test is also needed to insure posi- of the specimen.
tively that the disk specimens break diametrally due to NOm 3-Since the equation used in 8.1 for splitting tensile strength
tensile pulling along the loading diameter. is derived based on a line load, the applied load shall be confined to a

very narrow strip if the splitting tensile strength test is to be valid. But a
4. Apparatus line load creates extremely high contact stresses which cause premature

4.1 Loading Device, to apply and measure axial load on cracking. A wider contact strip can reduce the problem significantly.
Investigations show that an arc of contact smaller than 15" causes no
more than 2 % of error in principal tensile stress while reducing theS ' This test method Ls under the junsdiction of ASTM Committee D- 18 on Soi incidence of premature cracking greatly.

and Rock and is the direct responsibility of Subcommittee DI8.12-on.Rock 4.3 Bearing Strips (0.0 1 D thick cardboard cushion, where
Mechanics. D is the specimen diameter, or up to 0.25 in. thick plywood

Current edition approved May 15, 1992 Published July 1992t Oripbnaely e t m
pulished as D 3967- 81. Last previous edition D 3967 - 86". cushion are recommended to place between the machine

'Annual Book of ASTM Standards, Vols 03.01, 04.02, and 08.03. bearing surfaces (or supplementary bearing plates; if used)
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so that the orientation of the loading diameter relative to anisotroapc
features can be determined precisely. Notation of this orientation shall
be made in the test report.

6.2 Number ofspecimens-At least ten specimens shall be
tested to obtain a meaningful average value. If the reproduc-
ibility of the test results is good (coefficient of variation less
than 5 %), a smaller number of specimens is acceptable.

6.3 The circumferential surface of the specimen shall be
"smooth and straight to 0.020 in. (0.50 mm).

6.4 Cut the ends of the specimen parallel to each other
and at right angles to the longitudinal axis. The ends of the

platen specimen shall not deviate from perpendicular to the core
axis by more than 0.5'. This requirement can be generally
met by cutting the specimen with a precision diamond saw.

"6.5 Determine the diameter of the specimen to the nearest
0.01 in. (0.25 mm) by taking the average of at least three

false measurements, one of which shall be along the loading
platen ; diameter.

6.6 Determine the thickness of the specimen to the
nearest 0.01 in. (0.25 'tim) by taking the average of at least
three measurements, one of which shall be at the center of
the disk.

6.7 The moisture conditions of the specimen at the time
of test can have a significant effect upon the indicated

.I strength of the rock. The field moisture condition for the
specimen shall be preserved until the time of test. On the
other hand, there may be reasons for testing specimens at

t "other moisture contents, including zero, and preconditioning
of specimen when moisture control is needed. In any case,
tailor the moisture content of the test specimen to the

FIG. 1 One of tProposed Testing Setup for Splitting Tesile probldm at hand and report it in accordance with 9.1.6.

Strength

7. Procedure
and the specimen to reduce high stress concentration. 7.1 Marking-The desired vertical orientation of the

NoTE 4-Experiences have indicated that test results using the specimen shall be indicated by marking a diametral line on
curved supplementary bearing plates and bearing strips, as specified in each end of the specimen. These lines shall be used in
4.2.2 and 4.3, respectively, do not significantly differ from each other, centering the specimen in the testing machine to ensure
but there may be some consistent difference from the results of tests in proper orientation, and they are also used as the reference
which direct contact between the specimen and the machine platen is lines for thickness and diameter measurements.
used.

NOTE 7-1f the specimen is anisotropic, take care to ensure that the
5. Sampling marked lines in each specimen refer to the same orientation.

5.1 The specimen shall be selected from the core to 7 2
represent a true average of the type of rock under consider- the Positioning--Poition the test specimen to ensure that
ation. This can be achieved by visual observations of mineral the diametral plane of the two lines marked on the ends of
constituents, grain sizes and shape, partings, and defects such the specimen lines up with the center of thrust of the
as pores and fissures spherically seated bearing surfae to within 0.05 in. (0.013mm).

6. Test Specimens NorT 8-A good line loading can often be attained by rotating the

6.1 Dimensions-The test specimen shall be a circular specimen about its axis until there is no light visible between the
disk with a thickness-to-diameter ratio (LID) between 0.5 specimen and the loading platens. Back lighting helps in making this
and 0.75. The diameter of the specimen shall be at least 10 observation.
times greater than the largest mineral grain constituent. A 7.3 Loading-Apply a continuously increasing compres-
diameter of 1-'1/16 in. (wireline core) will generally satisfy this sive load to produce an approximately constant rate of
criterion. loading or deformation such that failure will occur within I

NOTE 5-When cores smaller than the specified minimum must be tO 10 min of loading, which should fall between 500 and
tested because of the unavailability of material, notation of the fact shall 3000 psi/min of loading rate, depending on the rock type.
be made in the test report.

NOTE 6-If the specimen shows apparent anisotropic features such as NOTE 9-Results of tests by several investigators indicate that rates of
bedding or schistosity, care shall be exercised in preparing the specimen loading at this range ar' reasonably free from rapid loading effects.

2
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8. Calculation dimensional requirements, direction of loading if anisotropy. 8.1 The splitting tensile strength of the specimen shall be exists. Type of contact between the specimen and the loading
calculated as follows: platens.

2P/LD 9.1.5 Rate of loading or deformation rate.
9.1.6 General indication of moisture condition of the

and the result shall be expressed to the appropriate number specimen at time of test such as as-received, saturated,
of significant figures (usually 3), where: laboratory air dry, or oven dry. It is recommended that the
oa, = splitting tensile strength, psi or Pa, moisture condition be more precisely determined when
P = maximum applied load indicated by the testing ma- possible and reported as either water content or degree of

chine, lbf (or N), saturation.
L = thickness of the specimen, in. (or m), and 9.1.7 Splitting tensile strength of each specimen as calcu-
D = diameter of the specimen, in. (or m). lated, average splitting tensile strength of all specimens,

standard deviation or coefficient of variation.

9. Report 9.1.8 Type and location of failure. A sketch of the9, Rportfractured specimen is recommended.

9.1 The report shall include as much of the following as

possible:
9.1.1 Sources of the specimen including project name and 10. Precision and Bias

location, and if known, storage environment. The location is 10.1 Data are being evaluated via an interlaboratory test
frequently specified in terms of the borehole number and program for rock properties to determine the precision of
depth of specimen from collar of hole. this test method. There is no accepted reference value of rock

9.1.2 Physical description of the specimen including rock for this test method, therefore, bias cannot be determined.
type; location and orientation of apparent weakness planes,
bedding planes, and schistosity; large inclusions or inhomo-
genities, if any. 11. Keywords

9.1.3 Dates of sampling and testing. 11.1 indirect tensile strength; rock; splitting tensile
9.1.4 Specimen diameter and length, conformance with strength

Th Amercan Society for Tefng and Maeris ts no posbw respectn Oh valbdy o& ay paett ih aserd I conractb
weti any itemow m etionedh thft st&%ndad Users of On atandWd we expressly advise OWe dWtan*Wfwo of the validiy of any such
pdten rights, and the AMs of k*kigeinen of such rgfts. am en&*l~ thw own responsty.

This standard is sublect to reviso Many &V W by the responsibe technical cowmniitee &Wnd os be reviewe every &@v years and
I not revised. either resAroved or wfthdrawn Yow uiome'ets we ited either for revision of this sta-daWd or for addWin standards
and , hoi be addressed to ASTn Headquarters. Your cwiments wO rem" cw@U consideWr86tat a methg of the resonspbe
tachnia =omNttee. which• ou y if I et thy t yow cnnwts twve not receved a lak heerknv ym shoof nwke you
vliws iown to the ASTM Conyntee on SWtandars. 1916 Race St., Philadeiphia, PA 19103.
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PROPOSED METHOD OF TEST FOR
GAS PERMEABILITY OF ROCK CORE SAMPLES

1. Scope

1.1 This method describes procedures for determining gas permeabilities

of rock core samples. Test procedures are described for both large-diameter

cores (NX size--5.4 cm and larger) and small-diameter cores which include

plugz taken from larger diameter cores. Samples are normally right cylinders

although cube samples may be used with a suitably modified sample holder.

1.2 The permeability measurement will be made according to standard pro-

cedures with dry air as the permeant. The value obtaine.! with this fluid may

then be corrected to a corresponding value for a nonreacting liquid using a

standard table of Klinkenberg corrections.' The use of such corrections

should be specifically noted in reporting results. Determination of perme-

ability of rock specimens may be made with other gases or with a liquid as the

permeant. However, measurements of liquid permeability are difficult to stan-

dardize because of potential interaction between rock constituents and the

liquid.

1.3 Permeability measurements made parallel to the bedding planes of

sedimentary rocks shall be reported as horizontal permeability while those

measured perpendicular to the bedding shall be reported as vertical permeabil-

ity. Structural features other than bedding may be used to describe the

direction of flow during measurement. These shall be specifically noted in

reporting results.

1.4 Samples of hard, consolidated rock may be cut to shape and tested

without artificial support. Friable, soft, shaly, or otherwise weak rock may

require additional support to resist deformation or alteration during testing.

Deformation or alteration will affect test results. Such samples shall be

supported by mounting in a suitable potting material (i.e. cement slurry)

exercising care not to alter the surfaces through which fluid flow will occur.

"'Recommended Practice for Determining Permeability of Porous Media," 3rd ed.,. American Petroleum Institute RP 27 (1952).
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Testing procedures are the same for both unsupported and artificially sup-

ported samples.

1.5 The conventional direction of permeability measurement for small

cylindrical samples is parallel to the axis of the cylinder. Large-diameter

core samples are conventionally measured by one of two methods. In one

method, referred to as the "linear permeability measurement," gas flow is

either across the core perpendicular to a plane formed by a diameter of the

core and the vertical axis or parallel to the core axis as with the small-

diameter samples. When flow is across the sample, screens are used over dia-

metrically opposite quadrants of the core circumference to uniformly

distribute the gas flow. The second method is referred as a "radial perme-

ability measurement" in which gas flows from the outside surface of the core

radially through the core to a small-diameter hole drilled concentric with the

axis of the core sample.

1.6 The permeability test is applicable to a wide range of rock types

with a correspondingly wide range of permeabilities. With proper selection of

test equipment components, permeabilities as low as 0.01 millidarcys and as

high as 10 darcys can be measured accurately.

2. Summary of Method

2.1 The method for small samples consists of (a) placing the prepared

sample in a Hassler- or Fancher-type core holder, Figs. 1 and 2, (b) applying

the air pressure required to seal the sleeve around the core for the Hassler-

type holder or loading the rubber compression ring for the Fancher holder, and

(c) initiating dry gas flow through the sample. Because of the sensitivity of

permeability to minor changes in lithology, no prescribed number of samples

can be recommended to define the permeability of a given rock stratum.

Reproducibility of approximately ±2 percent for samples of 0.1 millidarcy or

greater permeability should be obtained for a given sample.

2.2 The method used to measure permeability for large-diameter cylindri-

cal samples with vertical gas flow is the same as that described in 2.1.

2.3 The method for large-diameter samples with horizontal flow consists

of (a) positioning appropriate-size screens diametrically opposite each other,

(b) attaching the screens to the sample by light rubber bands, (c) placing the

2
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Fig. 1. Hassler-type permeability cell.
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prepared sample in a Hassler-type or compression (ram) core holder, Figs. 3

and 4, (d) compressing the rubber gaskets which seal the ends of the samples

in the Hassler-type holder (the ends of the samples used in the compression

holder are presealed with plastic which is overlapped by the compression

halves), (e) applying the air pressure (Hassler-type) or hydraulic force (com-

pression) necessary to seal the sides of the sample except the area covered by

the screens, and (f) initiating dry gas flow through the sample. Permeability

is normally measured in two directions across the core: one is in the direc-

tion of apparent maximum permeability and the other is perpendicular to the

first.

2.4 The method for large-diameter specimens with radial flow consists of

(a) positioning the prepared sample in the radial flow core holder, Fig. 5.

(b) raising the core against the closed lid by means of a piston, and

(c) initiating dry gas flow through the sample.

3. Apparatus

3.1 Components - The apparatus used in dry air permeability testing con-

sists of the following major components:

(a) A source of dry air

(b) Pressure regulator

(c) Inlet-pressure measuring device

(d) Core holder

(e) Outlet-pressure measuring device

(f) A dry air flow-rate metering device

3.2 Source of Air - The source of air for permeability measurements can

be either the normal laboratory air supply or cylinders. Provisions should be

made to filter particulate matter, absorb oil vapor, and remove water vapor.

These devices should be periodically checked to insure proper operation.

3.3 Pressure Regulator - A suitable pressure regulator should be provided

for the source of dry air. This regulator should apply air at a constant

pressure and should be capable of doing so over a range of pressures between 1

and 80 cm of mercury (Note 1) which will produce the desired flow rate

5
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(Note 1) of approximately I cu cm per second. Regulators of the pneumatic

type are suitable for this purpose.

NOTE 1--The pressures required to produce the desired flow rate (1 cu cm

per second) depend on the permeability and dimensions of the rock sample.

Since the dimensions and permeability range of samples are not specified, the

range of pressures over which pressure control is required cannot be speci-

fied. Equipment in common use operates over the pressure range of I to 80 cm

of mercury. This pressure range is capable of producing laminar flow. This

is the flow region required for permeability measurements. It is usually

observed at flow rates up to I cu cm per second.

3.4 Pressure Measuring Devices - Inlet- and outlet-pressure measuring

devices are manometers. These are water-, oil-, or mercury-filled and of a

convenient length, usually 80 cm or less, with selection of length and fluid

depending upon pressures to be measured. Manometers may be used in parallel

to obtain the necessary accuracy over a range of pressures. Manometers are. either open to the atmosphere or connected across the core. Connected across

the core, they measure "differential" pressure. Where the pressure is in

excess of 80 cm of mercury, a bourbon-type gage may be employed. This type of

gage is normally only used in measuring extremely low permeabilities where

high inlet pressures are required.

3.5 Core Holders

3.5.1 Three types of core measurements are commonly made:

(a) Axial flow in both small- and large-diameter cores

(b) Diametric flow in large-diameter cores

(c) Radial flow in large-diameter cores

3.5.2 Except for radial flow, more than one type of core holder may be

used for permeability determinations. Irrespective of direction of gas flow

or type of core holder used, the core holder must be such that when pressure

is applied to one end of the system, all flow is through the sample. Care

must be taken that no fluid bypasses the sample either through an imperfect

seal between the core holder and sample or between the sample and the support-. ing material if the sample is mounted. Holders which accommon te several

9
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cores for simultaneous or sequential testing using matched pairs of inlet-

outlet valves must be designed so that no fluid can leak between samples.

3.5.3 Selection of the type of core measurement is based on both the size

of the sample available and the desired representativeness of the permeability

value. For uniform, homogeneous rock small-diameter cores taken parallel and

perpendicular to the bedding should provide representative permeability

values. Measuring permeability of large-diameter cores is recommended for

rock which is nonhomogeneous, vugular, fractured, or laminated. The radial

method provides more representative data than the horizontal flow Method since

the entire diameter surface area of the core rather than a concentrated sec-

tion of the diameter surface area of the core is involved in flow.

3.6 Screens to Distribute Gas Flow - When flow is across the core paral-

lel to a diameter, screens should be of a wire diameter and mesh size such

that a uniform gas distribution is obtained. Care should be exercised in

positioning the screens prior to placing the sample in the holder to ensure

that they maintain their proper position while the core is being seated.

3.7 Air Flow-Rate Metering Device- Three types of dry air flow-rate

metering devices may be used:

(a) Calibrated orifices (a capillary tube which is calibrated for

the conditions of testing, so that the pressure drop across the orifice is

small compared to the core)

(b) Soap bubble in a calibrated burette

(c) Water-displacement meters

The calibrated orifice is the most commonly used type of flow metering device.

Timing the movement of a soap bubble in a burette is also frequently used.

Differential pressures across the core are adjusted to minimize turbulence in

the flow of gas through the sample. Flow rates of 1 cu cm per second or less

are used.

3.8 Sample Preparation Equipment - Sample preparation equipment shall

include the following:

3.8.1 Diamond coring equipment for taking small-diameter cylinders from

larger samples. 1

10
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3.8.2 Diamond saw for trimming ends of samples. Ends should be suffi-

ciently flat and parallel for leakage seating of rubber end seals.

3.8.3 Drill press and diamond drill for drilling axial holes for radial

flow measurement samples. The holes should be concentric with the axis of the

cylindrical sample. Care should be exercised in drilling to prevent cracking

of the sample.

3.8.4 Sample cleaning to remove original fluids from the cores, external

coatings such as drilling muds, and, in the case of highly saline original

fluid, deposited salts. Where the original fluids are hydrocarbons, cleaning

may be accomplished by solvent extraction, gas-driven solvent extraction,

distillation-extraction, or other suitable method. 2 Drilling muds may be re-

moved from the surface with water washing. If the interstitial water is very

saline, several thorough freshwater washing should remove deposited salts.

3.8.5 Drying oven that can be maintained at 110 ± 5 *C.

3.8.6 Micrometer or vernier caliper for measuring length and diameter of. test specimen. Micrometer or caliper should be direct reading to 1/50 mm.

3.8.7 Equipment as required for mounting samples of weak rock in optical

pitch or suitable potting plastic.

3.8.8 Miscellaneous equipment such as timing devices, magnifying lenses,

etc., used in preparing the sample and measuring pressures and gas flow rates.

4. Calibration

4.1 The permeameter should be calibrated regularly by means of capillary

tubes of various known permeabilities or with standard plugs.

4.2 Orifices used to measure gas flow rates should be calibrated by

allowing air to flow from the orifice to a burette containing a soap bubble.

4.3 Micrometers or vernier calipers used to measure sample dimensions

should be checked against length standards.

5. Sample Preparation

5.1 There are no standard sample sizes. Small-diameter samples are com-

monly 1.9 to 3.8 cm in diameter. Large-diameter cores are arbitrarily 5.4 cm

2Darcy, H., The Public Fountain of the Village of Dijon. Paris: Victor. Dalmont, 1856 (French text).

11
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in diameter (equivalent to NX c6re) and larger. Cores as large as 15.2 cm in

diameter are commonly tested. Core holders are designed for a specific size

or sizes of cores. The core holders are designed for a specific size or sizes

of cores. The core holder may be modified to accommodate a smaller sized

sample by placing the core in a rubber sleeve whose inner diameter is that of

the core and whose outer diameter is that for which the permeameter was

designed. Thus a 1.9-cm-diam sample can be tested in a permeameter designed

for 2.54-cm samples. Sample length is also not standardized. Sample lengths

vary from 2.54 cm for small-diameter samples to 60.96 cm for largezdiameter

cores. Core holding devices are designed to accept different length samples.

Where a sleeve is used to adapt a core, differences in sleeve and sample

length may be compensated for by means of spacer rings placed on top of the

sample.

5.2 Ratio of sample length to diameter also is not standardized. A ratio

of 1:1 is recommended as a minimum for small-diameter samples. For large-

diameter samples, a minimum L/D ratio of 1:2 is recommended.

5.3 The diameter of the test specimen is measured to the nearest 0.1 mm

by averaging two diameters measured at right angles to each other at about

midlength of the specimen. This average diameter is used for calculating the

cross-sectional area. The length of the test specimen is determined to the

nearest 0.1 mm by averaging three length measurements taken at third points

around the circumference.

5.4 If the sample requires artificial support, the mounting material and

method of mounting should be such that penetration into the sample is mini-

mized, the sample does not extend beyond the surface of the mounting material,

and mounting material does not cover any surface perpendicular to the direc-

tion of flow. Specific details of the mounting procedures, as well as mount-

ing materials, are given in reference 1.

5.5 In cleaning and mounting the sample prior to testing, care should be

used to prevent any alteration of the minerals comprising the rock sample

which may produce changes in permeability. Samples containing clays or other

hydratable minerals are especially susceptible.

12
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5.6 Before measuring permeability any sample which is suspected of being

cracked should be tested by coating with a liquid while air is passing through

the sample. A row of bubbles on the downstream surface will serve to indicate

the presence of a crack parallel to the direction of flow. Such samples

should either be discarded as nonrepresentative or, if retained, note should

be made of the crack in reporting permeability values.

6. Procedure

6.1 The prepared sample is mounted in the specified core holder as

follows:

6.1.1 Hassler-type Holder - Retract rubber diaphragm or sleeve, Fig. 1,

by applying a vacuum to the space between the diaphragm and the body of the

core holder. (Note 2)

NOTE 2--A vacuum source of 5 cm of mercury is sufficient to retract the

diaphragm.

. Remove one end of the core holder and insert the cylindrical sample. Reinsert

the end of the core holder, applying sufficient force to seat the sample.

Remove the vacuum from the space between the body and the diaphragm, thus

allowing the diaphragm to constrict around the sample. (Note 3)

NOTE 3--Fine-grained, smoothly formed samples can be effectively sealed at

690 N/M 2 pressure. Coarse-grained samples will require from 1035 to 1370 N/M 2

sealing pressure.

The pressure between the diaphragm and core holder body is maintained during

the permeability measurement.

6.1.2 Fancher-type Holder - Select a rubber stopper drilled to the diam-

eter and length of the sample. Carefully push the sample plug into the

tapered stopper base until it is flush with the small end surface. Remove all

loose sand grains. Place the stopper containing the test sample inside the

tapered material core holder, Fig. 2. Turn the ram hand wheel to move the

upper ram plug down to seal tightly against the top of the holder. Compress

the tapered rubber stopper with the ram to effect a seal around the sample

O perimeter.

13
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6.1.3 Compression (Ram) Holder - Place the sample in the lower half of

the rubber cradle, Fig. 4, making certain that the screen is centered over the

air outlet and the ends of the sample are overlapped by the rubber cradle.

Lower the upper compression half by applying air or hydraulic pressure above

the piston. After seating the two halves, apply sufficient pressure to com-

press the rubber cradle with the ram to effect the seal around the sample

perimeter. (See Note 3).

6.1.4 Radial Flow Holder - Place the core on a (2.54-cm) solid rubber

gasket which is attached to the lower floating plate, Fig. 5. Raise the core

by means of the piston against the closed lid with the center hole of the core

matching that of the upper gaskets. After the core contacts the upper gasket,

increase the piston pressure slightly to adjust the lower floating plate if

the core ends are not parallel. Sufficient piston pressure is then applied to

effect a seal of the upper and lower core surfaces. (Note 4)

NOTE 4--With gas flowing through the core at a constant rate, the piston

pressure is increased. Decreased flow rate with increasing piston pressure

indicates a leak at the rubber gasket. Repeat the test until no change in the

flow rate is noted.

6.2 Connect the source of dry gas and inlet pressure measuring devices to

the inlet fitting on the core holder. Connect the outlet pressure measuring

devices and flow rate metering device to the outlet fitting on the core

holder.

6.3 Initiate dry gas flow through the sample. Control the flow rate to

minimize turbulence. Measure the flow rate through the sample intermittently

for a period of 3 to 10 minutes until the flow becomes constant. Record the

constant flow rate and pressures.

7. Calculations

7.1 The calculation of permeability is based on the empirical expression

of Darcy known as Darcy's law. 2 The coefficient, k, of proportionality is the

permeability.

7.2 The unit of the permeability coefficient, k, is the darcy. For con-

venience the subunit millidarcy may be used where 1 millidarcy equals

0.001 darcy. A porous medium has a permeability of one darcy when a

14



RTH 114-93

single-phase fluid of one centipoise viscosity that completely fills the voids

of the medium will flow through it under "conditions of viscous flow" at a

rate of I cu cm per second per square centimetre of cross-sectional area under

Spressure gradient of one atmosphere per centimetre. "Conditions of viscous

flow" mean that the rate of flow is sufficiently low to be directly propor-

tional to the pressure gradient. The permeability coefficient so defined has

the units of length squared or area.

7.3 Vertical Flow Parallel to Core Axis - Darcy's law in differential

form for linear flow is

= k dp

where

q - macroscopic velocity of flow, in centimetres per second

k - permeability coefficient, in darcys

a - viscosity of the fluid that is flowing, in centipoises

dp/dL - pressure gradient in the direction of flow, in atmospheres
per centimetres

Relating the velocity of flow to the volume rate of flow through the cross-

sectional area and performing the indicated integration produces the following

working equation for permeability coefficient in millidarcys:

k = (2000 Q00o L I)/(Pi2 - Po2)

where
Q. = rate of flow of outlet air, in cubic centimetres per

second

P0 = outlet pressure, in atmospheres (absolute)

Pi = inlet pressure, in atmospheres (absolute)

L = length of sample, in centimetres

A - cross-sectional area perpendicular to direction of flow,
in square centimetres

15
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Several methods of simplification exist for calculating the permeability coef-

ficient. Two such methods are given below:

7.3.1 Method 1 - ýur this method inlet pressure and pressure drop across

the rate measuring orifice during the test are selected so that the outlet

pressure is essentially one atmosphere. The working equation then reduces to

k = Q CL/A

where

C - (2000 U)/(P, 2 - 1)

p - viscosity of air under the conditions used to
calibrate the orifice

C then is a constant for each fixed inlet pressure since the fact that the

same air flows through both the core and the orifice means that any change in

air viscosity resulting from temperature changes or water vapor will have no

effect on the relative pressure readings.

7.3.2 Method 2 - For this method calibration charts or tables of

permeance (Note 5) versus outlet pressure for given inlet pressures and

orifices are prepared based on the following equation

k I [ kr
kc ' 1;7k A'cQor

where

k,, kor = permeability of the core and the equivalent
permeability of the orifice, respectively,
in millidarcys

Lc, Lor = length of core and orifice, respectively, in
centimetres

Ac, Aor cross-sectional area of core and orifice,
respectively, in square centimetres

APc,APo, = pressure drop across the core and orifice,
respectively, in atmospheres

QC, QOr flow rate through the core and orifice,
respectively, in cubic centimetres per second

16
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0
NOTE 5--Permeance or apparent permeability is the proper term for flow

capacity. The term as used is analogous to the term conductance for the flow

of current through an electrolyte solution. Permeance and permeability,

therefore, are related in the same way as conductance and conductivity.

This working equation can be simplified to

kcz = LS 0Q L
Ac APc

where

L - orifice constant

L may be determined directly by use of a known permeability plug. When

tables or nomographs are used to calculate the permeability coefficient from

measured outlet pressure for given inlet pressures and orifices, the working

equation reduces to

0. k.=

where

kce - permeance of the core

The permeance as calculated when multiplied by the L/A ratio gives the core

permeability coefficient, kc.

7.4 Horizontal Flow Parallel to Core Diameter - The same differential

form of Darcy's law and working equation as used for vertical flow are

applied. The working equation is modified by a factor for shape to the fol-

lowing form:

k =(Q. 4/L AP) (1000) (G)

where

k permeability, in millidarcys

Q= volume rate of air flow at mean core pressure, in cubic
centimetres per second

17
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A - viscosity of flowing fluid, in centipoises

L - length of sample, in centimetres

AP - pressure drop across the core, in atmospheres

G - shape factor, 3 Fig. 6

7.5 Radial Flow - The radial permeability is calculated directly from the

integrated form of Darcy's law for radial flow. The equation in terms of

permeability coefficient is

k = (pQ) (In d./d-) (P0 )/(ffh) (p12 _ p2) . 1000

where

k - permeability, in millidarcys

S- viscosity of flowing fluid at test temperature, in
centipoises

Qa - measured flow rate at test temperature and pressure - P0.
in cubic centimetres per second

In - logarithm to the base e

d- outside diameter of sample, in centimetres

d,,- inside diameter of inner hole, in centimetres

P. - outlet pressure, in atmospheres (absolute)

h - height of sample, in centimetres

Pi- inlet pressure, in atmospheres (absolute)

As with vertical flow, if the outlet pressure is atmospheric and the orifices

are calibrated over the range of inlet pressures, the working equation simpli-

fies to

k p0 (in de/d..)/27thA 1 1000

3Collins, R. E. , "Determination of the Transverse Permeabilities of Large Core
Samples from Petroleum Reservoirs," Journal of Applied Physics 23, 681-84
( 1 9 5 2 ) . 1
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where

Qm - volume rate of air flow at mean core pressure, in cubic
centimetres per second

AP - pressure drop across sample, in atmospheres (absolute)

8. Report

8.1 The report shall include the following:

8.1.1 A lithologic description of the rock tested.

8.1.2 Source of sample including depth and orientation, dates of sampling

and testing, and storage environment.

8.1.3 Methods used for sample cleaning.

8.1.4 Methods used for sample support, capping, or other preparation such

as sawing, grinding, or drilling.

8.1.5 Specimen length and diameter.

8.1.6 Type of core holder used.

8.1.7 Pressures used to seal core surfaces in core holder.

8.1.8 Flowing fluid used and direction flow.

8.1.9 Method used for calculating permeability coefficient.

8.1.10 Results of other physical tests, citing the method of determina-

tion for each.

8.1.11 Permeability corrections used.

8.2.12 Description of air source.

8.1.13 Calculation of permeability, with values defined for all

variables.
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Standard Test Method for
Resistance to Degradation of Large-Size Coarse Aggregate
by Abrasion and Impact in the Los Angeles Machine 1

This standard is issued unde the fixed designation C 535; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (0) indicates an editorial change since the last revision or rtapproval.

This method has been approved for use by agencies of the Department of Defense. Consult the DoD Index of Specifications and
Standards for the specific year of issue which has been adopted by the Department of Defense.

1. Scope them around until they are dropped to the opposite side of
1.1 This test method covers testing sizes of coarse aggre- the drum, creating an impact-crushing effect. The contents

gate larger than 3/4 in. (19 mm) for resistance to degradation then roll within the drum with an abrading and grinding
using the Los Angeles testing machine, action until the shelf plate impacts and the cycle is repeated.

After the prescribed number of revolutions, the contents are
No. I-A procedure for testing coaree aggregate smaller than i removed from the drum and the aggregate portion is sieved

in. (37.5 ram) is covered in Method C 131.
to measure the degradation as percent loss.

1.2 This standard may involve hazardous materials, oper-

ations, and equipment. This standard does not purport to 4. Significance and Use
address all of the safety problems associated with its use. It is 4.1 The Los Angeles test has been widely used as an
the responsibility of the user of this standard to establish indicator of the relative quality or competence of various
appropriate safety and health practices and determine the sources of aggregate having similar mineral compositions.
applicability of regulatory limitations prior to use. The results do not automatically permit valid comparisons to

be made between sources distinctly different in origin,
2. Referenced Documents composition, or structure. Specification limits based on this

2.1 ASTM Standards: test should be assigned with extreme care in consideration of
C 131 Test Method for Resistance to Degradation o available aggregate types and their performance history in

Small-Size Coarse Aggregate by Abrasion and Impact in specific end uses.
the Los Angeles Machine 2  5. Apparatus

C 136 Method for Sieve Analysis of Fine and Coarse 5.1 Los Angeles Machine conforming to the requirements
Aggregates2  of Test Method C 13 1.

C 670 Practice for Preparing Precision Statements for Test of Te met hid C 131.Methods for Construction Materials2 5.1.1 The machine shall be so driven and so counterbal-
CM70ePratic for Redructiong F Samles oanced as to maintain a substantially uniform peripheral

C 702 Practice 3 for Reducing Field Samples of Aggregate to speed (Note 2). If an angle is used as the shelf, the directionTesting e tes2 of rotation shall be such that the charge is caught on the
D 75 Practice for Sampling Aggregate outside surface of the angle.
E I Specification for Wire-Cloth Sieves for Testing

Purposes4  NOTE 2-Backlash or slip in the driving mechanism is very likely to
furnish test results that are not duplicated by other Los Angeles

3. Summary of Method machines producing constant peripheral speed.

3.1 The Los Angeles test is a measure of degradation of 5.2 Sieves, conforming to Specification E 1I.
mineral aggregates of standard gradings resulting from a 5.3 Balance-A balance or scale accurate within 0.1 % of

combination of actions including abrasion or attrition, test load over the range required for this test

impact, and grinding in a rotating steel drum containing a 5.4 Charge-The charge shall consist of 12 steel spheres
m depending averaging approximately 127/32 in. (46.8 mm) in diameter,specified number of steel spheres, the number dahwegigpewen30nnd45giadhaigagoa

upon the grading of the test sample. As the drum rotates, a each weighing between 390 and 445 g, and having a total

shelf plate picks up the sample and the steel spheres, carrying weight of 5000 ± 25 g.
NOTE 3-Steel ball bearings I,)/i, in. (46.038 mm) and I1/ in.

(47.625 mm) in diameter, weighing approximately 400 and 440 g each.

This test method is under the jurisdiction of ASTM Committee C-9 on respectively, are readily available. Steel spheres 1
2

1/2 in. (46.8 mm) in
Concrete and Concrete Aggregates and is the diect responsibility of Subcommittee diameter weighing appreximately 420 g may also be obtainable, The
C09.03 05 on Methods of Testing and Specifications for Physical Characteristics of charge may consist of a mixture of these sizes.
Concrete Aggregates.

Current edition approved April 28. 1989 Published June 1989 Onginally 6. Sampling
published as C 535 - 64 T. Last previous edition C 535 - 81 (1987). 6.1 The field sample shall be obtained in accordance with

Annual Book of ASTMf Standards. Vols 0402 and 04 03.
Annual Book of ASTM Standards, Vol 04.02 Practice D 75 and reduced to test portion in accordance ?ith
"Annual Book ofASTM Standardt. Vol 1402 Practice C 702.
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TABLE 1 Gradings of Test Samples

Sieve Size. mmn (in.) (Square Openings) Weights of Indicated Sizes. g

Passing Retained on
1 2 3

75(3) 63(2'/2) 2 500 ± 50 ...
63(21/) 50(2) 2 500 ± 50
50(2) 37.5(1'/2) 5 000 ± 50 5 000 ±: 50
37.5 (11/) 25.0 (1) 5 000±25 5 000 ± 25
25.0 (1) 19.0 () ... 5 000 t 25

Total 10 000 ±100 10 000 75 10 000 ± 50
A Grac*Vs 1. 2. and 3 correspond, respectively, in Zheir size distnbution to Gradrngs, E. F. and G in do superseded ASTM Method C 131 - 55. Test for Abrasion of

Coarse Aggregate by Use of the Los Angeles Mad'aae. which appears in the 1961 Book of ASTM S&andarif, Part 4.

7. Test Sample NOTE 5-Valuable information concerning the uniformity of the

7 Tsample under test may be obtained by determining the loss after 200
7. 1 The test sample shall be washed and oven-dried at 221 revolutions. This loss should be determined without washing the

to 230"F (105 to I 10C) to substantially constant weight material coarser than the 1.70-mm (No. 12) sieve. The ratio of the loss
(Note 4), separated into individual size fractions, and recom- after 200 revolutions to the loss after 1000 revolutions should not greatly
bined to the grading of Table I most nearly corresponding to exceed 0.20 for material of uniform hardnes& When this determination
the range of sizes in the aggregate as furnished for the work. is made, take care to avoid losing any part of the sample, return the
The weight of the sample prior to test shall be recorded to the entire sample, including the dust of fracture, to the trsting machine for

nearest the final 800 revolutions required to complete the test

NOTE 4-If the aggregate is essentially free of adherent coatings and 9. Calculation
dust, the requirement for washing before and after test may be waived. 9.1 Express the loss (difference between the original
Elimination of washing after test will seldom reduce the measured loss
by more than about 0.2 % of the original sample weight, weight and the final weight of the test sample) as a

percentage of the original weight of the test sample. Report
8. Procedure this value as the percent loss.

8.1 Place the test sample and charge in the Los Angeles NOTE 6-The percent loss determined by this method has no known
testing machine and rotate the machine at 30 to 33 r/min for consistent relationship to the percent loss for the same material when
1000 revolutions. After the prescribed number of revolu- tested by Test Method C 131.
tions, discharge the material from the machine and make a
preliminary separation of the sample on a sieve coarser than 10. Precision
the 1.70-mm (No. 12). The finer portion shall then be sieved 10.1 Precision-The precision of this test method has not
on a 1.70-mm sieve in a manner conforming to Method been determined. It is expected to be comparable to that of
C 136. The material coarser than the 1.70-mm sieve shall be Test Method C 131.
washed (Note 4), oven-dried at 221 to 230"F (105 to I 10C) 10.2 Bias-No statement is being made about the bias of
to substantially constant weight, and weighed to the nearest 5 this Test Method since there is no accepted reference
g (Note 5). material suitable for determining the bias of this procedure.
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* APPENDIX

(Nonmandatory Information)

Xl. MAINTENANCE OF SHELF

X1.1 The shelf of the Los Angeles machine is subject to XI.2 The shelf should be inspected periodically to deter-
severe surface wear and impact. With use, the working mine that it is not bent either lengthwise or from its normal
surface of the shelf is peened by the balls and tends to radial position with respect to the cylinder. If either condi-
develop a ridge of metal parallel to and about I s/ in. (32 tion is found, the shelf should be repaired or replaced before
mm) from the junction of the shelf and the inner surface of further tests are made. The influence on the test result of the
the cylinder, If the shelf is made from a section of rolled ridge developed by peening of the working face of the shelf is
angle, not only may this ridge develop but the shelf itself may not known. However, for uniform test conditions, it is
be bent longitudinally or transversely from its proper posi- recommended that the ridge be ground off if its height
tion. exceeds 0.1 in. (2 mm).

The American Society for Teting and Materials takes no position respecting the vawdity of any patenl rights assaited in
with any item mentioned in this standard. Users of this standard are expressly advised that determination of the validity of any such
patent rights, and the risk of klringemVat of such rnghts, arm entirety thak own responsb&y.

This standard is subject to revision at any time by the responsible technical committee and mist be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for tvision d" this standard or to.: additional standards
and should be addressed to ASTM Headquarters. Your comments wit receive careful consideration at a mating of the responsible
technical committee, which you may attend. If you feet that your comments have not received a fair i.4aring you should make your
views known to the ASTM Committee on Standards. 1916 Race St., Philadelphia. PA 19103.
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iIl)Designation: 0 3148 - 8641 RTH 201-89 AARrA OIT O ETN N AEIL
1916 Race S1.ET Ph"OA ia PeSIN 19O103RA

Standard Test Method for
Elastic Moduli of Intact Rock Core Specimens in Uniaxial
Compression'

Thais standard is md under the finad deaaaouim D 3143; the number immediately followting the designation indicates the year of
oniptial adoptibm or. in the cae of sevwimo the year ofh~ bimrviio. A number iss &bre=te jadacate the year of last rcapprovaL- A

wpxnt paill (e) iniate s editorial clmili sne tbe las .iv or weapproal.

**No'r-Figse 2 was aroraead adritmaily an Deeber 1987.

INTODUCFION

The deformation and strength properties of rock cores measured in the laboratory usually do not
accurately refleict larg scale in situ properties because the latter are strongly influenced by joints.
faults. inhomogeneities weakness planes, and other factors. Therefore, laboratory values for intact
specimens must be employed with proper judgment in engineering applications.

I. Scope is greater than 10 % for a given stress level.
1.1 This test method covers the determination of elastic Mom 3-Elasti moduli measured by sonic methods may often be

moduli of intact rock core specimens in uniaxial compression.. employed as ps'.iiiinary measures of anisotropy.
Procedure A specifies the apparatus. instrumentation. and 1.4 The values stated in inch-pound units are to be re-
procedures for determining the axial stress - strain curve and garded as the standard.
Young's modulus. E, of cylindrical rock specimens loaded in 1.5 This standard may involve hazardous materials. oper-

* uniaxial compression. Method 8 specifies the additional ap- atos n eqipmnt This standard does no( purpor to
paratus. instrumentation, and procedures which are necssry ad&ess all of the safety problems asixiaed with its use. It is
also to determine the lateral stress - strain curve and Poisson's the responsibility of the user of this standard to establish
ratio. P. appropriate safety and health practices and determine the

Nalol I-Sonic apications require the value of Young's modulus. applicability of regulatory limitations prior to use.
but no( Poisson's ratio. Thus, the decision to use Proceure A or
Proceure A aNd 8 shall be determained by the engineer in chauge of the 2. Referenced Documents

NorE 2-This test methodj does not include the prcdue necssay 2.1 ASTM Standards:
to obtain a arm - strain curve beyond the ultimate stegh D 2938 Test Method for Unconfined Compressive Strength

1.2 Test methods are not normally specified for rock mod of Intact Rock Core Sp~ecimens-'
uliin enson ecuseitslowtesil stengh oesnotperit D 4543 Practice for Preparing Rock Core Specimens and

sufficinensio becauseoints lowb oteinsied strenh dosignfcat. How- Determining Dimensional and Shape Tolerances-
sueventh datac printils toiben obtaied toy be appied~in How-nso E 4 Practices for Load Verification of Testing Machines'
tevethebscpiinlsgvnhremybgp.idt eso E 122 Recommended Practice for Choice of Sample Size

1.3 The relation between the three elastic constants, to Estimate the Average Quality of a Lot or Process'

G - E/20 + r) 3. Apparaltus;
where: 3.1 Loading Device ( Procedures A and B), for applying
G - modulus of rigidity, and measuring axial load to the specimen and of sufficient
E = Young's modulus, and capacity to apply load at a rate in accordance with the

r= Poisson's ratio, requirements prescribed in 5.4. It shall be verified at suitable
and most elastic design equations are based on the assump- time intervals in accordance with the procedures given in
tion of isotropy. The engineering applicability of these equa- Practices E 4, and comply with the requirements prescribed
tions is therefore decreased if the rock is anisotropic. When therein.
possible. it is desirable to conduct tests in the plane of NoTE 4-The loading apparatus employed for this test is the same a
foliation, bedding, etc.. and at right angles to it to determine tha reuie for Test Method D 2938.
the degree of anisotropy. It is noted that equations developed 3.2 Bearing Surfaces (Procedures A and B)-The testing
for isotropic materials may give only approximate calculated mciesalb qipdwt w te engbok

resltsif he iffrene i elstc mdul inanytwodirctins having a Rockwell hardness of not less than 58 H RC. One ofB the blocks shall be spherically seated and the other a plain
W Thtswoa method is under the jtmadKctaon of AST M Committe D-18 on Soil

and Rock and is the dire" responubulity of Saabcommine 1318.12 on Rock
Mechanics. ' 4nMoiW Book of ASTM4 Siand~ardi. Vol 04 08

Current edition approved Oct. 31. 1986, Published December 1986 Onvnpralhv '.nnua Bmk 01 ASTM4Siondardi. Vol& 03 01 04 021 0' " ,ind(18 01

published as 0 314 - 72. LAs pmioin ediuion 0 J141 - $0. fmnasi Book oii`ASTA Sjwidardt. Vol 14 02
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rigid block. The bearing faces shall not depart from a plane should be tailored to the problem at hand. Excess moisture will affect W
by more than 0.0006 in. (15 pam) when the blocks are new the adhesion of strain gages, if used, and the accuracy of theur perform-

and shall be maintained within a permissible variation of an,-

0.001 in. (25 ;1m). The diameter of the spherically seated 5. Procedure (Procedures A and B)
bearing face shall be at least as large as that of the test
specimen but shall not exceed twice the diameter of the test 5.1 Check the ability of the sphecal seat to rotat freely

specimen. The center of the sphere for the spherically seated in its socket before each test.

block shall coincide approximately with the center of the 5.2 Wipe clean the bearing faces of the upper and lower

bearing face of the specimen. The movable portion of the bearing blocks and of the test specimen and place the test

bearing block shall fit closely in the spherical seat. but the specimen with the strain-measuring device attached on the

design shall be such that the bearing face can be rotated and lower bearing block. Carefully align the axis of the specimen

tilted through small angles in any direction. Accomplish with the center of thrust of the spherically seated block. Make
seating by rotating the movable bearing block while the electrical connections or adjustments to the strain- or defor-
specimen is held in contact with the fixed block. mation-measuring device. As the load is gradually brought to

bear on the specimen, adjust the movable portion of the

Noam 5-False platens with plane bearing faces conforming to the spherically seated block so that uniform seating is obtained.
requirements of this method may be used. These shall consist of disks 5.3 Many rock types fail in a violent mannea when loaded
about 0.6 to 0.8 in. (15 to 20 mm) thick, oi-hardened preferably through to failure in compression. A protective shield should be pLaced
the disks to more than 58 HRC and surface ground. With atceasive rck.b
these platens tend to roughen after a number of specimens have been around the test specimen to prevent injury from flying rock
tested, and hence need to be resufaced from time to time. fragments.

3.3 .Aial Strain Determination (Procedure A)-The axial 5.4 Apply the load continuously and without shock to

deformations or strains may be determined from data ob- produce an approximately constant rate of load or deforma-

tained by electrical resistance strain gages. compressometers. tion such that failure would occur within 5 to 15 mc from
optical devices, or other suitable means. The design of the initiation of loading if carried to failure (Note 8). Record the
measuring device shall be such that the average of at least load and the axial strain or deformation frequently at evenly

two axial strain measurements can be determined for each spaced load intervals during Procedure A of Practice D 4543.

increment of load. Measuring positions shall be equally Take at least ten readings over the load range to define theincrmen ofload Mesurng psitonsshal beeqully axial stress-strain curve. Also record the circumferential or

spaced around the circumference of the specimen close to diametric strains (or deformations) at the same increntils

midheight. The gage length over which the axial strains arc olad f or Procedue iBnofPracti e D 4inuous

determined shall be at least 10 grain diameters in magnitude. of load for Procedure B of Practice D 4543. Continuous
The axial strains shall be determined with an accuracy of 2 % recording of data with strip chart or X-Y recorders is permit-

of the reading and a precision of 0.2 % of full-scale. ted as long as the precision and accuracy of the recording
system meets the requirements in 3.3.

Nomt 6-Accuracy should be within 2 % of value of readings above NoTt 3-Results of tests by seral investigators have shown that
250 pm/m strain and within 5 lsm/m strain for readings lower than 250 rtes within this range will provide strength values that am eas-
prm/m strain, ably free from rapid loading effects and reproducble within acceptable

3.4 Lateral Strain Determination (Procedure B)-The lat- tolerances.
eral deformations or strains may be measured by any of the
methods mentioned in 3.3. Either circumferential or diamet- 6. Calculation (Procedure A)

ric deformations (or strains) may be measured. At least two 6.1 The axial strain, e, may be recorded directly from
lateral deformation sensors shall be used. These shall be strain-indicating equipment, or may be calculated from de-
equally spaced around the circumference of the specimen formation readings depending upon type of apparatus or
close to midheight. The average deformation (or strain) from instmmentation employed. Calculate the axial strain. i., as
the two sensors shall be recorded at each load increment. The follows:
use of a single transducer that wraps all the way around the -

specimen to measure the total change in circumference is also
permitted. The gage length and the accuracy and precision where:

the lateral strain measurement system shall be the same = original undeformed axial gage length, in. (mm), and

those specified in 3.3 for the axial direction. Al = change in measured axial length (negative for a de-
crease in length) in. (mm).

4. Test Specimens 6.2 Calculate the compressive stress in the test specimen
from the compressive load on the specimen and the inttal

4.a Test specimens shall be prepared in accordance with computed cross-sectional area as follows:
Practice D 4543.

4.2 The moisture condition of the sample shall be noted , -P/A

and reported in 8.1.9. where:

NoTE 7-The moisture condition of the spe-cmen at time of its can a = stre psi (MPa).
have a significant effect upon the stength of the rock and. hence, upon P = load, lbf (N), and
the shape of the deformation curves. Good practice generally dictates .4 = area, in.2 (mm 2).
that laboratory tests be made upon specimens reprewntauve of field NoTe 9-Tensil stresses and strains are used as being positive herein
conditions. Thus. it follows that the field moisture condition of the A consistent application of a compression-posuuve sign convention may
srecimen should be preserved until time of test. On the other hand. the-re be employed tf desired.
may be reasons for testing specimens at other moisture contents from
saturation to dry. In any case the moisture content of the test specimen 6.3 Plot the stress versus strain curve for the axial direction

25
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b 6.4.2 Average slope of the more-or-less straight line portion
of the stress-strain curve.

6.4.3 Secant modulus, usually from zero stress to some
tofixed percentage of maximum strength.

Axal 7. Calculation (Procedure B)
7.1 The circumferential or diametri- strain. t.•. may be

recorded directly from strain-indicating equipment- or may
be calculated from defornation readings depending upon the
type of apparatus or instrumentation employed.

7.1.1 Calculate the diametric strain. ii, from the following
equation:

.d = Adld

where:
d - original undeformed diameter, in. (mm). and
Ad = change in diameter (positive for an-increase in diame-

ter), in. (mm).
NOnE 10-It should be noted that the circumferenualiv applied lec-

trical reastance strain gages reflect diametric strain, the value necessary0 in computing Poisson's ratio. P. Since C - rd and AC - rad. the

Strain ,%.id circumferential strain. t,. is related to the diametric strain. .,,. through
the relation:

MG. 1 Format for Graphical Prsnta•lon of Data .,= AC/C = wrdlrd = Al
so that t, - t, where C and d are the specimen circumference and

01 diameter, respectively.

7.2 Plot the stresses calculated in 6.2 versus the corte-
K "',Wi sponding diametric strains determined in 7. 1.

7.3 The value of Poisson's ratio. r,. is greatly affected by
% nonlinearities at low stress levels in the axial and lateral stress-

, • strain curves. It is suggested that Poisson's ratio be calculated
""- " - •xfrom the equation:

E E = -- slope of axial curve/slope of lateral curve
*%"0 = -E/slope of lateral curve

Tangent Modulus at some Average Slope of where the slope of the lateral curve is determined in the same
Percent of Ultimate Strength Lnear Portion manner as was done in 6.4 for Young's modulus. E.

NorE I I-The denominator in the equation in 73 will have a nega-
tive value if the sign convention is applied properly. The negauve sign
in the equation thereby assures a positive value for

a'

8. ReportSit 8.1! Procedure A--The report shall include the following:

8.1.1 Source of sample including project name and loca-
'-'• -- , Sttion. Often the location is specified in terms of the drill hole

number and depth of specimen from collar of hole.
at 8.1.2 Date test is performed.

8.1.3 Specimen diameter and height, conformance with
Ei..i - dimensional requirements.

A E~8.1.4 Rate of loading or deformation rate.
Secant Modulus 8.1.5 Values of applied load. stress and axial strain as

FIG. 2 Method* for Calclatng Young's Modulus. E tabulated results or as recorded on a char.
8.1.6 Plot of stress versus axial strain as shown in Fig 1. if

data are tabulated in 8.1.5. if data are recorded directy on a
(Fig. I). The complete curve gives the best description of the chart, the load and deformation axes may be scaled to gave
deformation behavior of rocks having nonlinear stress-strain stress and strain without replotting the curve.
relationships at low and high stress levels. 8 1.7 Young's modulus. E. method of determination as

6.4 The axial Young's modulus. E. may be calculated using given in Fig. 2. and at what stress level or levels determined
any one ofseveral methods employed in engineenng practice. 8.1.8 Physical description o1 sample including rock type
The most common methods, described in Fig. 2. are as such as sandstone, limestone, granite. etc.: location and on-
follows: entation of apparent weakness planes. bedding plants, and

6.4.1 Tangent modulus at a stress level which is some fixed schistosity; and large inclusions or inhomogeneities. if an,.
percentage of the maximum strength. 8.1.9 General indication of moisture condition or sample
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a! time of test such as as-received, saturated, laboratory air- a chart, the load and deformation axes may be scaled to give
dry. or oven dry. It is recommended that the moisture con- stress and strain without replotting the curve.
dition be more precisely determined when possible and re- 8.2.3 Poisson's ratio. P, method of determination in 7.3.
ported as either water content or degree of saturation. and at what stress level or levels determined.

8.2 Procedure B-Procedure B of the test method must
always accompany Procedure A in order to determine Pois- 9. Precision wW Bias.
son's ratio. The report for Procedure B, which is in addition 9.1 The variability of rock and resultant inability to deter-
to that for Procedure A. shall include the following: mine a true reference value prevent development of a mean-

8.2.1 Values of applied load, stress, and diametric strain ingful statement of bias. Data are being evaluated to deter-
as tabulated results or as recorded on a chart. mine the precision of this test method. In addition, the

8.2.2 Plot of stress versus diametric strain as shown in Fig. subcommittee is seeking pertinent data from users of the
I if data is tabulated in 8.2. I. If data is recorded directly on method.

Th Amencan Sociey for Tastx and Afani take no pose ,eseamg t he* veky o &lypatnytnt1gts ass•ned ina,
with any earn mentoIud in OWS Ma~d Uer. of,5 MO standard Ne OW"~ adinsed Wha data ,mW11 of Me votdify of NW asch
pete n". and te lr of aVrwnW of such sngt. are, iwet6 ~ own 'evonsomi.

This sandard as aube to revami ts &W trne by the responsv'e fteria Coon imaee and sawi be ev~wed every "0e rears and
d nog revOe. asfhw i'appvoved or WihdrV.,,. Your Ca(hfl- We "w a~d eithr lor rem'uon of Mes sgw~ar ofor 1a 111 st&ankds
and shoId De addresaed to ASTIA HeadquwIwS. YourCw cOntswe, Mdles., caehi ConsosUe at a meeOtin Me &,* npMMOM
tdacmatf cWWWOee. Wh you may SrNOW. N you # ee that yVto cOT v hove not eved a low h• e• g you ShocLd rM•kouro
vews known to the ASTM Comm&*@e on tandrds. 1916 Race Sr. Phdadeffr. PA 19103.
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Standard rest Method for
TRIAXIAL COMPRESSIVE STRENGTH OF UNDRAINED
ROCK CORE SPECIMENS WITHOUT PORE PRESSURE
MEl SUREMENTS'

This standard is issued under the fixed designation D 2664: the number immediately following the designation indicates. the %e of
original adoption or. in the case of revision. the year of last revision. A number in parentheses indicates the %ear 0f last reappriowal,
A superscript epsilon it) indicates an editorial change since the lamt rev ision or reapproval.

1. Scope the confining pressure. Trhe tniaxial compression
1. 1 This test method covers the determination test is commonly use - to simulate the stress

of the strength of cylindrical rock core specimens conditions under which most underground rock
in an undrained state under triaxial compression masses exist.
loading. The test provides data useful in deter- 4 paau
mining the strength and elastic properties of rock.
namely: shear strengths at various lateral pres- 4.1 Loading Derice-A suitable device for ap-
sures. angle of internal friction. (angle of shearing plying and measuring axial load to the specimen.

resitane), oheionintecep, an Yongs It shall be of suff icient capacity to apply load at
modulus. It should be observed that this method a rate conforming to the requirements specified
makes no provision for pore pressure measure- In 7.2. It shall be verified at suitable ti-rre intervals
ments. Thus the strength values determined are in accordance with the procedures gi~en in Prac-
in terms of total stress, that is, not corrected for tices E 4 and comply with the requirements pre-
pore pressures. scribed in the method.

1.2 The values stated in inch-pound units are 4.2 Pre('stie-fr(.taintcining Del, ice- A hy-
to be regarded as the standard. draulic pump. pressure intensifier, or other sys-

1.3 This standard mat, inwolve hazardous ma- tem of sufficient capacity to maintain constant
terials. operations, and equipment. This standard the desired lateral pressure. (T,.
does not purport to address all of the safety pr h- NOTI I -A pressure intensifier s described bv
l'ms assoc-iated ti-ith its use. It is the responsibil- Leonard Ober i n U.S. Bureau J Mines Report of
itlv qteuser of this stnadt sals pr- Investigations No. 6332. -An Inexpensive Tniaxial Ap-

of te sandrd siabishappo- paratus for Tes;;ng Mane Rock. has been found to
priat(' salewr and health practices and determine fulfill the above requirements.
the applicabilitY of regulatory1 limitations prior to
use~. 4..3 Tria.vial Compress.!oin (Yatnher'- An ap-

2. Referenced Documents paratus in which the test specimen may be en-

2.1 ASTM4 Standa,-d: 'This test method is under the jurisdiction of ASTM Coen
D 4543 Practice for Preparing Rock Core Spec- minice D-18 on Soil and Rock and is the direct responsibility of

imens and Determining Dimensional and Subcommittee Dig.I1 on Rock Mechanics.
SaeTolerances 2  Current edition appruved Oct. 31. 1986. Publisho 'Decr-rbies

Shape1986. Originally published as D 2664 - 67 Last prt%'rnus edition
E 4 Practices for Load Verification of TestIing D 2664 -80.

Machines' 'Annual Book of .4STMi Standards. Vol 04 08
4rinu~al Book 'if ASTMt '¶,andardi. Voli 03 01. 04 02. 97 Of

E 122 Recommeoided Practice for Choice '-f and08.03.
Sample Size to Estimate the Average Quality '4nnual Rook (4 ASTM4 Standards. Vol 140?.ý

ofa Lot or Process' 'Assembly and deull drawinngs of an apparatus that merts
of these requirements and which is designed to accommodate 2114-

3. Significance and Use in (51.9 7 5-mm) diameter specimens and operate at a lateral
fluid presure o( 10 000 aisi (689 MPa) are available from

3.1 Rock is known to behave as a function of Hadquarters, Request Adjunct No 12-426640-00
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closed in an impermeable flexible membrane: 5. Sampling
placed between two hundred platens. one of 5.1 The specimen shall be selected from the
which shall be spherically seated: subjected to a cores to represent a true average of the type ot
constant lateral fluid pressure: and then loaded rock under consideration. This can be achieved
axially to failure. The platens shall be made of by visual observations of mineral constituents.
tool steel hardened to a minimum of Rockwell grain sizes and shape, partings and defects such
58 HRC. the bearing faces of which shall not as pores and fissures.
depart from plane surfaces by more than 0.0005
in. (0.0127 mm) when the platens are new and 6. Test Specimens
which shall be maintained within a permissible 6.1 Preparation-The test specimens shall be
variation of 0.001 in. (0.025 mm). In addition to prepared in accordance with Practice D 4543.
the platens and membrane. the apparatus shall 6.2 Moisture condition of the specimen at the
consist of a high-pressure cylinder with overflow time of test can have a significant effect upon the
valve, a base, suitable entry ports for filling the indicated strength of the rock. Good practice
cylinder with hydraulic fluid and applying the generally dictates that laboratory tests be made
lateral pressure, and hoses, gages, and valves as upon specimens representative of field condi-
needed. tions. Thus it follows that the field -moisture

4.4 Deformation and Strain-Measuring De- condition of the specimen should be preserved
vices-High-grade dial micrometers or other until the time of test. On the other hand, there
measuring devices graduated to read in 0.0001- may be reasons for testing specimens at other
in. (0.0025-mm) units, and accurate within moisture contents. including zero. In any case
0.0001 in. (0.0025 mm) in any 0.0010-in. (0.025- the moisture content of the test specimen should
mm) range, and within 0.0002 in. (0.005 mm) in be tailored to the problem at hand and reported
any0.0100-in. (0.25-mm) range shall be provided in accordance with 9.1.6.
for measuring axial deformation due to loading. 7. Procedure
These may consist of micrometer screws, dial 7.1 Place the lower platen on the base. Wipe
micrometers. or linear variable differential trans- clean the bearing faces of the upper and lower
formers securely attached to the high pressure platens and of the test specimen. and place the
cylinder.

4.4.1 Electrical resistance strain gages applied test specimen on the lower platen. Place the
4irEectlytotherica rpesisance sin gages appal ied upper platen on the specimen and align properly.

directly to the rock specimen in the axial direc- Fit the flexible membrane over the specimen and
tion may also be used. In addition, the use of platen and install rubber or neoprene O-rings to
circutferentially applied strain gages will permit seal the specimen from the confining fluid. Place

tcalcula- the cylinder over the specimen, ensuring proper
tion of Poisson's ratio. In this case two axial seal with the base. and connect the hydraulic
(vertical) gages should be mounted on opposite pressure lines. Position the deformation measur-
sides of the specimen at mid-height and twocircmfeental (onznta) gges imiarl~ I ing device and fill the chamber with hydraulic

fluid. Apply a slight axial load. approximately 25
cated around the circumference, but in the direc- lbf(110 N). to the triaxial compression chamber
tion perpendicular to the axial gages. by means of the loading device in order to

4.5 Flexible Membrane-A flexible mem- properly seat the bearing parts of the apparatus
brane of suitable material to exclude the confin- Take an initial reading on the deformation de-ing fluid from the specimen, and that shall not

vice. Slowly raise the lateral fluid pressure to the
significantly extrude into abrupt surface pores. It predetermined test level and at the same time
should be sufficiently long to extend well onto apply sufficient axial load to prevent the defor-
the platens and when slightly stretched be of the marion measuring device from deviating from
same diameter as the rock specimen. the initial reading. When the predetermined test

NOTE 2-Neoprene rubber tubing of '/,V6-in. (1.588- level of fluid pressure is reached note and record
mm) wall thickness and of 40 to 60 Durometer hard- the axial load registered by the loading device.
ýcx. Shore Type A or vanou., .izes of bicycle inner
tubing, have been found generally suitable for this Consider this load to be the zero or starting load
purpose. for the test.
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7.2 Apply the axial load continuously and anthmetic plot with shear stresses as ordinates
without shock until the load becomes constant. and normal stresses as abscissas. Make at least
or reduces, or a predetermined amount of strain three triaxial compression tests. each at a differ-
is achieved. Apply the load in such a manner as ent confining pressure. on the same material to
to produce a strain rate as constant as feasible define the envelope to the Mohr stress circles.
throughout the test. Do not permit the strain rate NOTE 6-Because of the heterogeneous nature of
at any given time to deviate by more than 10 % rock and the scatter in results often encountered, it Is
from that selected. The strain rate selected should considered good practice to make at least three tests of
Ix that which will produce failure of a similar essentially identical specimens at each confining pres-

sure or single tests at nine different confining pressures
test specimen in unconfined compression. in a covering the range investigated. Individual stress circles
test time of between 2 and 15 min. The selected shall be plotted and considered in drawing the envelope.
strain rate for a given rock type shall be adhered 8.1.3 Draw a "best-fit-. smooth curve (the
to for all tests in a given series of investigation Mohr envelope) approximately tangent to the
(Note 3). Maintain constant the predetermined Mohr circles as in Fig. I. The figure shall also
confining pressure throughout the test and ob- include a brief note indicating whether a pro-

serve and record readings of deformation as re- noune aie ne wasin want deveop
nounced failure plane was c was not developed

quired. during the test and the inclina,, 4f this plane
NOTE 3-Results of tests by other investigators have with reference to the plane of major principal

shown that strain rates within this range will provide stress.
strength values that are reasonably free from rapid
loading effects and reproducible within acceptable tol- NOTE 7-If the envelope is a straight line. the angle
erances. the line makes with the horizontal shall be reported as

the angle of interval friction. o (or the slope of the line
7.3 To make sure that no testing fluid has as tan o depending upon preference) and the intercept

penetrated into the specimen, the specimen of this line at the vertical axis reported as the cohesion
membrane shall be carefully checked for fissures intercept. C. If the envelope is not a straight line. values
or punctures at the completion of each triaxial of 0 (or tan *) should be determined by constructing a

tangent to the Mohr circle for each confining stress attest. If in question, weigh the specimen before the point of contact with the envelope and the corre-
and after the test. sponding cohesion intercept noted.

8. Calculations 9. Report
8.1 Make the following calculations and 9.1 The report shall include as much of the

graphical plots: following as possible:
8.1.1 Construct a stress difference versus axial 9.1.1 Sources of the specimen including proj-

strain curve (Note 5). Stress difference is defined ect name and location, and if known. storage
as the maximum principal axial stressm a,. minus environment. The location is frequently specified
the lateral pressure. 03. Indicate the value of the in terms of the borehole number and depth of
lateral pressure. oa, on the curve. specimen from collar of hole.

NOn 4-If the specimen diameter is not the same 9.1.2 Physical description of the specimen in-
as the piston diameter through the chamber, a correc- cluding rock type: location and orientation of
tion must be applied to the measured load to account apparent weakness planes. bedding planes. and
for differences in area between the specimen and the schistosity: large inclusions or inhomogeneities.
loading piston where it passes through the seals into the if any.
chamber. a

NoTE 5-If the total deformation is recorded during 9.1.3 Dates of sampling and testing.
the test. suitable calibration for apparatus deformation 9.1.4 Specimen diameter and length. con-
must be made. This may be accomplished by inserting formance with dimensional requirements.
into the apparatus a steel cylinder having known elastic 9. 1.5 Rate of loading or deformation or strain
properties and observing differences in deformation
between the assembly and steel cylinder throughout the rate.
loading range. The apparatus deformation is then sub- 9.1.6 (General indication of moisture condi-
tracted from the total deformation at each increment lion of the specimen at time of test such as: as-
of load in order to amve at specimen deformation from received, saturated. laboratory air-dry, or oven
which the axial strain of the specimen is computed. dry. It is recommended that the moisture condi-

8 1.2 Construct the Mohr stress circles on an lion be more precisely determined when possible
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and reported as either water content or degree of 10. Precision and Bias
saturation. 10.1 The variability of rock and resultant in-

9.1.7 Type and location of failure. A sketch ability to determine a true reference value pre-
of the fractured specimen is recommended. vent development of a meaningful statement of

bias. Data are being evaluated to determine theNOTE 8--if it is a ductile failure and u, - a3. is still priso oftstetm ho.nad tote

increasing when the test is terminated. the maximum precision of this test method. In addition, the
strain at which a, - 03 is obtained shall be clearly subcommittee is seeking pertinent data from
stated, users of the method.

{ -Mohr Stress circle

# A-Ile otflntiinl Friction
_ Aimqle of Shewing Restsriacel

i Failure Point -\li

0 /
I

C: Cohesion
(Shear Strength f
Ot Zero Normal Normal Stress O"
Stress )

Shear Stress on Failure Plane : T-r(qT-Or3 )Sin Cose
Normal Stress on Failure Plane zctr Oz (OTj-O"T) Cosz 0

FIG. I Typiecl Mohr Stress (Tucks
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parent rights. and the risk of infringjenent oft sa* rights. are enireit" their ow, n responsulith"r.
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METHOD OF TEST FOR DIRECT SHEAR
STRENGTH OF ROCK CORE SPECIMENS

[. Scope

1.1 This method describes apparatus and procedures for determining

the shear strength of a rock material in direct shear. The test can be

made on rock core specimens from 2 to 6 in. (5 to 15 cm) in diameter.

The test can be made on intact specimens to determine intact shear

strength, on intact specimens with recognizable thin weak planes to

determine the shearing resistance along these planes, on presawn shear

surfaces to determine lower bound residual shear strengths, and on rock

core to concrete bond specimens to determine the shearing resistance

between the bond. The principle of the rock core direct shearing is

illustrated schematically in Fig. 1.

1.2 A minimum of three test specimens of any rock type are sub-

jected to different but constant normal stresses during the shearing

process. For each type of intact rock, cohesion and an angle of

internal friction are determined. For each type of rock with sawn

failure surfaces, a lower bound residual angle of internal friction is

determined.

1.3 The test is not suited to the development of exact stress-

strain relationships within the test specimen because of the nonuniform

distribution of shearing stresses and displacements. Care should be

taken so that the testing conditions represent those being investigated.

The results of these tests are used where field design requirements

dictate unconsolidated, undrained parameters.

2. Apparatus

2.1 Test Specimen Saw - For cores of 3 to 6 in. (7.5 to 15 cm) in

diameter, use a rock saw with 20-in.- (50-cm-) diam safety abrasive blade

fitted for dry and for wet cutting. Alternatively for wet cutting, a

diamond blade may be used. For cores 2 to 2-1/2 in. (5 to 6.25 cm) in

diameter, a rock saw with 12-in.- (60-cm-) diam blade should be used.
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Fig 1. Schematic shoving direct shear of rock core.
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2.2 Shear Device - The shear device shall consist of a pair of

shear boxes constructed so as to provide a means of applying a normal

stress to the face of the specimen while applying a force to shear the

specimen along a predetermined plane parallel to the vertical axis of

the specimen. The device shall securely hold the specimen in such a way

that torque cannot be applied to the specimen. The shear boxes that

hold the specimen shall be sufficiently rigid to prevent their distor-

tion during shearing. The various parts of the shear device shall be

made of material not subject to corrosion by substances within the rock

or moisture within the rock.

2.2.1 Shear boxes suitable for testing specimens from 3 to 6 in.

(7.5 to 15 cm) in diameter should each have a recess 6-5/8 in. (16.6 cm)

in diameter and 2-1/4 in. (5.67 cm) deep. Smaller shear boxes for 2- to

2-1/2-in.- (5- to 6.25-cm-) diam specimens should each have a recess 2-7/8

in. (7.36 cm) in diameter and 2 in. (5 cm) in depth. The shear boxes

should be designed for a shear travel greater than 10 percent of the

specimen shear plane length.

2.2.2 In both cases the two shear boxes assembled with the specimen

shall be placed within a framework constructed so as to hold the boxes

in proper position during testing. The framework shall include a pair

of hardened stainless steel plates machined to accommodate roller

bearings or ball bearings for minimizing friction of the moving shear

box as indicated in Fig. I. The roller plate device should ensure that

resistance of the equipment to shear displacement is less than 1 percent

of the maximum shear force applied in the test.

2.2.3 The shear device framework shall include capability of pro-

viding a submerging tank for tests in which maintaining specimen

saturation is important to duplicate field conditions.

2.3 Loading Devices

2.3.1 Normal Force - The normal force device shall be capable of

applying the specified force quickly without exceeding it and capable of

maintaining it with an accuracy of ±2 percent for the duration of the

3
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test. The device shall have a travel greater than the amount of dila-

tion or compression to be expected.

2.3.2 Shear Force - The device for applying the shear force shall

distribute the load uniformly along one-half face of the specimen with

the resultant applied shear force acting in the plane of shearing. The

required capabilities will depend upon whether a controlled-displacement

test or a controlled-stress test is used. Controlled-displacement

equipment shall be capable of shearing the specimen at a uniform rate of

displacement with less than ±15 percent deviation and shall permit

adjustment of the rate of displacement over a relatively wide range.

Controlled-stress equipment shall be capable of applying the shear force

in increments to the specimen in the same manner and to the same degree

of accuracy as that described in 2.3.1.

2.4 Displacement Indicators - Equipment for measuring shear and

normal displacements may consist of mechanical devices, such as dial

gages or electric transducers. Displacement indicators shall have a

sensitivity of at least 0.001 in. (0.025 mm). The shear displacement

measuring system shall have a travel greater than 10 percent of the

specimen shear plane length. Normal displacement systems shall have the

capability of measuring both dilation and compression of the specimen.

Resettiný of ,ages during the test should if possible be avoided. If

electric transducers or an automatic recording system is used, a recent

calibration shall be included in the report.

2.5 Casting Compound - High-strength gypsum cement (such as hydro-

stone) or a capping compound (such as leadite) should be used to hold

the test specimen in the recesses of the test device.

2.6 Spacer Plate - The spacer plate separating the shear boxes for

development of the shear zone shall be 1/16 in. (1.6 mm) thick and

constructed of a noncorrosive material.

4
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3. Test Specimen

3.1 Intact Specimens

3.1.1 Test specimens shall be prepared by sawing rock corcs into 3-

to 4-in. (7.5- to 10-cm) lengths (Note 1). The diameter of each speci-

men shall be measured to the nearest 0.01 in. (0.025 mm) at several

different positions along the length of the specimen axis. The average

diameter shall be used to compute the cross-sectional area of the

specimen. The volume of the specimen shall be determined by the volu-

metric or displacement method presented in EM 1110-2-1906, 'laboratory

Soils Testing." The initial weight of the specimen shall be determined

to the nearest 0.1 g for subsequent use in determining initial moisture

content and density.

NOTE 1-Soft rock such as clay shales may be as short as 2-1/2 in.

(6.25 cm) if material is scarce. Although helpful in the setup, ends of

the test specimens need not be smooth, flat, nor square with the axis of

the core. Generally, harder rocks are best cut in the wet; softer rocks

are best cut in the dry, depending on fissility and reaction to pressure

of cutting water.

3.1.2 A block of the shear box shall be set on a flat surface with

the shear surface up. The inside of the recess shall be lightly coated

with lubricant. A grout of the gypsum cement (hydrostone) and water

shall be placed in the recess to approximately the one-third or mid-

point. After approximately three minutes of setting, the specimen shall

be set or pushed into the grout until the approximate midpoint (desired

shear plane) of the specimen is opposite the top recess (Note 2).

Excess grout shall be screeded off at the shear plane (Note 3).

NOTE 2-To prepare intact test specimens for testing along recog-

nizable thin weak planes, orient the specimen so that the plane of

weakness is parallel with the 1/16-in. (1.6-mm) shear gap provided by

the spacer plate.

0 5
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NOTE 3--Gypsum cement grout has only a few minutes pot life; hence a

fresh mix will have to be prepared for each block. An alternative to

gypsum cement grout for holding the test specimen in the recesses is

capping compound, such as leadite. The procedure for preparing speci-

mens with a capping compound is essentially the same as for gypsum

cement. Capping compound has a shorter pot life after pouring than

gypsum cement and must be heated to proper temperature and handled

quickly and with great care. An overnight curing period is generally

required. Capping compound is stronger in compression and shear than

gypsum cement and is preferred for hard rock testing. Because capping

compound must be placed hot, it should not be used to secure specimens

subject to structural damage with loss of natural moisture or for tests

in which it is desirable to maintain natural moisture.

3.1.3 A 1/16-in.- (1.6-mm-) thick spacer plate having a hole equal to

the diameter of the specimen and split on a diameter from the front to

the back of the block shall be coated with lubricant and placed on the

block around the specimen. The spacer separates the two blocks of the

shear box to prevent friction between the blocks during shearing. The

recess of the remaining shear box block shall be lightly coated with

lubricant and the block placed over the now protruding half of the

specimen. The two blocks shall be aligned and temporarily clamped

together with C clamps. The recess between the top block and specimen

shall then be filled with the gypsum cement grout using appropriate

tools to rod the grout thoroughly around the specimen. For soft rock

such as clay shale, a 2-hour curing is usually sufficient before

loading. For hard rocks, the grout must be allowed to cure overnight.

3.1.4 At the end of the curing period, the two halves of the spacer

h E pu&lld' cut and 0 t-h C clamps removed. The specimens secured in

the shear boxes are then ready for further assembly and shear testing.

3.2 Presawn Shear Surfaces - Test specimens shall be prepared the

same as presented in paragraphs 3.1.1 to 3.1.4, except that the specimen

shall be sawn in half near the center length before grouting the

6
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specimen in the shear box blocks. The presawn shear surface shall be

smooth and oriented in the shear box so as to be centered within the

1/16-in. (1.6-mm) shear gap provided by the spacer plate.

3.3 Concrete to Rock Core Bond

3.3.1 Test specimens shall be prepared by sawing rock cores into

1.5- to 2-in. (3.75- to 5-cm) length. The sawn specimen shall be

tightly encased in the bottom of a 3- to 4-in.- (7.5- to 10-cm-) high mold

(Note 4) with the smooth sawn surface (shear plane) facing upward and

perpendicular to the axis of the mold. The remaining portion of the

mold shall be filled with concrete, which is then consolidated and cured

according to the procedures presented in CRD-C 10-73 (Note 5). The

concrete mix design shall be compatible in consistency and strength with

the anticipated field design mix and have a maximum aggregate no larger

than 1/6 of the specimen diameter.

NOTE 4-Molds shall be made of steel, cast iron, or other nonabsorb-

ent material, nonreactive with concrete containing portland or other

hydraulic cements. Mold diameters shall conform to the dimensions of

the rock core test specimen. Molds shall hold their dimensions and shape

and be watertight under conditions adverse to use.

NOTE 5-"Handbook for Concrete and Cement," U. S. Army Engineer

Waterways Experiment Station, Vicksburg, Mississippi, published in

quarterly supplements.

3.3.2 Procedures for measuring specimen weight, diameter, and

volume are the same as presented in paragraph 3.1.1. Procedures for

securing the test specimen in the shear box are the same as presented in

paragraphs 3.1.2 to 3.1.4.

4. Procedure

4.1 Following the removal of the spacer plates and C clamps, trans-

fer final assembly operations to the test shear and normal load area.

Final assembly of the testing apparatus, to include orientation of the

resultant normal and shear loads, will depend on the equipment utilized

7
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in the testing. In general, the resultant of the normal load shall

react through the axial center of the specimen, and the shear load shall

react through the radial center of the specimen so as to pass through

the shear plane. Position or activate, or both, the displacement

indicators for measuring shear deformation and changes in specimen

thickness.

4.2 Apply the selected normal force (normal stress " cross-section

area) to the specimen as rapidly as practical (Note 6). Record and

allow any initial elastic compression of the specimen to reach equilib-

rium. For those tests where applicable, as soon as possible after

applying the Initial normal force, fill the water reservoir to at least

submerge the shear plane.

NOTE 6-The normal force used for each of the~.three or more speci-

mens will depend upon the input information required for field analysis

and/or derign.

4.3 Shear the specimen.

4.3.1 After any elastic compression has reached equilibrium, apply

the shearing force and shear the specimen. In a controlled-displacement

test, the rate of displacement shall be less than 0.004 in./min

(0.1 mm/mmn) until peak strength is reached. Approximately 10 sets of

readings should be taken before reaching peak strength. If it is

desired to determine the ultimate strength, the normal load shall be

relieved and the specimen recentered. The normal load is then reapplied

and the specimen sheared again. The rate of shear displacement to

determine the ultimate strength shall be no greater than 0.01 in./min

(0.25 mm/min). Readings should be taken at increments of from 0.02- to

0.2-in. (0.5- to 5-mm) shear displacement as required to adequately

define the force-displacement curves.

4.3.2 In a controlled-stress test the rate of stress application

should not exceed 5 psi/mmn (34.47 kPa/min) for soft rock (such as

clay shale) and up to 100 psi (689.4 kPa) for the very hardest rock.

8
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Concurrent time, shear load, and deformation readings shall be taken at

convenient intervals (a minimum of 10 readings before reaching peak

strength). After reaching peak strength, the ultimate strength may be

determined as presented in paragraph 4.3.1.

5. Calculations

5.1 Calculate the following:

5.1.1 Initial cross-sectional area.

5.1.2 Initial water content.

5.1.3 Initial wet and dry unit weights.

5.1.4 Shear stress data.

5.1.5 Initial and final degrees of saturation, if desirable.

6. Report

6.1 The report shall include the following:

6.1.1 Description of type of shear device used in the test.

6.1.2 Identification and description of the sample.

6.1.3 Description of the shear surface.

6.1.4 Initial water content.

6.1.5 Initial v'et and dry unit weights.

b.1.6 Initial and final degrees of saturation, if desirable.

6.1.7 All basic test data including normal stress, shear displace-

ment, corresponding shear resistance values, and specimen thickness

changes.

6.1.8 For each test specimen, a plot of shear and specimen thick-

ness change versus shear displacement and a plot of composite maximum

and ultimate shear stress versus normal stress.

6.1.9 Departures from the procedure outlined, such as special

loading sequences or special wetting requirements.

9
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STANDARD METHOD OF TEST FOR MULTISTAGE TRIAXIAL STRENGTH OF
UNDRAINED ROCK CORE SPECIMENS WITHOUT PORE PRESSURE MEASUREMENTS

I.- Scope

1.1 This method covers the determination of the strength of cylin-

drical rock specimens in an undrained state under multistage triaxial

loading. The test provides data useful in delineating the strength of

joints, seams, bedding planes, etc. This method makes no provision for

pore pressure measurements. Thus, the strength values determined are in

forms of total stress, i.e. not corrected for pore pressures.

2. Apparatus

2.1 The apparatus is identical u.th that used in RTH 202, '"riaxial

Compressive Strength of Undrained Rock Core Specimens Without Pore

Pressure Measurements."

3. Test Specimens

3.1 In the case of intact specimens that develop a well-defined

shear failure plane, it is possible to continue testing beyond the first

failure; that is, the confining pressure can be raised to a higher level

and another peak stress recorded. This may be done immediately

following the completion of a conventional triaxial test as conducted

according to RTH 202.

3.2 Multistage testing can also be used with cores that are intact

initially. The key factor in making these studies is the use of speci-

mens with the failure plane preestablished to cause failure along an

inherent weakness, such as seams, open joints, bedding planes, faults,

schistosity bands, or laminations. These planes of weakness, when

tested, should be oriented at 45 to 65 deg (0.79 to 1.14 radians) from the

horizontal, which will normally produce a failure in the preoriented

zone. When including these specific geologic features in an NX size

core, the specimens can be drilled from 6-in. (15-cm) or larger cores by

suitable orientation in the drilling apparatus. Care must he taken when

coring these specimens to prevent breakage. However, if the core is

I.
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broken along a weakness plane, it may still be tested as an open joint.

Broken cores can be taped together with plastic tape, only sufficiently

to maintain the matching contact between the broken parts. The test

specimens are then prepared in the manner described in Section 3 of RTH

202.

4. Procedure

4.1 The test procedure described in Section 4 of RTH 202 shall be

used for the first stage of test. Subsequent stages should be achieved

in like manner by applying progressively higher levels of lateral tluid

pressure. This may be done as many times as desired, provided the total

strain does not cause excessive m'salig.iment of the steel platens and an

eccentric loading. This procedure is referred to as multistage testing.

Fig. 1 illustrates this loading sequence.

NOTE:

FAILURE PLANE MAY BE A NATURAL
JOINT, SEAM, ORIEN;SED DEFECT, OR

SURFACE THAT DEVELOPED DURING 0w
THE FIRST STAGE OF LOADING. CON-

FINING PRESSURE 03, IS RAISED TO
SOME HIGHER VALUE` PRIOR TO PRO-
CEEDING TO THE NEXT STEP IN THE
LOADING SEQUENCE. STAGE 3

"/ " STAGE 2

0
01

O • FAILURE PLANE

SrAGE -

AXIAL STRAIN, f

Fig. 1. Stress-strain curve for multistage
triaxial test.
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5. Calculations

1.1 The shear strength on the joint can be determined graphically

by constructing a Mohr circle as shown in Fig. 2. Proof of this con-
I

struction may be found in most soil mechanics texts. For a multistage

test on a given specimen, several Mohr's circles can be drawn and the

same angle used to plot the stresses on the failure plane. A strength

envelope for this condition, Fig. 3, which is the average of the results

determined for each Mohr's circle, is considered to be the joint fric-

tion angle.

5.2 There are variations of this plotting technique that may also

be employed. The multistage test described above produces a joint

friction angle from a single specimen. For a strength envelope derived

from tests of several intact specimens, plotting failure plane stresses

would yield a higher limiting strength criterion than that of open

joints. To report this type of data properly, all orientation data must

0 be carefully and fully stated to ensure proper interpretation of results.

5.3 Various orientations of seams may also be tested to determine

that which is most critical. Direct tension and unconfined compression

tests may be included to completely define the strength envelope as

shown in Fig. 4.

6. Report

6.1 In addition to the plots discussed in Section 5, the report

should include the following:

6.1.1 Lithologic description of the rock, including the type of

joint, seam, etc., tested.

6.1.2 Source of sample including depth and orientation, dates of

sampling and testing, and storage environment.

6.1.3 Specimen diameter and height.

Taylor, D., "Fundamentals of Soil Mechanics," John Wiley and Sons,
Inc., p 317, or Spangler, M., "Soil Engineering," International
Textbook Co., p 277.0•
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JOINT, 01
SEAM, OR
PLANE.

'I)

Uj ~ STRESS O

€ // FAILURE

JI

•n / PLANE

I3

ENORMAL STRESS.

Fig. 2. Mohr circle shoving method of construction

for locating stresses in failure plane.

JOINT, 0

SEAT. .OR 4

FAILURE PLANE

NORMAL STRESS. 0

Fig. 3. Mohr diagram for locating stresses on
failure plane in a multistage test.
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JOINT, SEAM, 4 JOINT
OR PLANE.M FRICTION

,-

TENSION COMPRESSION

NORMAL STRESS. 3

Fig. 4. Mohr diagram for locating stresses on
failure plane, including direct tension
and unconfined compression test data.

6.1.4 Moisture content and degree of saturation at time of test.

6.1.5 Other physical data, such as specific gravity, absorption,.• porosity, and permeability, citing the method of determination for each.
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Standard 
Test Method 

for

Creep of Cylindrical Soft Rock Core Specimens in Uniaxial
Compressions 1

This standard is issued under the fixed designation D 4405; the number immediately following the designation indicates the year of

"oWgina2 adoption or. in the case of revision. the year of last rvision. A number in arentheses indicates the year of last ePProval. A
superscript epsln (W indicates an editorial chan since the last revision or rapprovaL

"NNrrE-Section 9 was changed editorially in July 1989.
' Non-Section t0 was added editorially in December 1991.

1. Scope the duration of the testing. The stability of the loading device

1.1 This test method covers the determination of the and the reaction fi-ame as a function oftime shaU be evaluated
creep behavior of intact cylindrical soft rock core specimens Prior to testing. and periodically during testing. To maintain
subjected to uniaxial compression up to a temperature of the necessary stability of the loading device, the room temper-

572"1 (300C). Creep is the time-dependent strain or defor- ature shall be maintained to within ±2F (±tIC).
mation under sustained axial stress. Soft rocks include such NoTE I-By definition, remep is time.dependet deformation under
materials as salt and potash, which often exhibit very large constant axial strms The loading device is pecified to maintain
strain at failure, constant axial load. The engineering st (load divided by original

1.2 The values stated in inch-pound units are to be csswscctional area) will therefore be constant. while the true st (load
divided by actual cross-sectional area at the time) will decrease some-

regarded as the standard. what during the test as the am-sectional ame increases. Standard
1.3 This standard mnay involve hazardous materials, oper- practice in aeep testing is to maintain constant load (constant engi-

ations. and equipment. This standard does not purport to n~ering Msm) because of the experimental difficulties in controlling the
address all of the safety problems asociated with its use. It is load to maintain a constant true stress.

* the responsibility of the user of this standard to establish 4.2 Bearing Surfaces-The testing machine shall be
appropriate safety and health practices and determine the equipped with two steel bearing blocks having a hardness of
applicability of regulatory limitations prior to use. not less than 58 HRC. One of the blocks shall be spherically
2. Referenced Documents seated and the other a plain rigid block. The bearing faces

shall not depart from a plane by more than 0.0005 in. (0.0 13
2.1 kSTM Standards: mm) when the blocks are new and shall be maintained
E 4 Practices for Load Verification of Testing Machines 2  within a permissible variation of 0.001 in. (0.025 mm). The
E 122 Practice for Choice of Sample Size to Estimate the diameter of the spherically seated bearing face shall be at

Average Quality of a Lot or Process 3  least as large as that of the test specimen but shall not exceed
twice the diameter of the test specimen. The center of the

3. Significance and Use sphere in the spherically seated block shall coincide with that
3.1 There are many underground structures that are of the bearing face of the specimen. The spherically seated

created for permanent use. These structures are subjected to block shall be properly lubricated to assure free movement.
an approximately constant load. Creep tests provide quanti- The movable portion of the bearing block shall be held
tative parameters for stability analysis of these structures. closely in the spherical seat, but the design shall be such that

the bearing face can be rotated and tilted through small
4. Apparatus angles in any direction.

4.1 Loading Device-The loading device shall be capable 4.2.1 Room Temperature Bearing Blocks-In a room
of applying and maintaining the required load on the spec- temperature test, the specimen may be placed directly
linen, regardless of any changes in the dimensions of the between the upper and lower machine platens, or false
specimen. The loading device consists of a reaction frame and platens may be used between the specimen and the machine
a load generating component which may be a hydraulic platens. False platens (steel spacer disks) shall possess the
actuator, spring, dead weight, or controlled screw-driven same material and flatness specifications as the machine
loading mechanism. Means shall be provided for measuring platens. The diameter of the false platens shall be at least as
the load to within 2 % of the applied load. The applied load great as the specimen, but not exceeding the specimen
shall be maintained within ±2 % of the required test load for diameter by more than 0.050 in. (1.3 mm).

4.2.2 Elevated Temperature Bearing Blocks-The steel
false platens shall be thermally insulated from the machine

This test method is under thejurisdiction ofASTM Committee D-18 on Soil platens by insulating spacers in the load column or by
and Rock and is the direct responsibility of Subcommittee D18.12 on Rock cooling coils. These insulating spacers or cooling coils are
Mchanics

Current edition approved Sept. 28. 1984. Published November 1984. necessary if the temperature enclosure directly surrounds the
2 Annual Book ofASTM Standards. Vols 04.02, 07.01, and 08.03. specimen, but not if the entire room is maintained at the

Annual Book ofASTM Standardg. Vol 14.02. elevated temperature.
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4.3 Elevated Temperature Enclosure-The elevated tem- precision 0.2 % of full-scale over the duration of the test.
perature tests can be conducted either in a temperature Furthermore, for readings below 250 g±in./in. (ism/m) strain, ,
controlled room or in a small chamber directly surrounding accuracy shall be within 5 gin./in. (j.im/m) strain. i
the test specimen. Temperature shall be measured at three NoTE 2-The use of strain gage adhesives requiring cure tempera-
locations, with one sensor near the top, one at midheight, tures above l5OI (65°C) is not permitted unless it is known -that
and one near the bottom of the specimen. The average microfractures do not develop at the cure temperature.
specimen temperature based on the midheight sensor shall 4.5.1.2 Lateral Strain Determination-The lateral defor-
be maintained to within ±2 % of the required test tempera- mations or strains may be measured by any of the methods
ture, measured in degrees Celcius. The maximum tempera- mentioned in 4.5.1.1. Either circumferential or diametrical
ture difference between the midheight sensor and either end deformations (or strains) may be measured. At least two
sensor shall not exceed 5 % of the test temperature in degrees lateral deformation sensors shall be used. These shall be
Celcius. equally spaced around the circumference of the specimen

4.4 Temperature Measuring Devices-The type of instru- close to midheight. The average deformation (or strain) from
ment chosen to monitor temperature depends primarily on the two sensors shall be recorded either continuously or for
the test apparatus and the maximum test temperature. each increment of time. The use of a single transducer that
Special limits-of-error thermocouples or platinum resistance wraps completely around the specimen to measure the total
thermometers (RTDs) are recommended. The temperature change in circumference may also be used. The gage length
transducer shall be accurate to at least ±l .0F (±0.5"C), with and the accuracy and precision of the lateral strain measure-
a resolution of 0.20*F (0.1*C). ment system shall be the same as those specified in 4.5.1.1.

4.5 Strain/Deformation Measuring Devices: 4.5.2 Elevated Temperature-Deformation measure-
4.5.1 Room Temperature: ments are normally made externally from the heating
4.5. 1.1 Axa Strain Determination-For these materials, enclosure using suitable extensometers.

the axial deformation or strain may not normally be
determined by electrical strain gages, and some other forms NOTE 3-An cxample of such a measurement arrangement is shown

of strain/deformation measuring devices must be utilized. in Fig. I.

Such devices include compeessometers, optical devces, and 5 T
the like. The design of the measuring device shall be such
that the average of at least two axial strain measurements can 5.1 Test specimens shall be right circular cylinders within
be recorded either continuously or for each increment of the tolerances specified herein.
time. Measuring positions shall be equally spaced around the 5.1.1 The specimen shall have a length-to-diameter ratio
circumference of the specimen close to midheight. The gage (L/D) of 2.0 to 2.5 and a diameter of not less than NX
length over which the axial strains are determined shall be at wireline core size, approximately 17/s in. (48 mm).
least ten grain diameters in magnitude. The axial strains shall NOTE 4-It is desirable that the diameter of rock compression
be determined with an accuracy of 2 % of the reading and a specimens be at least ten times the diameter of the largest mineral grain.

S~LOADING PISTON

ELEIATED TEMPERATUREENCLOSURE
INSUL.ATING SPACER

a---- -FALSE PLATEN

UPPER GAGE_
POINT

D4AL GAGE
TEST SPECIMEN

_____SPVIERICALLY SEATED

INSULATING SPACER

REACTION FRAME BASE
FIG. 1 Example of Technique for Monitoring Axial Specimen Deformation External to Elevated Temperature Enclosure
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In soft rock, such as salt and potash, the average grain size is normally DIAL GAGE V-BLOCK. larger than it is for most hard rock. Research has shown that creep/ EMEN-,
behavior of salt is highly dependent upon the specimen dimensions.
Therefore, in order to obtain meaningful results, sufficiently large
"specimens should be used.

5.1.2 The sides of the specimen shall be generally smooth
and free of abrupt irregularities with all the elements straight
to within 0.020 in. (0.50 mm) over the full length of the
specimen. The deviation from straightness of the elements
shall be determined by either Method A or Method B.

5.1.2.1 Method A-Roll the cylindrical specimen. on a
smooth flat surface and measure the height of the maximum PG3And seularly of End Sueaces to the Specimen amd
gap between the specimen and the flat surface with a feeler
gage. If the maximum gap exceeds 0.020 in. (0.50 mm), the runs across the end surface of the specimen along a diametral
specimen does not meet the required tolerance for direction. Take care to make sure that one end of the
straightness of the elements. The flat test surface on which mounting pad maintains intimate contact with the end
the specimen is rolled shall not depart from a plane by more surface of the V-block during moving. Record the dial gage
than 0.0005 in. (13 ltm). readings every W in. (3 mm) across the diameter.

5.1.22 Method B: 5.1.3.1 Plot the readings and draw a smooth curve
5.1.22.1 Place the cylindrical surface of the specimen on through the points to represent the surface profile along the

a V-block that is laid flat on a surfade. The smoothness of the specified diametral plane. The flatness tolerance is met when
surface shall not depart from a plane by more than 0.0005 in. the smooth curve so determined does not depart from a
(13 gtm). visual best-fit straight line by more than 0.001 in. (25 pam).

5.1.2.2.2 Place a dial indicator in contact with the top of 5.1.3.2 Rotate the specimen 90" about its longitudinal axis
the specimen, as shown in Fig. 2, and observe the dial and repeat the same operations and tolerance check for the
reading as the specimen .is moved from one end of the new diametral plane. Turn the specimen end for end and
V-block to the other along a straight line, repeat the same measurement procedures and tolerance

5.1.2.2.3 Record the maximum and minimum readings checks for the other end surface.
on the dial gage and calculate the difference, Ao. Repeat the 5.1.4 The ends of the specimen shall not depart from
same operations by rotating the specimen for every 90', and perp e e td s of the specimen by mot tha n
obtain the differences, Ago, Ag, and A2 70. The same perpendicularity to the axis of the specimen by more than
maximum value of these four differences shall be less than 0.25", which is a slope of approximately one part in 200. The
0.020 in. (0.50 mm). tolerance shall be checked using the measurements taken in

.5.13 The ends of the specimen shall be cut parallel to 5.1.3. Calculate the difference between the maximum and
each other and at right angles to the longitudinal axis. They minimum readings on the dial gage along diameter 1. This
shall be surface ground or lapped flat to 0.001 in. (25 lim). difference is denoted as A,. Calculate the corresponding
Water shall not be used in any of the sample preparation difference for diameter 2, which is 90" from diameter 1. This
procedures. The flatness tolerance shall be checked by a difference for diameter 2 is A2. Calculate the corresponding
setup similar to that for the cylindrical surface (Fig. 3) except differences for the other end of the specimen, A', and A'2.
that the dial gage is mounted near the end of the V-block. The perpendicularity tolerance will be considered to have
Move the mounting pad horizontally so that the dial gage been met when:

ý-_ and - < 0.005
DIAL GAGE D D

where:
i = lor2, and
D = diameter.

5.1.5 The use of capping materials or end surface treat-
ments other than the grinding and lapping specified herein is

SPECIME not permitted.
5.2 The diameter of the test specimen shall be determined

to the nearest 0.01 in. (0.25 mm) by averaging two diameters
""V-BLOCK measured at right angles to each other at about midheight of

the specimen. This average diameter shall be used for
calculating the cross-sectional area. The height of the test
specimen shall be determined to the nearest 0.01 in. (0.25
mm) at the centers of the end faces.

5.3 The specimen should be prepared in a room with a
relative humidity of less than 40 %. Prior to and following

FIG. 2 Assembly for Determining the Straightness of the preparation, specimens shall be stored in an airtight con-
Cylindrical Surface tainer. During the creep test, the specimen shall be coated or

3
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jacketed with an impervious material. TERT•

6. Procedure FUAS!kN - EA0Y-STATE

6.1 Loading: 
,DS

6.1.1 Room Temperature:
6.1.1.1 Check the ability of the spherical seat to rotate

freely in its socket before each test.
6.1.1.2 Wipe clean the bearing faces of the upper and

lower bearing blocks, false platens, if used, and the ends of
the test specimen. Place the test specimen with the attached
strain-measuring device on the lower bearing block. Care- -

fully align the axis of the specimen with the center of thrust
of the spherically seated block. Make electrical connections T
or adjustments to the strain or deformation-measuring
device.

6.1.1.3 Slowly load the specimen to a preload value of 25 TWE.t

psi (170 kPa). During this process, adjust the movable FIG. 4 Typical Creep Curve
portion of the spherically seated block so that uniform
seating is obtained. Zero the strain/deformation-measuring into tht tertiary creep period (Fig. 4), frequency of readings
devices. Then rapidly raise the load, without shock to the shall be increased appropriately.
required test load, within 20 s. Thereafter, the test load shall 6.3 Record the load and specimen temperature either
be held constant during the duration of the test. continuously or each time the strain/deformation is read.

6.1.2 Elevated Temperature:
6.1.2.1 Wipe clean the bearing faces of the upper and 7. Calculation

lower false platens and the ends of the test specimen. Jacket 7.1 The axial strain -e, circumferential strain, e, and
the specimen as described in 5.3. The jacket shall be such diametrical strain, ed1 may be obtained directly from strain-
that after installation, it encloses the specimen tightly and indicating equipment, or may be calculated from deforma-
extends over the false platens. ton readings, depending on the type of apparatus or

6.1.2.2 Place the specimen on the lower machine platen. instrumentation employed.
Carefully align the axis of the specimen with the center of 7.1.1 Calculate the axial strain, e, as follows:
thrust of the lower platen of the test machine. Slowly load the
specimen to a preload value of 25 psi (170 kPa). During this - ALIL
process, adjust the movable portion of the spherically seated where:
block so that uniform seating is obtained. If the test L = original undeformed axial gage length, in. (mm), and
temperature is below 350"F (175"C) and electrical resistance AL = change in measured axial length (negative for de-
strain gages are used, make the necessary connections. Zero crease in length) in. (mm).
the strain/deformation-measuring devices. 7.1.2 Calculate the diametrical strain, E,, as follows:

6.1.2.3 Place the heating enclosure in position. Raise the E AD/D
temperature at a rate not exceeding 3.6"F (2"C)/min until it
reaches the required temperature (Note 5). The test specimen where:
shall be considered to have attained thermal equilibrium D = original undeformed diameter, in. (mm), and
when the deformation transducer output is stable for at least AD = change in diameter (positive for an increase in
three readings taken at equal intervals over a period of no diameter) in. (mm).
less than 30 min. Stability is defined as a constant readingshowng nlythe effects of normal instrument and heater NOTE 6---Tensile stresses and strains are used as being positive
showing only herein. A consistent application of a compression-positive sign conven-
unit fluctuations. tion may be employed if desired.

Nom 5--It has been observed that for some rock types micro- 7.2 Calculate the compressive stress in the test specimen
fracturing will occur for heating rates above 1.8"F ('C)/min. The from the compressive load on the specimen and the initial
operator is cautioned to select a heating rate such that microfracturing
due to thermal gradients does not occur. computed cross-sectional area as follows:

6.1.2.4 Rapidly raise the load without shock to the - P/A
required test load within 20 s. Thereafter, the test load shall where:
be held constant during the duration of the test. a stress, psi (MPa),

6.2 Record the strain/deformation immediately after the P = load, lbf(N), and
required test load has been applied. Thereafter, record the A = area, in.2 (mm 2 ).
strain/deformation at suitable time intervals. During the 7.3 Plot the strain versus time curve as shown in Fig. 4.
transient creep period (Fig. 4), strain/deformation readings Frequently it may be necessary to use a logarithmic scale for
shall be taken every few minutes to few hours until the the "time" if a long test period is involved.
strain/deformation rate becomes constant. Readings shall be
taken at least twice daily during the steady-state phase of 8. Report
creep (Fig. 4) until the test is terminated. If the test extends 8.1 The report shall include the following:

4
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8.1.1 Source of sample, including project name and 9. Precision and Bias
* location (often the location is specified in terms of the drill 9.1 Precision-Due to the nature of rock materials tested

hole number and depth of specimen from the collar of the by this test method, it is, at this time, either not feasible or
hole), too costly to produce multiple specimens which have uni-

8.1.2 Lithologic description of the rock and load direction form physical properties. Therefore, since specimens which
with respect to lithology, would yield the same test results cannot be tested, Subcom-

8.1.3 Moisture condition of specimen before test, mittee D18.12 cannot determine the variation between tests
8.1.4 Specimen diameter and height (conformance with since any variation observed is just as likely to be due to

dimensional requirements, see Note 4), specimen variation as to operator or laboratory testing
8.1.5 Stress level at which test was performed, variation. Subcommittee D18.12 welcomes proposals to
8.1.6 Temperature at which test was performed, resolve this problem that would allow for development of a
8.1.7 Tabulation of strain and time data, valid precision statement.
8.1.8 Plot of the strain versus time curve (Fig. 4), 9.2 Bias-There is no accepted reference value for this
8.1.9 A description of physical appearance of specimen test method; therefore, bias cannot be determined.

after test, and
8.1.10 If the actual equipment or procedure has varied 10. Keywords

from the requirements contained in this test method, each 10.1 compression testing; creep; deformation; loading
variation and the reasons for it shall be discussed. tests; rock

The Amwrcan Sosety tor Test wd Mateas •eks no posfln repectikg the v§y of any patent dght asaed In o mueo
w*h an Rem wn •nedh Ms standard. Ues of th sttaarAd we *e s W taat deterwn*W of the v8aY of any sch
Patent ights, and the tik of kt*VemeMt of such rights. we Onely thehi' t=,.

IM standard Is subJect to fsvdo at any tme by the esponrdPbe tchnical conldTee and mus be ev*wvd evy Av yewrs and
itnr arevied, aher reaproved or wwlvmn Yow eo wa br**ed &Vhw r vinw of ti stndard or for oddiOmaltandwa
and Whoc be oddtsed to AS TM H e.dqat. Yog Comwots O two&eve* cwVl consd n at a mneseting of the respowns
te al cownnftee. w~lch you mey atfend. it you feefl wth• w U conylte hve nu ree~d a fair hewing y shoud nm*k yo
viws known to thU ASTM Committee on Standards. 1916 Race St.. Ph de4*hi PA 19103.

5



RTH 207-80

METHOD OF TEST FOR

THERMAL DIFFUSIVITY OF ROCK

1. Scope

1.1 This method of test outlines a procedure for determining the

thermal diffusivity of rock. The thermal diffusivity is equal to the

thermal conductivity divided by the heat capacity per unit volume and

may be used as an index of the facility with which the material will

undergo temperature change.

2. Apparatus

2.1 The apparatus shall consist of:

2.1.1 Bath - A heating bath in which specimens can be raised to

uniform high temperature (2120F (1000C)).

2.1.2 Diffusion Chamber - A diffusion chamber containing running

cold water.

2.1.3 Temperature-Indicating or Recording Instrument - Consisting

of iron-constantan thermocouples, Type K potentiometer, ice bath,

standard cell, galvanometer, switch, and storage battery; or thermo-

couples and suitable recording potentiometer.

2.1.4 Timer - Timer capable of indicating minutes and seconds.

3. Procedure

3.1 Preparation of Specimen - The test specimen shall be a 6- by

12-in. (152- by 305-um) core (for other shapes and sizes, see Section

5). A thermocouple shall be inserted in an axially drilled hole 3/8 in.

(9.5 mm) in diameter and subsequently grouted.

3.2 Heating - Each specimen shall be heated to the same temperature

by continuous immersion in boiling water until the temperature of the

center is 212 F (100°C). The specimen shall then be transferred to a

bath of running cold water and suspended in the bath so that the entire

surface of the specimen is in contact with the water. The temperature

of the cold water shall be determined by means of another thermocouple.

01
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3.3 Cooling - The cooling history of the specimen shall be obtained

from readings of the temperature of the interior of the specimen at 1-

minute intervals from the time the temperature difference between the

center and the water is 1200F (670C) until the temperature difference

between the center and water is 80F (4 0 C). The data shall be recorded.

Two such cooling histories shall be obtained for each test specimen, and

the calculated diffusivities sha'l check within 40.002 ft 2/h

(0.0052 - 10- 5 M2 /s).

4. Calculations

4.1 The temperature difference in degrees F shall be plotted

against the time in minutes on a semilogarithmic scale. The best

possible straight line shall then be drawn through the points so obtained.

A typical graph is shown in Fig. 1. The time elapsed between the temperature

differences of 80 F (44°C) and 20°F (11°C) shall be read from the graph,

and this value inserted in the equation below, from which the thermal

diffusivity, a , shall be calculated as follows:

a = 0.812278/(tI - t 2 )

where a = thermal diffusivity, ft 2/hr (Note 1)

(t 1 - t 2 ) = elapsed time between temperature differences of

800F (440C) and 200F (11 0 C), minutes

0.812278 - numerical factor applicable to 6- by 12-in. (152-
by 305-mni) cylinder

NOTE 1--The SI equivalent of ft 2/hr is m2 /s; ft 2/hr - 2.580640

E - 05 = m2 /s.

5. Specimens of Other Sizes and Shapes

5.1 The method given above is directly applicable to a 6- by 12-in.

(152- by 305-ama) cylinder. Specimens of other sizes and shapes may be

treated in the manner described below.

2
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Firg. 1. Calculation of thermal diffusiLvity.

5.2 The thermal diffusivity of a specimen of regular shape is, to a

first approximation,

ci= M/(t 2 - tI)

71.1 2

where .= thermal diffusivity, ft./hr

M = a factor depending on the size and shape of the
specimen

ti, t 2 = times at which the center of the specimen reaches
any specified temperature differences, minutes
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5.3 For a prism,

60 In(T1 /T 2 )

a27 + b2+ c2

where ln(T1 /T 2 ) natural logarithm of the temperature difference
ratio

Tit T2 = temperature differences at times tI and t29
deg F

a, b, c - dimensions of prism, feet

5.4 For a cylinder,

60 ln(TI/T2 )

(.783 + 2

where ln(TI/T2 ) = natural logarithm, as above

r = radius of cylinder, feet

1 - length of cylinder, feet

5.5 For specimens whose minimum dimension is more than 3 in.

(76 mm), this approximate calculation will yield the required accuracy.

For smaller specimens or when more precise determinations are desired,

reference may be made to "Heat Conduction," by L. R. and A. C. Ingersoll,

and 0. J. Zebel, McGraw-Hill Book Company, Inc., 1948, pp. 183-185 and

appended tables. Charts which may be used are also found in Williamson

and Adams, Phys. Rev. XIV, p. 99 (1919) and "Heat Transmission," W. H.

McAdams, McGraw-Hill Book Company, Inc., 1942, pp. 27-44.
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PREFACE

This handbook is a compilation of standard and recommended rock testing

methods and has been prepared for use in both the laboratory and the field.

Preparation of the handbook was authorized and funded by the Office,

Chief of Engineers, U.S. Army. The cooperation of the American Society for

Testing and Materials, the International Society for Rock Mechanics, and the

U.S. Bureau of Reclamation in permitting the use of a number of their

standards is appreciated.

Suggestions for revisions, corrections, and additions are welcomed.

Correspondence concerning such matters should be addressed either to the

Commander and Director, U.S. Army Engineer Waterways Experiment Station

(ATTN: CEWES-GS-R), P.O. Box 631, Vicksburg, MS, 39181-0631; or to the

Office, Chief of Engineers, U.S. Army (ATTN: DAEN-ECE, Engineering Division,

Civil Works), Washington, DC, 20314-1000.

In order that this handbook may be of greatest service, it is intended

that it be kept up to date by the issuance of supplementary items and the

revision of existing items whenever necessary. To facilitate such revisions,

the handbook has been issued in loose-leaf form.

The handbook has been prepared in the Geotechnical Laboratory (GL) and

Structures Laboratory (SL) of the U.S. Army Engineer Waterways Experiment

Station (WES). It was compiled by Mr. George H. Bragg, Jr. and Ms. M. Eileen

Glynn, under the direct supervision of Messrs. Jerry S. Huie, Chief, Rock

Mechanics Branch, GL, and Kenneth L. Saucier, Concrete Technology Division,

SL; and the general guidance of Dr. Don C. Banks, Chief, Soil and Rock

Mechanics Division, GL, and Mr. John Scanlon, Chief, Concrete Technology

Division, SL.

At the time of initial publication of this handbook, Messrs. James P.

Sale and Richard G. Ahlvin were Chief and Assistant Chief, respectively, of

GL, and Mr. Bryant Mather was Chief of SL. Commander and Director of WES was

COL Nelson P. Conover, CE. Technical Director was Mr. Fred R. Brown.
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S PREFACE

This handbook is a compilation of standard and recommended rock testing

methods and has been prepared for use in both the laboratory and the field.

Preparation of the handbook was authorized and funded by the Office,

Chief of Engineers, U.S. Army. The cooperation of the American Society for

Testing and Materials, the International Society for Rock Mechanics, and the

U.S. Bureau of Reclamation in permitting the use of a number of their

standards is appreciated.

Suggestions for revisions, corrections, and additions are welcomed.

Correspondence concerning such matters should be addressed either to the

Commander and Director, U.S. Army Engineer Tlaterways Experiment Station

(ATTN: CEWES-GS-R), P.O. Box 631, Vicksburg, MS, 39181-0631; or to the

Office, Chief of Engineers, U.S. Army (ATTN: DAEN-ECE, Engineering Division,

Civil Works), Washington, DC, 20314-1000.

In order that this handbook may be of greatest service, it is intended

that it be kept up to date by the issuance of supplementary items and the

revision of existing items whenever necessary. To facilitate such revisions,

the handbook has been issued in loose-leaf form.

The handbook has been prepared in the Geotechnical Laboratory (GL) and

Structures Laboratory (SL) of the U.S. Army Engineer Waterways Experiment

Station (WES). It was compiled by Mr. George H. Bragg, Jr. and Ms. M. Eileen

Glynn, under the direct supervision of Messrs. Jerry S. Huie, Chief, Rock

Mechanics Branch, GL, and Kenneth L. Saucier, Concrete Technology Division,

SL; and the general guidance of Dr. Don C. Banks, Chief, Soil and Rock

Mechanics Division, GL, and Mr. John Scanlon, Chief, Concrete Technology

Division, SL.

At the time of initial publication of this handbook, Messrs. James P.

Sale and Richard G. Ahlvin were Chief and Assistant Chief, respectively, of

GL, and Mr. Bryant Mather was Chief of SL. Commander and Director of WES was

COL Nelson P. Conover, CE. Technical Director was Mr. Fred R. Brown.

S
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It not hSted In the Cutrent combned ,nogig. wWl apipi in 00e no edition

Standard Terminology Relating to
Soil, Rock, and Contained Fluids 1

These de•initions ere prepared lointiv by ihe American .xSciety of Civil Engineers and the American Sociey for Testing and Matenahs.

INTRODUCTION

A number of the definitions include symbols and indicate the units of measurement. The
symbols appear in italics immediately after the name of the term, followed by the unit in
parentheses. No significance should be placed on the order in which the symbols are presented
where two or more are given for an individual term. The applicable units are indicated by capital
letters, as follows:

F-Force, such as pound-force, ton-force, newton
L-Length, such as inch, foot, centimetre
T-Time, such as second. minute
D-Dimensionless
Positive exponents designate multiples in the numerator. Negative exponents designate

multiples in the denominator. Degrees of angle are indicated as "degrees."
Expressing the units either in SI or the inch-pound system has been purposely omitted in order

to leave the choice of the system and specific unit to the engineer and the particular application, for
example:

FL- 2 -may be expressed in pounds-force per square inch. kilopascals, tons per square foot, etc.
LT-'-may be expressed in feet per minute, centimetres per second, etc.
Where synonymous terms are cross-referenced, the definition is usually included with the earlier

term alphabetically. Where this is not the case, the later term is the more significant
Definitions marked with (ISRM) are taken directly from the publication in Ref 42 and are

included for the convenience of the user.
For a list of ISRM symbols relating to soil and rock mechanics, refer to Appendix X I.
A list of references used in the preparation of these definitions appears at the end.

AASHTO compaction-see compaction test. pressure.
"A '" Horizon-see horizon. absorption-the assimilation of fluids into interstices.
abrasio--a rubbing and wearing away. (ISRM) absorption loss-that part of transmitted energy (me-
abrasion-the mechanical wearing, grinding, scraping or chanical) lost due to dissipation or conversion into other

rubbing away (or down) of rock surfaces by friction or forms (heat. etc.).
impact, or both. accelerator-a material that increases the rate at which

abrasive-any rock. mineral, or other substance that, owing chemical reactions would otherwise occur.
to its superior hardness, toughness, consistency, or other activator-a material that causes a catalyst to begin its
properties, is suitable for grinding, cutting, polishing, function.
scouring, or similar use. active earth pressure-see earth pressure.

abmsiveness-the property of a material to remove matter active state of plastic equilibrium-see plastic equilibrilmn.
when scratching and grinding another material. (ISRM) additive-any material other than the basic components of a

absorbed water-water held mechanically in a soil or rock grout system.
mass and having physical properties not substanutally adhesion-shearing resistance between soil and another
different from ordinary water at the same temperature and material under zero externally applied pressure.

Symbol Unit

Unit Adhesion c. FL-2
'This erminoaogy is under the jursdicuon of ASTM Committee D- I8 on Sod Total Adhesion C. F or FL-'

and Rock and is the direct responsibility of SubcommItee D018.93 on Termioology
for Sod. Rack. and Conutind Fluids. adhesion-shearng resistance between two unlike materials

Curmt ndabioo approved June 29. 1988. Publishod August 1988. OngtinAly under zero externally applied pressure.
publihed as D 6S3 - 42 T. Last previous edtion D 653 - 87" admixture-a material other than water, aggregates, or

Thissmve • is of defintuons represents the joint efforts of Subcommittee cementitious materal. use as a grout ingredient for
D118.93 on Terminology for Sod. Rock. and Contained Flids of ASTM
Comminm D-IS on Soil and Rock. and the Committee on Definitions and cement-based grouts.
Staindads a the Geatechnical Engineering Divinon of the American Society of adsorbed water-water in a soil or rock mass attracted to the
Civd Engnem. These two grou runcison together as the Joint AS. AS'TM particle surfaces by physiochenmcal forces, having proper-
Comminai on Nomenclature in Sod and Rock M, .• o'm. This List inporatots
w msni fromn ASTM Definitions U 1707. Term Relating to Sod y ties that may differ from those of pore water at the same
MuVht were s,,•ttued in 7. temperature and pressure due to altered molecular ar-
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rangement: adsorbed water does not include water that is angle of obliquity, a. J3, 0. 4, (degrees)-the angle betweenchemically combined within the clay minerals the direction of the resultant stress or force acting on a

adsorption-the attachment of water molecules or ions to given plane and the normal to that plane.
the surfaces of soil particles, angle of repose, a (degreesi-angle between the honzontal

advancing slope grouting-a method of grouting by which and the maximum slope that a sod assumes through
the front of a mass of grout is caused to move honzontally natural processes. For dm granular soils the effect of the
by use ot'a suitable grout injection sequence, height of slope is negligible: for cohesive soils the effect of

aeolian deposits-wind-deposited matenal such as dune height of slope is so great that the angle of repose is
sands and loess deposits, meaningless.

aggregate-us a grouting material, relatively inert granular angle ofshear resistance-see ang' i.f internal friction.
mineral matenal, such as sand, gravel, slag, crushed stone, angle of wall friction-see angle of external friction.
etc. "Fine aggregate" is material that will pass a No. 4 angular aggregate-aggregate. the particles of which possess
(6.4-mm) screen, well-defined edges formed at the intersection of roughly

"Coarse aggregate" is material that will not pass a No. 4 planar faces.
(6.4-mm screen. Aggregate is mixed with a cementing anisotropic mass-a mass having different properties in
agent Isuch as Portland cement and water) to form a grout different directions at any given point.
material, anisotropy- having different properties in different direc-

agitator tank-a tank, usually vertical and with open top. tions. (ISRM)
with rotation paddles used to prevent segregation of grout apparent cohesion-see cohesion.
after mixing.
dir-spaeratio, oaquiclude-a relatively impervious formation capable ofair-space ra tio. G , ( DM - ratio of. (1) volum e of w ater that a s r i g w t r s o l u ,ll n tt a s z tt tt e o g

absorbing water slowly but will not transmit it fast enoughcan be drained from a saturated soil or rock under the to furnish an appreciable supply for a well or spring.
acuon of force of gravity, to (2) total volume of voids. aquifer-a water-bearing formation that provides a ground

air-void ratio, G, (D)-ihe ratio of: MI) the volume of air water reservoir.
space. to (2) the total volume of voids in a soil or rock aquitard-a confining bed that retards but does not prevent
aal. athe flow of water to or from an adjacent aquifer: a leakyalkali aggregate reaction--a chemical reaction between
Na,O and KO in the cement and certain silicate minerals confining bed.
in the cement and certain silicate minerals in the aggre- arching-the transfer of stress from a yielding part of a soilin heceen ad erai sliat mneal i te gge- or rock mass to adjoining less-yielding or restrained parts*gate. which causes expansion resulting in weakening and of the mass.
cracking of Portland cement grout. See reactive aggregate.

allowable bearing value (allowable soil pressure), q., p. area grouting-grouting a shallow zone in a particular area
(FL--2 -the maximum pressure that can be permitted on utilizing holes arranged in a pattern or grid.
foundation soil, giving consideration to all pertinent Discussion-This type of grouung is sometimes referred to as
factors, with adequate safety against rupture of the soil blanket or consolidation grouung.
mass or movement of the foundation of such magnitude area of influence of a welL a (L2 )-area surrounding a well
that the structure is impaired. within which the piezometic surface has been lowered

allowable pile bearing load. Qa, P0 (fl--the maximum load when pumping has produced the maximum steady rate of
that can be permitted on a pile with adequate safety flow.
against movement of such magnitude that the structure is area ratio of a sampling spoon. sampler, or sampling tube. A,
endangered. (D--the area ratio is an indication of the volume of soil

alluvium-soil, the constituents of which have been trans- displaced by the sampling spoon (tube). calculated as
ported in suspension by flowing water and subsequently follows:
deposited by sedimentauon.

amplification factor-ratio of dynamic to static displace- = l(D. - D,2/O,2- x tOO
ment. where:

amorphous peat-ee sapric peat. D, = maximum external diameter of the sampling spoon.
angle of external friction (angle of wail friction), 6 (degrees)- and

angle between the abscissa and the tangent of the curve D, = minimum internal diameter of the sampling spoon
representing the relationship of shearing resistance to at the cutting edge.
normal stress acting between soil and surtace of another armor-the artificial surfacing of bed. banks, shore, or
matenal. embankment to resist erosion or scour.

angle of friction (angle of friction between solid bodies), os armor stone--generally one ton to three tons in weight)
(degreesi-angle l•hose tangent is the ratio between the stone resulting from blasting, cutting, or by other methods
maximum value of shear stress that resists slippage be- to obtain rock heavy enough to require handling two
tween two solid bodies at rest with respect to each other, individual pieces bv mechanical means.
and the normal stress across the contact surtaces. ash content-the percentage by dry %height of matenal

angle of internal friction (angle of shear resistance). o remaining after an oven dry organic soil or peat is burned
idegreesý--arge between the axis of normal stress and the bv a prescribed method.
tangent to the Mohr envelope at a point representing a artenuation-reduction o0 amplitude with time or distance.
,ven tailure-stress condition tor solid material. A" horizon-,ee horzon.
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backpack grouting-the filling with grout of the annular bit-any device that may be attached to or is an integral part
space between a permanent tunnel lining and the sur- of a drill string and is used as a cutting tool to bore into or
rounding formation. penetrate rock or other materials.

Discussion-Same as crown grouting and back.i prouting. blaine fineness-the fineness of powdered materials. such as
cement and pozzolans, expressed as surface area usually in

back-packing-any material (usually granular) that is used to square centimetres per gram.
fill the empty space between the lagging and the rock blanket grouting-a method in which relatively closely
surface. CISRM) spaced shallow holes are drilled and grouted on a grid

baffle-a pier. weir, sill. fence, wall, or mound built on the pattern over an area, for the purpose of making the upper
bed of a stream to parry, deflect, check, or regulate the portions of the bedrock stronger and less pervious.
flow or to float on the surface to dampen the wave action. blastibility-index value of the resistance of a rock forma-

base-in grouing, main component in a grout system. tion to blasting. (ISRM)
base course (base)-a layer of specified or selected material blasting cap (detonator, initiator)-a small tube containing a

of planned thickness constructed on the subgrade or flashing mixture for firing explosives. (ISRM)
subbase for the purpose of serving one or more functions bleeding-in growing, the autogeneous flow of mixing water
such as distributing load. providing drainage, minimizing within, or its emergence from, newly placed grout caused
frost action. etc. by the settlement of the solid materials within the mass.

base exchange-the physicochemical process whereby one bleeding rate-in growing, the rate at which water is released
species of ions adsorbed on soil particles is replaced by from grout by bleeding.
another species. blocking-wood blocks placed between the excavated sur-

batch-in grouting, quantity of grout mixed at one time. face of a tunnel or shaft and the main bracing system.
batch method-in grouting, a quantity of grout materials are (ISRM)

mixed or catalyzed at one time prior to injection, body force-a force such as gravity whose effect is distributed
batch mixer-in grouting, a machine that mixes batches of throughout a material body by direct action on each

grout, in contrast to a continuous mixer. elementary part of the body independent of the others.
bearing capacity-see ultimate bearing capacity. (ISRM)
bearing capacity (of a pile), QO, P, (F)-the load per pile bog-a peat covered area with a high water table and a

required to produce a condition of failure. surface dominated by a carpet of mosses, chiefly

bedding-applies to rocks resulting from consolidation of sphagnum. It is generally nutrient poor and acidic. It may

sediments and exhibiting surfaces of separation (bedding be treed or treeless.
planes) between layers of the same or different materials, bond strength-in grouting, resistance to separation of set

that is, shale, siltstone, sandstone, limestone, etc. (ISRM) grout from other materials with which it is in contact: a

bedding-collective term signifying the existence of layers of collective expression for all forces such as adhesion.

beds. Planes or other surfaces dividing sedimentary rocks friction, and longitudinal shear.

of the same or different lithology. bottom charge-concentrated explosive charge at the bottom

bedrock-the more or less continuous body of rock which of a blast hole. (ISRM)

underlies the overburden sonls. (ISRM) boulder clay-a geological term used to designate glacial drift

bedrock (ledgee -rock of relatively great thickness and that has not been subjected to the sorting action of water

extent in its native location. and therefore contains particles from boulders to clay

bench--41 ) the unexcavated rock having a nearly horizontal bouiders-a rock fragment, usually rounded by weathenng

surface which remains after a top heading has been or abrasion. with an average dimensi-)n of 12 in. (305 mm)
excavated, or (2) step in a slope: formed by a horizontal or more.
surface and a surface inclined at a steeper angle than that breakwater stone-4 generally three tons to twenty tons in
of the entire slope. (ISRM) weight) stone resulting from blasting, cutting, or other

bending-process of deformation normal to the axis of an means to obtain rock heavy enough to require handling
elongated structural member when a moment is applied individual pieces by mechanical means.
normal to its long axis. (ISRM) buckling-a bulge, bend. bow, kink. or wavy condition

bentonitic clay-a clay with a high content of the mineral produced in sheets, plates, columns, or beams by compes-
montmorillonite. usually characterized by high swelling on sive stresses.
wetting. bulb of pressure-see pressure bulb.

berm-a shelf that breaks the continuity of a slope, bulkhead-a steep or vertical structure supporting natural or
biaxial compression-compression caused by the application artificial embankment.

of normal stresses in two perpendicular directions. (ISRM) bulking-the increase in volume of a material due t
biaxial state of stress-state of stress in which one of the manipulation, Rock bulks upon being excavated: damp

three principal stresses is zero. (ISRM) sand bulks if loosely deposited. as by dumping, because tie
binder (soil binder--portion of soil passing No. 40 (425-pm) apparent cohesion prevents movement of the sod particles

U.S. standard sieve. to form a reduced volume.
binder-anything that causes cohesion in loosely assembled buoYant unit vetght (submerged unit weight )-see unit

substances, such as clay or cement. weight.

3
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burden-in an explosive blasting, the distance between the chemical grout-any grouting material characterized by
charge and the free face of the material to be blasted. being a true solution: no particles in suspension. See also

burden-distance between charge and free surface in direc- particulate grout.
tion of throw. tISRM) chemical grout system-any mixture of' matenals used for

"C'" Horizon-see horizon. grouting purposes in which all elements of the system are
California bearing ratio, CBR (D--the ratio of: (1) the force true solutions (no particles in suspension).

per unit area required to penetrate a soil mass with a 3-in.2 chip--crushed angular rock fragment of a size smaller than a
(19-cm), circular piston (approximately 2-in. (51-mm) few centimetres. UISRM)
diameter) at the rate of 0.05 in. (1.3 mmi/min. to (2) that chisel-the steel cutting tool used in percussion drilling.
required for corresponding penetration of a standard (ISRM)
material. The ratio is usually determined at 0.1-in. (2.5- circuit grouting-a grouting method by which grout is
mm) penetration, although other penetrations are some- circulated through a pipe extending to the bottom of the
times used. Original California procedures required deter- hole and back up the hole via the annular space outside
mination of the ratio at 0. 1-in. intervals to 0.5 in. (12.7 the pipe. Then the excess grout is diverted back over a
mm). Corps of Engineers' procedures require determina- screen to the agitator tank by means of a packing gland at
tion of the ratio at 0.1 in. and 0.2 in. (5.1 mm . Where the the top of the hole. The method is used where holes tend
ratio at 0.2 in. is consistently higher than at 0.1 in.. the to cave and sloughing matenal might otherwise clog
ratio at 0.2 in. is used. openings to be grouted.

camouflet-the underground cavity created by a fully con- clay (clay soil)-fine-grained soil or the fine-grained portion
tamed explosive. (ISRM) of soil that can be made to exhibit plasticity (putty-like

capillary action (capillarity)-the rise or movement of water properties) within a range of water contents, and that
in the interstices of a soil or rock due to capillary forces, exhibits considerable strength when air-dry. The term has

capdlarvflow-see capillary action. been used to designate the percentage finer than 0.002 mm
capillary fringe zone-the zone above the free water eleva- (0.005 mm in some cases). but it is strongly recommended

tion in which water is held by capillary action, that this usage be discontinued, since there is ample
capillary head. h IL)-the potential, expressed in head of evidence from an engineering standpoint that the proper-

water, that causes the water to flow by capillary action. ties described in the above definition are many times more
capdilarv migration-see capillary action, important.
capillary rise (height of capillary rise), h, (L)-the height clay size-that portion of the soil finer than 0.002 mm

above a free water elevation to which water will rise by (0.005 mm c some cases) (see also clay).
capillaryw action. clay soilsee clay.

capillary water-water subject to the influence of capillary cleavage-in crystallography, the splitting, or tendency to
action. split, along planes determined by the crystal structure. In

catalyst-a material that causes chemical reactions to begin, petrology, a tendency to cleave or split along definite.
catalyst system-those materials that, in combination, cause parallel, closely spaced planes. It is a secondary structure.

chemical reactions to begin-, catalyst systems normally commonly confined to bedded rocks.
consistl acan nsinitiator ( catalyst)and anyactivatnor, a cleavage-the tendency to cleave or split along definite
cation-snistnothat movestor wouly d moe twar catho d parallel planes. which may be highly inclined to thecation--an ion that moves. or would move toward a cathode: bedding. It is a secondary structure and is ordinarilythus nearly always synonymous with positive ion. accompanied by at least some recrystallization of the rock.cation exchanze--ee base exchange. (ISRM)

cavity-a natural underground opening that may be small or cleavage planes-the parallel surfaces along which a rock or
large. mineral cleaves or separates: the planes of least cohesion.

cavity-underground opening created by a fully contained usually parallel to a certain face of the mineral or crystal.
explosive. (ISRM) cleft water-water that exists in or circulates along the

cement factor-quantity of cement contained in a unit geological discontinuities in a rock mass.
volume of concrete or grout, expressed as weight, or closure-the opening is reduced in dimension to the extent
volume (specify which). that it cannot be used for its intended purpose. (ISRM)

cement grout-a grout in which the primary cementing agent closure-in grouting, closure refers to achieving the desired
is Portland cement. reduction in grout take by splitting the hole spacing. If

cementitious factor--quantity of cement and other closure is being achieved, there will be a progressive
cementitious materials contained in a unit volume of decrease in grout take as primary. secondary. tertiarv, and
concrete or grout. expressed as weight or volume (specify quanternary holes are grouted.
which), cobble (cobblestone--a rock fragment. usually rounded or

centrifuge moisture equivalent-see moisture equivalent. semirounded. with an average dimension between 3 and
chamber-a large room excavated underground. for ex- 12 in. (75 and 305 mm).

ample, for a powerhouse, pump station, or for storage. coetlicieni o! absolute %I wiostr-see coefficient of viscosity.
(ISRM) coefficient of active earth prevsure-see coefficient of earth

chamber blasting (coyotehole blasinn--a method of quarry pressure.
blasting in which large explosive charges are confined in coefficient of compressibility 1coefficient of compression), a.
small tunnel chamoers inside the quarry face. dISRM) (L 2F-")-the secant slope. for a given pressure increment.
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of the pressure-void ratio curve. Where a stress-strain of a load-settlement curve obtained from a plate load test
curve is used, the slope of this curve is equal to ad(l + e). on a soil using a 30-in. t762-mm1 or greater diameter

coefficient of consolidation. c, (L 2T-')-a coefficient utilized loading plate. It is used in the design of concrete pave-
in the theory of consolidation. containing the physical ments by the Westergaard method.
constants of a soil affecting its rate of volume change. coefficient of transmissibility-the rate of flow of water in

C, = k (I + e)/a,-y., gallons per day through a vertical strip of the aquifer I ft
where: (0.3 m) wide. under a unit hydraulic gradient.
k = coefficient of permeability, LT-'. coefficient of uniformity, C. (D--the ratio D6o/D,O, where
e = void ratio. D, D6o is the particle diameter corresponding to 60 % finer on
a, = coefficient of compressibility, L2F-1, and the cumulative parucle-size distribution curve, and Do is
"Y, = unit weight of water, FL--. the particle diameter corresponding to 10 % finer on the

Discussion-In the literature published pnor to 1935. the coeffi- cumulative particle-size distribution curve.
cient of consolidation, usually designated c, was defined by the coefficient of viscosity (coefficient of absolute viscosity). n
equation: (FTL- 2)-the shearing force per unit area required to

c - k/a,•y (I + e) maintain a unit difference in velocity between two parallel

This original definition of the coefficient of 'onsolidauon may be layers of a fluid a unit distance apart.
found in some more recent papers and care should be taken to avoid coefficient of volume compressibility (modulus of volume
confusion. change), m,. (L2F')-the compression of a soil layer per

coefficient of earth pressure, K (D)-the principal stress ratio unit of original thickness due to a given unit increase in

at a point in a soil mass, pressure. It is numerically equal to the coefficient of

coefficient of earth pressure, active. K, (D)-the min- compressibility divided by one plus the original void ratio.

imum ratio of: (1) the minor principal stress, to (2) the or a,./(I + e).

major principal stress. This is applicable where the soil has cohesion-shear resistance at zero normal stress (an equiva-

yielded sufficiently to develop a lower limiting value of the lent term in rock mechanics is intrinsic shear strength).

minor principal stress. (ISRM)
coefficient of earth pressure, at rest. Ko (D)-the rato cohesion, c (FL- 2)-the portion of the shear strength of a soil

of: (1) the minor principal stress, to (2) the major principal indicated by the term c. in Coulomb's equation, s = c + p
stress. This is applicable where the sod mass is in its tan o. See intrinsic shear strength.
natural state without having been permitted to yield or apparent cohesion-cohesion in granular soils due to
without having been compressed. capillary forces.

coefficient of earth pressure, passive. Kp (D)-the max- cohesionless soii-a soil that when unconfined has little or
imum ratio of: (1) the major principal stress, to (2) the no strength when air-dried and that has little or no
minor principal stress. This is applicable where the soil has cohesion when submerged.
been compressed sufficiently to develop an upper limiting cohesive soil-a soil that when unconfined has considerable
value of the major principal stress. strength when air-dried and that has significant cohesion

coefficient of friction (coefficient of friction between solid when submerged.
bodies), f(D)-the ratio between the maximum value of collar-in grouting, the surface opening of a borehole.
shear stress that resists slippage between two solid bodies colloidal grout-in grouting, a grout in which the dispersed
with respect to each other, and the normal stress across the solid particles remain in suspension (colloids).
contact surfaces. The tangent of the angle of friction is Os. colloidal mixer-in grouting, a mixer designed to produce

coefficient of friction. f-a constant proportionality factor, colloidal grout.
Vt, relating normal stress and the corresponding critical colloidal particles-particles that are so small that the
shear stress at which sliding starts between two surfaces: surface activity has an appreciable influence on the prop-
T = p -,. (ISRM) erties of the aggregate.

coefficient of internal friction. pi (D)-the tangent of the communication-in grouting, subsurface movement of grout
angle of internal friction (angle of shear resistance) (see from an injection hole to another hole or opening.
internal friction). compaction-the densification of a soil by means of mechan-

coefficient of permeability (permeability), k (LT-'-the rate ical manipulation.
of discharge of water under laminar flow conditions compaction curve (Proctor curve) (moisture-density curve)--
through a unit cross-sectional area of a porous medium the curve showing the relationship between the dry unit
under a unit hydraulic gradient and standard temperature weight (density) and the water content of a soil for a given
conditions (usually 20"C). compacuve effort.

coefficient of Thear resistance-see coefficient of internal compaction test (moisture-density testO)-a laboratory com-
friction. gt (D). pacung procedure whereby a soil at a known water content

coefficient of subgrade reaction (modulus of subgrade reac- is placed in a specified manner into a mold of given
tional k. k, (FL-)--rauo of: (1) load per unit area of dimensions, subjected to a compactive effort of controlled
horizontal surface of a mass of soil. to (2) corresponding magnitude, and the resulting unit weight determined. The
settlement of the surface. It is determined as the slope of procedure is repeated for various water contents sufficient
"the secanL drawn between the point corresponding to zero to establish a relation between water content and unit
settlement and the point of 0.05-in. 1.3-mm) settlement, weight.
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compressibility-property of a soil or rock pertaining to its consolidation grouting-injection of a fluid grout, usually
susceptibility to decrease in volume when subjected to sand and Portland cement, into a compressible soil mass
load. in order to displace it and form a lenticular grout structure

compression curie-see pressure-void ratio curve, for support.
compression index. C, (D--the slope of the linear portion of Discussion-in rock. grouting is performed for the purpose o0

the pressure-void ratio curve on a semi-log plot. strengthening the rock mass by filling open fractures and thus
compression wave (irrotational--wave in which element of eliminating a source of'settlemeni.

medium changes volume without rotation. consolidation ratio. U, (D)-the ratio of: (1) the amount of
compressive strength (unconfined or uniaxial compressive consolidation at a given distance from a drainage surface

strength), p,. q,,, C,, (FL- 2)-the load per unit area at and at a given time, to (2) the total amount of consolida-
which an unconfined cylindrical specimen of soil or rock tion obtainable at that point under a given stress incre-
will fail in a simple compression test. Commonly the ment.
failure load is the maximum that the specimen can consolidation test-a test in which the specimen is laterally
withstand in the test. confined in a nng and is compressed between porous

compressive stress-normal stress tending to shorten the plates.
body in the direction in which it acts. (ISRM) consolidation-time curve (time curve) (consolidation curve)

concentration factor. n (D--a parameter used in modifying (theoretical time curve--a curve that shows the relation
the Boussinescl equations to describe various distributions between: (1) the degree of consolidation, and (2) the
of vertical stress. elapsed time after the application of a given increment of

conjugate joints (faults--two sets of joints (faults) that load.
formed under the same stress conditions (usually shear constitutive equation-l-orce deformation function for a par-
pairs). (ISRM) ticular material. (ISRM)

consistency-the relative ease with which a soil can be contact groutnt'-see backpack grouting.
deformed. contact pressure. p (FL- 2)-the unit of pressure that acts at

consistency-in grouting, the relative mobility or ability of the surface of contact between a structure and the under-
freshly mixed mortar or grout to flow: the usual measure- lying soil or rock mass.
ments are slump for stiff mixtures and flow for more fluid continuous mixer-a mixer into which the ingredients of the
grouts. mixture are fed without stopping, and from which the

consistency index-see relative consistency. mixed product is discharged in a continuous stream.
consolidated-drained test (slow test)--a soil test in which contraction--linear strain associated with a decrease in

essentially complete consolidation under the confining length. (ISRM)
pressure is followed by additional axial (or shearing) stress controlled blasting- includes all forms of blasting designed
applied in such a manner that even a fully saturated soil of to preserve the integrity of the remaining rocks, that is.
low permeability can adapt itself completely ýfully consol- smooth blasting or pre-splitting. (ISRM)
idate) to the changes in stress due to the additional axial controlled-strain test-a test in which the load is so applied
(or shearng) stress. that a controlled rate of strain results.

consolidated-undrained test (consolidated quick test--a soil controlled-stress test-a test in which the stress to which a
test in which essentially complete consolidation under the specimen is subjected is applied at a controlled rate.
vertical load (in a direct shear test) or under the confining convergence-generally refers to a shortening of the distance
pressure (in a triaxial test) is followed by a shear at between the floor and roof of an opening, for example. in
constant water content. the bedded sedimentary rocks of the coal measures where

consolidation-the gradual reduction in volume of a soil the roof sags and the floor heaves. Can also apply to the
mass resulting from an increase in compressive stress, convergence of the walls toward each other. (ISRM)

initial consolidation (initial compression)-a compara- core--a cylindrical sample of hardened grout. concrete, rock.
tively sudden reduction in volume of a soil mass under an or grouted deposits. usually obtained by means of a core
applied load due pnncipally to expulsion and compression drill.
of gas in the soil voids preceding primary consolidation.

core drilling diamond drilling-a rotary drilling technique.
primary consoidaution tprvmarl compression) (primars e using diamonds in the cutting bit. that cuts out cylindrical

time effeci I-ihe reduction in volume of a soil mass caused roksml.I SM
by the application of a sustained load to the mass and due rock samples. t ISRMe
principally to a squeezing out of water from the void core recovery-rauo of the length of core recovered to the
spaces ot the mass and accompanied by a transfer of the length of hole dnlled, usually expressed as a percentage
load from the soil water to the soil solids, cover-the perpendicular distance from any point in the root

secondarv (onsohdation (tecondar, compression) (see- of an underground opening to the ground surface. (ISRM)
indars time v'ect)-ihe reduction in volume of a soil cover-in kyroutine. the thickness of rock and soil material
mass caused by the application of a sustained load to the overlying the stage of the hole being grouted.
mass and due pnncipallv to the adjustment of the internal crack-a small fracture. that is. small with respect to the
structure of the soil mass after most of the load has been scale of the feature in which it occurs. ISRM)
transferred from the soil water to the soil solids. crater-excavation igeneraliv of conical shape) generated b%

consolidation curt-e-,ee consolidation time curve, an explosive charge. ISRM)
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creep-slow movement of rock debris or sodl usually imper- deformability-in grouting, a measure of the elasticity of the
ceptible except to observations of long duration. Time- grout to distort in the interstitial spaces as the sediments
dependent strain or deformation, for example, continuing move.
strain with sustained stress. deformation-change in shape or size.

critical circle (critical surface)-the sliding surface assumed deformation-a change in the shape or size of a solid body.
in a theoretical analysis of a soil mass for which the factor (ISRM)
of safety is a minimum, deformation resolution (deformation sensitivity), Rd (L)-

critical damping-the minimum viscous damping that will ratio of the smallest subdivision of the indicating scale of a
allow a displaced system to return to its initial position deformation-measuring device to the sensitivity of the
without oscillation, device.

critical density-the unit weight of a saturated granular degree-days-the difference between the average tempera-
material below which it will lose strength and above which ture each day and 32"F (O0C). In common usage degree-
it will gain strength when subjected to rapid deformation. days are positive for daily average temperatures above
The cntical density of a given material is dependent on 32"F and negative for those below 32T (see freezing
many factors. index).

critical frequency, fL-frequency at which maximum or degree of consolidation (percent consolidation), U (D)-the
minimum amplitudes of excited waves occur. ratio, expressed as a percentage, of: (I) the amount of

critical height, H, (L)-the maximum height at which a consolidation at a given time within a soil mass, to (2) the
vertical or sloped bank of soil or rock will stand unsup- total amount of consolidation obtainable under a given
ported under a given set of conditions. stress condition.

critical hydraulic gradient-see hydraulic gradient, degrees-of-freedom-the minimum number of independent
critical slope-the maximum angle with the horizontal at coordinates required in a mechanical system to define

which a sloped bank of soil or rock of given height will completely the positions of all parts of the system at any
stand unsupported, instant of time. In general. it is equal to the number of

critical surface-see critical circle, independent displacements that are possible.
critical void ratio-see void ratio. degree of saturation-see percent saturation.
crown-also roof or back. that is. the highest point of the degree of saturation-the extent or degree to which the voids

cross section. In tunnel linings, the term is used to in rock contain fluid (water, gas, or oil). Usually expressed
designate either the arched roof above spring lines or all of in percent related to total void or pore space. (ISRM)
the lining except the floor or invert. (ISRM) degree of sensitivity (sensitivity ratio)-see remolding index.

cryology-the study of the properties of snow, ice, and delay-time interval (fraction of a second) between detona-
frozen ground. tion of explosive charges. (ISRM)

cure-in grouting, the change in properties of a grout with density-the mass per unit, p (ML-V) kg/m3 .
time. density of dry soil or rock, Pd (ML-V) kg/m 3-the mass

cure time-in groutng, the interval between combining all of solid particles per the total volume of soil or rock.
grout ingredients or the formation of a gel and substantial density of saturated soil or rock, p,, (ML- 3) kg/m 3-the
development of its potential properties. total mass per total volume of completely saturated soil or

curtain grouting-[injection of grout into a sub-surface for- rock.
mation in such a way as to create a banrer of grouted density of soil or rock (bulk density), p (ML- 3 ) kg/
material transverse to the direction of the anticipated m3 -the total mass (solids plus water) per total volume.
water flow. density of solid particles. p, (ML- 3) kg/m'-the mass

cuttings-small-sized rock fragments produced by a rock per volume of solid particles.
drill. (ISRM) density of submerged soil or rock, psu (ML-) kg/

damping-reduction in the amplitude of vibration of a body m 3-the difference between the density of saturated soil or
or system due to dissipation of energy internally or by rock. and the density of water.
radiation. (ISRM) density of water. p,, (M- 3) kg/m 3-the mass per

damping ratio-for a svstem with viscous damping, the ratio volume of water.
of actual damping coefficient to the critical damping detonation-an extremely rapid and violent chemical reac-
coefficient. tion causing the production of a large volume of gas.

decay time-the interval of time required for a pulse to decay (ISRM)
from its maximum value to some specified fraction of that deviator stress, A. a (FL-)--the difference between the
value. (ISRM) major and minor pnncipal stresses in a tnarxial test.

decomposition-for peats and organic soils, see humification. deviator of stress (strain)-the stress (strain) tensor obtained
decoupling-the ratio of the radius of the blasthole to the by subtracting the mean of the normal stress (strain)

radius of the charge. In general, a reducing of the strain components of a stress (strain) tensor from each normal
wave amplitude by increasing the spacing between charge stress (strain) component. (ISRM)
and blasthole wall. (ISRM) differential settlement-settlement that vanes in rate or

deflocculating agent (deflocculant) (dispersing agent--an amount. or both. from place to place across a structure.
agent that prevents fine sod particles in suspension from dilatancy-propertv of volume increase under loading.
coalescing to form flocs. (ISRM)
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dilatancy-the expansion of cohesionless soils when subject Discussion-The most common dnll mud is a water-bentonite
to shearing deformation, mixture, however, many other matenais may be added or subsituted

direct shear test-a shear test in which soil or rock under an to increase density or decrease viscosity.
applied normal load is stressed to failure by moving one dry pack-a cement-sand mix with minimal water content
section of the sample or sample container (shear box) used to fill small openings or repair imperfections in
relative to the other section. concrete.

discharge velocity, v. q (LT-')-rate of discharge of water dr- unit weight (dri' densuv)-see unit weight.
through a porous medium per unit of total area perpendic- ductility--condition in which material can sustain perma-
ular to the direction of flow. nent deformation without losing its ability to resist load.

discontinuity surface-any surface across which some prop- (ISRM)
erty of a rock mass is discontinuous. This includes fracture dye tracer-in grouting, an additive whose primary purpose
surfaces, weakness planes, and bedding planes, but the is to change the color of the grout or water.
term should not be restricted only to mechanical conti- earth-see soil.
nuity. (ISRM)

dispersing agent-in grouting, an addition or admixture that earth pressure-the pressure or force exerted by soi on any
promotes dispersion of particulate grout ingredients by boundary.
reduction of interparticle attraction. Symbol Unit

dispersing agent-see deflocculating agent. Pressure P F-2
dispersion-the phenomenon of varying speed of transmis- Foe P For F-

sion of waves, depending on their frequency. (ISRM) active earth pressure. P,. p--the minimum value of
displacement-a change in position of a material point. earth pressure. This condition exists when a soil mass is

(ISRM) permitted to yield sufficiently to cause its internal shearing
displacement grouting--injection of grout into a formation resistance along a potential failure surface to be completely

in such a manner as to move the formation; it may be mobilized.
controlled or uncontrolled. See also penetration grouting. earth pressure at rest. P,. p,,-the value of the earth

distortion-a change in shape of a solid body. (ISRM) pressure when the soil mass is in its natural state without
divergence loss-that pan of transmitted energy lost due to having been permitted to yield or without having been

spreading of wave rays in accordance with the geometry of compressed.
the system. passite earth pressure. P,_ p,-the maximum value of

double amplitude-total or 'eak to peak excursion, earth pressure. This condition exists when a soil mass is
drag bit-a noncoring or full-hole boring bit, which scrapes compressed sufficiently to cause its internal shearing

its way through relatively soft strata. ISRM) resistance along a potential failure surface to be completely
drain-a means for intercepting, conveying, and removing mobilized.

water. effect diameter (effective size), DIo, D,. (L)-particle diam-
drainage curtain-in grouting, a row of open holes drilled eter corresponding to 10 % finer on the grain-size curve.

parallel to and downstream from the grout curtain of a effective drainage porosit•-see effective porosity.
dam for the purpose of reducing uplift pressures. effective force, r (F)-the force transmitted through a soil or

Discussion- Depth is ordinarily approximately one-third to one- rock mass by intergranular pressures.
half that of the grout cutain. effective porosity (effective drainage porosity), n, (D)M-the

drainage gallery-in grouting, an opening or passageway ratio of: (1) the volume of the voids of a soil or rock mass
from which grout holes or drainage curtain holes, or both. that can be drained by gravity, to (2) the total volume of
are drilled. See also grout gallery. the mass.

drawdown Li-vertical distance the free water elevation is effective pressure-see stress.
lowered or the pressure head is reduced due to the removal effective size-see effective diameter.
of free water, effective stress-see stress.

drill-a machine or piece of equipment designed to pene- effective unit lveight-see unit weight.
trate earth or rock formations, or both.

drillability-index %alue of the resistance of a rock to efflux time-time required for all grout to flow from a flow
drilling. (ISRM) cone.

drill carnage; jumbo-a movable platform, stage, or frame elasticity-property of material that returns to its original
that incorporates several rock drills and usually travels on form or condition after the applied force is removed.
the tunnel track: used for heavy dnlling work in large (ISRM)
tunnels. (ISRM) elastic limit-point on stress strain curve at which transition

drilling pattern-the number, position, depth, and angle of from elastic to inelastic behavior takes place. (ISRMI
the blastholes forming the complete round in the face of a elastic state of equilibrium-state of stress within a soil mass
tunnel or sinking pit. HSRM) when the internal resistance of the mass is not fully

drill mud-in 'roritin',, a dense fluid or slurry used in rotary mobilized.
drilling: to prevent caving of the bore hole walls, as a elastic strain energy-potential energy stored in a strained
circulation medium to carry cuttings away from the bit solid and equal to the work done in deforming the solid
and out of the hole. and to seal fractures or permeable from its unstrained state less any energy dissipated b%
formations, or both. preventing loss of circulation fluid. inelastic deformation. lSRM)
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electric log-a record or log of a borehole obtained by facing-the outer layer of revetment.
lowenng electrodes into the hole and measuring any of the failure (in rocks)-exceeding the maximum strength of the
various electrical properties of the rock formations or rock or exceeding the stress or strain requirement of a
materials traversed, specific design. (ISRM)

electrokinetics-involves the application of an electric field failure b 'Y rupture-see shear failure.
to sod for the purpose of dewatering materials of very low failure criterion-specification of the mechanical condition
permeability to enhance stability. The electric field pro- under which solid materials fail by fracturing or by
duces negative pore pressures near a grout pipe that deforming beyond some specified limit. This specification
facilitates grout injection. may be in terms of the stresses. strains, rate-of-change of

emulsifier-a substance that modifies the surface tension of stresses, rate-of-change of strains, or some combanauon of
colloidal droplets. keeping them from coalescing, and these quantities, in the materials.
keeping them suspended, failure criterion-theoretically or empirically derived stress

emulsion-a system containing dispersed colloidal droplets, or strain relationship characterizing the occurrence of
endothermic-pertaining to a reaction that occurs with the failure in the rock. (ISRM)

adsorption of heat. false set-in grouting, the rapid development of rigidity in a
envelope grouting-grouting of rock surrounding a hydraulic freshly mixed grout without the evolution of much heat.

pressure tunnel for purpose of consolidation, and prima-
rily, reduction of permeability. Discusson-Such ngidity can be dispelled and plastcity regained

epoxy-a multicomponent resin grout that usually provides by further mixing without the addition of water. premature stffening.hesitation set. early stiffening, and rubber set are other much usesivery high, tensile, compressive, and bond strengths. terms referring to the same phenomenon.
equipotential line-see piezometric line.
equivalent diameter (equivalent size), D (L)Q-the diameter of fatigue-the process of progressive localized permanent

a hypothetical sphere composed of material having the structural change occurri ing a material subjected to
same specific gravity as that of the actual soil particle and conditions that produce fluctuatng stresses and strains at
of such size that it will settle in a given liquid at the same some point or points and that may culminate in cracks or
terminal velocity as the actual soil particle, complete fracture after a sufficient number of fluctuations.

equivalent fluid-a hypothetical fluid having a unit weight i of strength by repetitive loading. (ISRM)
such that it will produce a pressure against a lateral fatigue limit-point on stress-strain curve below which no
support presumed to be equivalent to that produced by the fatigue can be obtained regardless of number of loading
actual soil. This simplified approach is valid only when cycles. (ISRM)
deformation conditions are such that the pressure in- fault-a fracture or fracture zone along which there has been
creases linearly with depth and the wall friction is ne- displacement of the two sides relative to one another
glected. parallel to the fracture (this displacement may be a few

excess hydrostatic pressure-see hydrostatic pressure. centimetres or many kilometres). (See also joint fault set
exchange capacity-the capacity to exchange ions as mea- and joint fault system. (ISRM)

sured by the quantity of exchangeable ions in a soil or fault breccia-the assemblage of broken rock fragments
rock. frequently found along faults. The fragments may vary in

excitation (stimulus--an external force (or other input) size from inches to feet. (ISRM)
applied to a system that causes the system to respond in fault gouge-a clay-like material occurring between the walls
some way. of a fault as a result of the movement along the fault

exotbermic-pertaining to a reaction that occurs with the surfaces. (ISRM)
evolution of heat. fiber-for peats and organic soils, a fragment or piece of

expansive cement-a cement that tends to increase in plant tissue that retains a recognizable cellular structure
volume after it is mixed with water. and is large enough to be retained after wet sieving on a

extender-an additive whose primary purpose is to increase 100-mesh sieve (openings 0.15 mm).
total grout volume. fibric peat-peat in which the original plant fibers are

extension-linear strain associated with an increase in slightly decomposed (greater than 67 % fibers).
length. (ISRM) fibrous peat-see fibric peat.

external force-a force that acts across external surface field moisture equivalent-see moisture equivalent.
elements of a material body. (ISRM) fill-man-made deposits of natural soils or rock products

extrados-the exterior curved surface of an arch. as opposed and waste materials.
to intrados. which is the interior curved surface of an arch. filling-generally, the material occupying the space between
(ISRM) joint surfaces, faults, and other rock discontinuities. The

fabric-for rock or soil, the spatial configuration of all filling material may be clay, gouge, various natural ce-
textural and structural features as manifested by every menung agents. or alteration products of the adjacent
recognizable material unit from crystal lattices to large rock. (ISRM)
scale features requiring field studies, filter bedding stone-4generally 6-in. minus material) stone

fabric-the onentation in space of the elements composing placed under graded nprap stone or armor stone in a layer
the rock substance. (ISRM) or combinauon of layers designed and installed in such a

face (headiag--the advanced end of a tunnel, drift, or manner as to prevent the loss of underlying soil or finer
excavation at which work is progressing. (ISRM) bedding materials due to moving water.
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filter (protective filter)--a layer or combination of layers of flow value, N, (degrees)-a quantity equal to tan 145 deg +
pervious materials designed and installed in such a (0/2)].
manner as to provide drainage, yet prevent the movement fluidifier-in groutin. an admixture employed in grout to
of soil particles due to flowing water, increase flowability without changing water content.

final set-in grouting. a degree of stiffening of a grout fly ash-the finely divided residue resulting from the com-
mixture greater than initial set. generally stated as an bustion of ground or powdered coal and which is trans-
empirical value indicating the time in hours and minutes ported from the firebox through the boiler by flue gases.
that is required for cement paste to stiffen sufficiently to fold-a bend in the strata or other planar structure within
resist the penetration of a weighted test needle. the rock mass. (ISRM)

fineness-a measure of particle-size, foliation-the somewhat laminated structure resulting from
fineness modulus-an empirical factor obtained by adding segregation of different minerals into layers parallel to the

the total percentages of an aggregate sample retained on schistosity. (ISRM)
each of a specified series of sieves, and dividing the sum by footing-portion of the foundation of a structure that
100: in the United States. the U.S. Standard sieve sizes are: transmits loads directly to the soil.
No. 100 (149 Vitm), No. 50 (297 gm), No. 30 (590 prm), No. footwall-the mass of rock beneath a discontinuity surface.
16 (1,190 pm), No. 8 (2,380 Vnm), and No. 4 (4,760 pm) (ISRM)
and 3/g in. (9.5 mm), 3/4 in. (19 mm), I1/- in. (38 mm). 3 in. forced vibration (forced oscillation)-vibration that occurs if
(76 mm). and 6 in. (150 mm).

fines-porion of a soil finer than a No. 200 (75-pm) U.S. the response is imposed by the excitation. If the excitation
standardsieve, oNis periodic and continuing, the oscillation is steady-state.standard sieve.

finite element-one of the regular geometrical shapes into forepoling-driving forepoles (pointed boards or steel rods)

which a figure is subdivided for the purpose of numerical ahead of the excavation, usually over the last set erected. to

stress analysis. (ISRM) furnish temporary overhead protection while installing the

fishing tool-in grouting, a device used to retrieve drilling next set. (ISRM)

equipment lost or dropped in the hole. foundation-lower part of a structure that transmits the load

fissure-a gapped fracture. (ISRM) to the soil or rock.

flash set-in grouting. the rapid development of rigidity in a foundation soil-upper part of the earth mass carrying the

freshly mixed grout. usually with the evolution of consid- load of the structure.

erable heat: this rigidity cannot be dispelled nor can the fracture-the general term for any mechanical discontinuity

plasticity be regained by further mixing without addition in the rock: it therefore is the collective term for joints.

of water: also referred to as quick set or grab set. faults, cracks. etc. (ISRM)

floc-loose. open-structured mass formed in a suspension by fracture-a break in the mechanical coatinuity of a body of

the aggregation of minute particles, rock caused by stress exceeding the strength of the rock.

flocculation- the process of forming flocs. Includes joints and faults.

flocculent structure-see soil structure. fracture frequency-the number of natural discontinuities in

floor-bottom of near honzontal surface of an excavation. a rock or soil mass per unit length. measured along a core

approximately parallel and opposite to the roof. (ISRM) or as exposed in a planar section such as the wall of a

flow channel-the portion of a flow net bounded by two tunnel.

adjacent flow lines, fracture pattern-spatial arrangement of a group of fracture

flow cone-in grouting, a device for measurement of grout surfaces. (ISRM)
consistency in which a predetermined volume of grout is fracturing-in grouting, intrusion of grout fingers. sheets.

permitted to escape through a precisely sized orifice, the and lenses along joints. planes of weakness. or between the

time of efflux (flow factor) being used as the indication of strata of a formation at sufficient pressure to cause the

consistency. strata to move away from the grout.

flow curve-the locus of points obtained from a standard fragmentation-the breaking of rock in such a way that the

liquid limit test and plotted on a graph representing water bulk of the material is of a convenient size for handling.

content as ordinate on an arithmetic scale and the number (ISRM)
of blows as abscissa on a logarithmic scale. free water (gravitational water) (ground water) (phreatic

flow failure-failure in which a soil mass moves over water)-water that is free to move through a soil or rock
relatively long distances in a fluid-like manner, mass under the influence of gravity.

flow index. F,,. I, (D)-the slope of the flow curve obtained free water elevation (water table) (ground water surface) (free
from a liquid limit test. expressed as the difference in water water surface) (ground water elevation --elevatuons at

contents at 10 blows and at 100 blows, which the pressure in the water is zero with respect to the
flow line-the path that a particle of water follows in its atmospheric pressure.

course of seepage under laminar flow conditions. freezing index. F (degree-days)-the number of degree-days
flow net-a graphical representation of flow lines and between the highest and lowest points on the cumulative

equipotential rpiezometnc) lines used in the study of degree-days-time curve for one freezing season. It is used
seepage phenomena. as a measure of the combined duration and magnitude of

flow slide-the failure of a sloped bank of soil in which the below-freezing temperature occumng during any given
movement of the soil mass does not take place alone a freezing season. The index determined for air tempera-
%vell-delined surtace ot sliding, tures at 4.5 ft 11.4 m) above the ground is commonly
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designated as the air freezing index, while that determined the land surface where it impedes the movement of ground
for temperatures immediately below a surface is known as water and consequently causes a pronounced difference in
the surface freezing index. the potentiometric level on opposite sides of the barrier.

free vibration-.ibration that occurs in the absence of forced ground-water basin-a ground-water system that has defined
vibration. boundaries and may include more than one aquifer of

frequencyf(T-')-number of cycles occurring in unit time. permeable materials, which are capable of furnishing a
frost action-freezing and thawing of moisture in materials significant water supply.

and the resultant effects on these materials and on Discussion-A basin is normally considered to include the surface
structures of which they are a part or with which they are area and the permeable matenals beneath it. The surface-water divide
in contact, need not coincide with ground-water divide.

frost boil--4a) softening of soil occurring during a thawing ground-water discharge-the water released from the zone of
period due to the liberation of water form ice lenses or saturation; also the volume of water released.
layers. ground-water divide-a ridge in the water table or other

(b) the hole formed in flexible pavements by the potentiometric surface from which ground water moves
extrusion of soft soil and melt waters under the action of away in both directions normal to the ndge line.
wheel loadsk ground-water elevation-see free water elevation.

(c) breaking of a highway or airfield pavement under ground-water flow-the movement of water in the zone of
traffic and the ejection of subgrade soil in a soft and soupy saturation.
condition caused by the melting of ice lenses formed by ground-water level-the level below which the rock and
frost aceton. subsoil, to unknown depths, are saturated. (ISRM)

frost heave-the raising of a surface due to the accumulation ground-water. perc.ed-see perched ground-water.
of ice in the underlying soil or rock. ground-water recharge-the process of water addition to thefundamental frequency-lowest frequency of periodic varia- saturated zone; also the volume of water added by this
tion. process.

gage length, L (L)--distance over which the deformation ground-water surface-see free water elevation.

measurement is made. grou ter surfac free w ateriatin.

gage protector-in grouting, a device used to transfer grout grout-in soil and rock grountng, a material injected into a

pressure to a gage without the grout coming in actual soil or rock formation to change the physical charactens-

pressurit te gage.ata tics of the formation.
gage sa hrthe gage. groutability-the ability of a formation to accept grout.

gel-in groutng, the condition where a liquid grout begins to groutability ratio of granular formations-the ratio of the
exhibit measuro , shear sendgtio hee a15 % size of the formation particles to be grouted to the
exhibit measurable shear strength. 85 % size of grout particles (suspension-type grout). Thisgel time-in grouting, the measured time interval between ratio should be greater than 24 if the grout is to success-

the mixing of a grout system and the formation of a gel. f ully penetrate the formation.

general shear failure-see shear failure. utable rock bolts-rock bolts with hollow cores or with

glacial till (till)-material deposited by glaciation, usually tube rock bolts-rock ol th holl s or with

copsdof a wide range of particle sizes. which has not tubes adapted to the peripher of the bolts and extendingcomposed o the rtng action of water. to the bottom of the bolts to facilitate filling the holesbeen subjected to the sorting action of water. urudn h ot ihgot
gradation (grain-size distribution) (texture)-the proportions surrounding the bolts with grout.

by mass of a soil or fragmented rock distributed in grouted-a ioregate concrete-concrete that is formed by

specified particle-size ranges. injecting grout into previously placed coarse aggregate. See

grain-size analysis (mechanical analysis) (particle-size ana- also preplaced aggregate concrete.

)sis)-the process of determining grain-size distrbution, grout cap--a "cap" that is formed by placing concrete along
the top of a grout curtain. A grout cap is often used in

gravel--rounded or sertrounded particles of rock that will weak foundation rock to secure grout nipples, control
pass a 3-in. (76.2-mm) and be retained on a No. S leakage, and to form an impermeable barrier at the top of
(4.75-pm) U.S. standard sieve. agotcran

gravitational water-see free water, a grout curtain.
gravity grouting-grouting under no applied pressure other grout gallery-an openng or passageway within a danthan the height of fluid in the hole. utilized for grouting or drainage operations, or both.

groin-bank or shore-protection structure in the form of a grout header-a pipe a.-omhly attached to a ground hole.

barrier placed oblique to the primary motion of water, and to which the ;rout Ineb are attached for injecting

designed to control movement of bed load. grout. Grout injector is monitored and controlled by

ground arch-the theoretical stable rock arch that develops means of valves and a pressure gate mounted on the
some h h thstancebbacklfromthe surface ar that devening an header-, sometimes called grout manifold.some distance back from the surface of the opening and grout mix-the proportions or amounts of the various
supportsethe opening. (ISRM) materials used in the grout. expressed by weight or

ground water-that par of the subsurfaceateter that is in the volume. (The words "by volume'" or "-by weight" should
saturated zone. be used to specify the mix.)

Discusuon.-Loosely. all subsurface waier as dmtnct from surface grout nipple-in grouting, a short length of pipe, installed at
water. the collar of the grout hole, through which dnriling is done

ground-water brrier-soil. rock. or artificial material which and to which the grout header is attached for the purpose
has a relatively low permeability and which occurs below of injecting grout.
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grout slope-the natural slope of grout injected into humus-a brown or black material formed by the partial
preplaced-aggregate or other porous mass. decomposition of vegetable or animal matter: the organic

grout system- formulation of different materials used to portion of soil.
form a grout. hydration-formation of a compound by the combining of

grout take-the measured quantity of grout injected into a water with some other substance.
unit volume of formation. or a unit length of grout hole. h'vdraulhc conductivitv-see coefficient of permeability.

hanging wall-the mass of rock above a discontinuity hydraulic fracturing-the fractunng of an underground

surface. (ISRM) strata by pumping water or grout under a pressure in

hardener-in grouting, in a two component epoxy or resin, excess of the tensile strength and confining pressure: also

the chemical component that causes the base component called hydrotractunng.

to cure. hydraulic gradient. is (D)-tne loss of hydraulic head per

hardness--resistance of a material to indentation or unit distance of flow, dh/dL.

scratching. (ISRM) critical hvdrauhc gradient. i, (D)-hydraulic gradient at
which the intergranular pressure in a mass of cohesionless

hardpan--a hard impervous layer, composed chiefly of clay. soil is reduced to zero by the upward flow of water.
cemented by relatively insoluble materials, that does not
become plastic when mixed with water and definitely hydrostatic head-the fluid pressure of formation water
limits the downward movement of water and roots. produced by the height of water above a given point.hydrottti thesre dowwar mov-em--a stat wate stres rnowithas.

head-pressure at a point in a liquid, expressed in terms of hydrostatic pressure. u,, (FL e)-a state of stress in which ar!

the vertical distance of the point below the surface of the the principal stresses are equal (and there is no shear

liquid. (ISRM) stress), as in a liquid at rest: the product of the unit weight
of the liquid and the different in elevation between the

heat of hydration-heat evolved by chemical reactions with given point and the free water elevation.
water, such as that evolved during the setting and hard- excess hydrostatic pressure (hydrostatic cxcesr pressure).
ening of Portland cement. ui. u (FL- 2)-the pressure that exists in pore water in

heave-upward movement of soil caused by expansion or excess of the hydrostatic pressure.
displacement resulting from phenomena such as: moisture hydrostatic pressure-a state of stress in which all the
absorption. removal of overburden, driving of piles, frost principal stresses are equal (and there is no shear stress).
action, and loading of an adjacent area. (ISRM)

height oftcapillarv rise-see capillary rise. hygroscopic capacity (hygroscopic coefficient). w,. (D)-ratio
hemic peat-peat in which the original plant fibers are of: (1) the weight of water absorbed by a dry soil or rock in

moderately decomposed (between 33 and 67 % fibers). a saturated atmosphere at a given temperature. to (2) the
heterogeneity- having different properties at different weight of the oven-dried soil or rock.

points. (ISRM) hygroscopic water content. iv,, (D)-the water content of an
homogeneity- having different properties at different points, air-dried soil or rock.

(ISRM) hysteresis- incomplete recovery of strain during unloading

homogeneity-having the same properties at all points, cycle due to energy consumption. OISRM)

(ISRM) impedance. acoustic-the product of the density and sonic

homogeneous mass-a mass that exhibits essentially the velocity of a material. The extent of wave energy transmis-

same physical properties at every point throughout the sion and reflection at the boundary of two media is

mass. determined by their acoustic impedances. (ISRM)

honevcomb structure-see soil structure, inelastic deformation-the portion of deformation under

horizon (soil horizon-one of the layers of the soil profile. stress that is not annulled by removal of stress. (ISRM)

distinguished principally by its texture, color, structure, inert-not participating in any fashion in chemical reactions.

and chemical content. influence value. I (D)-the value of the portion of a

"A " horizon-the uppermost layer of a soil profile from mathematical expression that contains combinations of

which inorganic colloids and other soluble materials have the independent variables arranged in dimensionless form.

been leached. Usually contains remnants of organic life. inhibitor-a material that stops or slows a chemical reaction

"-B- horizon-the layer of a soil profile in which from occurring.

material leached from the overlying "A" horizon is initial consolidation (initialcompressionl)-sce consolidation.

accumulated. initial set-a degree of stiffening of a grout mixture generally

"C" horizon-undisturbed parent material from which stated as an empirical value indicating the time in hours

the overlying soil profile has been developed, and minutes that is required for a mixture to stiffen

humic peat-see sapric peat. sufficiently to resist the penetration of a weighted test

humification-a process by which organic matter decom- needle.

poses.injectahilitt'-see groutability
poses. inorganic silt-see sill.

Discussion-The degree of humificauon for peats is indicated by in situ-applied to a rock or soil %&hen occurring in the
the state of the libers In slightlv decomposed matenal. most oi the situation in which it is naturally formed or deposited.
volume consists of fibers In moderately decomposed matenal. the tr
fibers may be pre•e•ed but may break down with disturbance, such intergranular pressure-%ee stress.
as rubbing between the fingers. In highlv decomposed materials. intermediate piincipal plane-see principal plane.
fibers %ill be vinuallN abscnt: see von Post hurisicatoa ,cahe, intermediate principai tiress-ee stress.
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internal friction (shear resistance), (FL-2)-the portion of jumbo-a specially built mobde carrier used to provide a

the shearing strength of a soil or rock indicated by the work platform for one or more tunneling operations, such
terms p tan o in Coulomb's equation s = c + p tan o. It is as drilling and loading blast holes, setting tunnel supports.
usually considered to be due to the interlocking of the soil installing rock bolts. grouting, etc.
or rock grains and the resistance to sliding between the kaolin-a var ty of clay containing a high percentag! o,^
grains. kaolinite.

interstitial-occurring between the grains or in the pores in kaolinite-a common clay mineral having the general for-
rock or soil. mula AIM(SiN0A) (OH,); the pnmary constituent of kaolin.

intrinsic shear strength, S. (FL- 2)-the shear strength of a karst-a geologic setting where cavities are developed in
rock indicated by Coulomb's equation when p tan o (shear massive limestone beds by solution of flowing water. Caves
resistance or internal friction) vanishes. Corresponds to and even underground river channels are produced into
cohesion. c, in soil mechanics, which surface runoff drains and often results in the land

invert-on the cross section, the lowest point of the under- above being dry and relatively barren. (ISRM)
ground excavation or the lowest section of the fining, kelly-a heavy-wall tube or pipe, usually square or hexag-
(ISRM) onal in cross section, which works inside the matching

isochrome-a curve showing the distribution of the excess center hole in the rotary table of a drill rig to impart rotary
hydrostatic pressure at a given time during a process of motion to the drill string.
consolidation. lagging, n-in mining or tunneling, short lengths of timber.

isotropic mass-a mass having the same propertn (or prop- sheet steel, or concrete slabs used to secure the roof and

erties) in all directions, sides of an opening behind the main timber or steel

isotropic material-a material whose properties do not vary supports. The process of installation is also called lagging
with direction. or lacing.

isctropy-having the same properties in all directions. laminar flow (streamline flow) (viscoti flow)-flow in which

(ISRM) the head loss is proportional te the first power of the

jackhammer-an air driven percussion drill that imparts a velocity.

rotary hammering motion to the bit and has a passageway landslide-the p-rceptible downward sliding or movement

to the bit for the injection of compressed air for cleaning of a mass of earth or rock. or a mixture of both. (ISRM)

the hole of cuttings,. landslide (slide)-the failure of a sloped bank of soil or rock
Stin which the movement of the mass takes place along a
Dipcumsswn-these two charaissim stics distingi.s at r the surface of sliding.

pavement breaker which is similar in size and generai aperance. leaching-the removal in solution of the more soluble

jack-leg-a portable percussion drill of the jack-hammer materials by percolating or moving waters. (ISPRM)
type, used in underground wc k; has a single pneumati- leaching-the removal of soluble soil material and colloids
caily adjustable leg for support. by percolating water.

jet grouting-technique utilizing a special drill bit with lime-specifically, calcium oxide (CaO21 ; also loosely, a
horizontal and v.:rtical high speed water jets to excavate general term for the various chemical and physical forms
alluvial soils and produce hard impervious columns by of quicklime, hydrated lime. and hydraulic hydrated lime.
pumping grout through the horizontal nozzles that jets ledge-see bedrock.
and mixes with foundation material as the drill bit is linear (normal) strain-the change in length per unit of
withdrawn. length in a given direcuon. (ISRM)

jetty-an elongated artificial obstruction projecting into a line of creep (path of percolation)--the path that water
body of water form a bank or shore to control shoaling and follows along the surface of contact between the founda-
scour by deflection of the force of water currents and tion soil and the base of a dam or other structure.
waves, lHne of seepage (seepage line) (phreatic line)-the upper free

joint-a break of geologicai origin in the continuity of a body water surface of the zone of seepage.
of rock occurring either singly, or more frequently in a set linear expansion. L, (D)-the increase in one dimension of a
or system, but not attended by a visible movement parallel soil mass, expressed as a percentage of that dimension at
to the surface of discontinuity. (ISRM) the shrinkage limit, when the water content is increased

joint diagram- a diagram constructed by accurately plotting from the shrinkage limit to any given water content.
the strike and dip of joints to illustrate tue geometrical linr shrinkage, L, (D--derLase in one dimension of a soil
relationship of the joints within a specified area of geologic mass, expressed as a percentage c" the original dimension.
investigation. (ISRM) when the water content is reduced from a given value to

joint pattern-a group of joints that form a characteristic the shrinkage limit.
geometrical elationship, and which can vary considerably linet-,ion- the para"lll onentauon of structurd features that
from on- location to another within the same geologic are lines rather than planes: some examples are parallel
formation. (ISRM) orientation of the long dimensions of minerals: long axes

joint (fault) iet-a group of more or less parallel joints, of pebbles: smact on slickensides: and cleavage-bedding
(ISRM) plane intersections. (ISRM)

joint (fault) system-a system consisting of two or more liquefaction-the process of transforming any sod from a
joint sets or any group of joints with a charactenrstc solid state to a h.wd state. usualt v as a result of increased
pattern, that s r-jiating, concentric. etc. (ISRM) pore pressure and reduced shearing resistance.
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liquefaction potential-the capability of a soil to liquefy or lugeon-a measure of permeability defined by a pump-in test
develop cyclic mobility, or pressure test. where one Lugeon unit is a water take of I

liquefaction (spontaneous liquefaction)-the sudden large L/min per metre of hole at a pressure of 10 bars.
decrease of the sheanng resistance of a cohesionless soil. It major principal plane-see principal plane.
is caused by a collapse of the structure by shock or other major principal stress-see stress.
type of strain and is associated with a sudden but manifold-see grout header.
temporary increase of the prefluid pressure. It involves a marl-calcareous clay. usually containing from 35 to 65 %
temporary transformation of the matenal into a fluid calcium carbonate tCaCOO.
mass. marsh-a wetland characterized by grassy surface mats

liquid, limit. LL. L_. WL (D)--(a) the water content corre- which are frequently interspersed with open water or by a
sponding to the arbitrary limit between the liquid and closed canopy of grasses. sedges. or other herbactous
plastic states of consistency of a soil. plants.

(b) the water content at which a pat of soil. cut by a mass unit weight-see unit weight.

groove of standard dimensions, will flow together for a mathematical model-the representation of a physical
distance of /1 in. (12.7 mm) under the impact of 25 blows system by mathematical expressions from which the
in a standard liquid limit apparatus. behavior of the system can be deduced with known

liquidity index (water-plasticity ratio) (relative water con- accuracy. (ISRM)

tent), B. R,_ 'L (D)-the ratio, expressed as a percentage, matrix-in grouting. a matenal in which particles are em-

of: (1) the natural water content of a soil minus its plastic bedded. that is. the cement paste in which the fine

limit, to (2) its plasticity index, aggregate particles of a grout are embedded.

liquid-volume measurement-in grouting, measurement of maximum amplitude IL. LT-'. LT- 2 )--deviation from mean

grout on the basis of the total volume of solid and liquid or zero point.

constituents. maximum densuy (maximum unit weight)-see unit weight.

lithology-the descnption of rocks. especially sedimentary mesic peat--see heroic peat.

clastics and especially in hand specimens and in outcrops, me. in peat-s a meath

on the basis of such characteristics as color, structures. metering pump-a mechanical arrangement that permits
mineralogy, and partcle size. pumping of the various components of a grout system in

any desired proportions or in fixed proportions. (Syn.
loam-a mixture of sand, silt. or clay, or a combination of proportioning pump. variable proportion pump.)

any of these. with organic matter (see humus). microseism-seismic pulses of short

Discussion-lit is sometimes called topsoil in contrast to the tude. often occurring previous to failure of a matenal or
subsoils that contain little or no organic matter. structure. (ISRM)

local shear failure-see shear failure, minor principal plane-see principal plane.

Ioess-a uniform aeolian deposit of silty material having an minor principal stress-see stress.

open structure and relatively high cohesion due to cemen- mixed-in-place pile-a soil-cement pile. formed in place by

tation of clay or calcareous material at grain contacts. forcing a grout mixture through a hollow shaft into the
ground where it is mixed with the in-place soil with an

DItSCUhSon-A charactenstic of loess deposits is that they can stand auger-like head attached to the hollow shaft.
with newly verucal slopes. mixer-a machine employed for blending the constituents of

logarithmic decrement-the natural logarithm of the ratio of grout. mortar, or other mixtures.
any two successive amplitudes of like sign, in the decay of mixing cycle-the time taken for the loading, mixing, and
a single-frequency oscillation. unloading cycle.

longitudinal rod wave-see compression wave. mixing speed-the rotation rate of a mixer drum or of the

longitudinal wave, v% (LT-')-wave in which direction of paddles in an open-top, pan. or trough mixer, when

displacement at each point of medium is normal to wave mixing a batch: expressed in revolutions per minute.

front, with propagation velocity, calculated as follows: modifier-in grouting, an additive used to change the normal
chemical reaction or final physical properties of a grout

It= '(Etpi)[(I - v)/(I + v)(l - 2u') ]= ,gtX + systemsystem.
where: modulus of deformation-see modulus of elasticity.
E = Young's modulus, modulus of elasticity (modulus of deformation), E. .11

= mass density, (FL- 2)-the ratio of stress tostrain for a material under
A and ps = Lame's constants. and given loading conditions: numencally equal to the slope of
v = Poisson's ratio. the tangent or the secant of a stress-strain curve. The use of

long wave (quer wave), IV (LT-')-dispersive surface wave the term modulus of elasticity is recommended for mate-
with one honzontal component, generally normal to the rials that deform in accordance with Hooke's law: the term
direction of propagation. which decreases in propagation modulus of deformation for materials that deform other-
velocitv with increase in frequency, wise.

lubricity-in grouting, the physico-chemical charactenstic of modulus of subgrade reacton-see coefficient of subgrade
a grout matenal flow through a soil or rock that is the reaction.
inverse of the inherent friction of that matenal to the soil modulus of volume change-see coefficient of volume com-
or rock: comparable to "wetness." pressibility.
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Mohr circle-a graphical representation of the stresses acting natural frequency (displacement resonance), I,-frequenc%
on the various planes at a given point. for which phase angle is 90" between the direction of the

Mohr circle of stress (strain)-a graphical representation of excited force for torque) vector and the direction of the
the components of stress (strain) acting across the various excited excursion vector.
planes at a given point, drawn with reference to axes of nest cement grout-a mixture of hydraulic cement and water
normal stress (strain) and shear stress (strain). (ISRM) without any added aggregate or filler materials.

Mohr envelope-the envelope of a sequence of Mohr circles Discussion-This may or may not contain admixture.
representing stress conditions at failure for a given mate- neutral stress-see stress.
rial. (ISRM) newtonian fluid-a true fluid that tends to exhibit constant

Mohr envelope (rupture envelope) (rupture line)-the enve- viscosity at all rates of shear.
lope of a series of Mohr circles representing stress condi- node-point, line, or surface of standing wave system at
tions at failure for a given material. which the amplitude is zero.

Discussion-According to Mohr's rupture hypothesis, a rupture normal force-a force directed normal to the surface element
envelope is the locus of points the coordinates of which represent the across which it acts. (ISRM)
combinations of normal and sheanng stress that will cause a given normal stress-see stress.
material to fail. normally consolidated soil deposit-a soil deposit that has

moisture content (water content), w (D)-the ratio, expressed never been subjected to an effective pressure greater than
as a percentage, of: (1) the weight of water in a given soil the existing overburden pressure.
mass. to (2) the weight of solid particles, no-slump grout-grout with a slump of I in. (25 mmi or less

moisture content-the percentage by weight of water con- according to the standard slump test (Test Method
tamed in the pore space of a rock or soil with respect to the C 143).2 See also slump and slump test.
weight of the solid material. (ISRM) open cut-an excavation through rock or soil made through

moisture-densituv curve-see compaction curve. a hill or other topographic feature to facilitate the passage
moisture-densittv test-see compaction test. of a highway. railroad, or waterway along an alignment
moisture equivalent: that varies in topographic relief. An open cut can be

centrifuge moisture equivalent. IW, CME (D)-the comprised of single slopes or multiple slopes, or multiple
water content of a soil after it has been saturated with slopes and horizontal benches. or both. (ISRM)
water and then subjected for I h to a force equal to 1000 optimum moisture content (optimum water content), OWC.
times that of gravity, w. (D)-the water content at which a soil can be com-

field moisture equivalent. FME-the minimum water pacted to a maximurr, dry unit weight by a given
content expressed as a percentage of the weight of the compactive effort.
oven-dried soil. at which a drop of water placed on a organic clay-a clay with a high organic content.
smoothed surface of the soil will not immediately be organic silt-a silt with a high organic content.
absorbed by the soil but will spread out over the surface organic soil-soil with a high organic content.
and give it a shiny appearance. Discussion-in general. organic soils are very compressible and

montmorillonite-a group of clay minerals characterized by a have poor load-sustamning properties.
weakly bonded sheet-like internal molecular structure: organic terrain-see peatland.
consisting of extremely finely divided hydrous aluminum oscillation-the variation, usually with time. of the magni-
or magnesium silicates that swell on wetting, shrink on tude of a quantity with respect to a specified reference
drying, and are subject to ion exchange. when the magnitude is alternately greater and smaller than

muck-stone, dirt. debris, or useless material. or an organic the reference.
soil of very soft consistency. outcrop-the exposure of the bedrock at the surface of the

mud-a mixture of soil and water in a fluid or weakly solid ground. (ISRM)
state. overbreak-the quantity of rock that is excavated or breaks

mudjacking-see slab jacking. out beyond the penmeter specified as the finished exca-
multibench blasting-the blasting of several benches isteps) vated tunnel outline. (SRM)

in quarries and open pits. either simultaneously or with overburden-the loose soil, sand, silt. or clay that overlies
small delays. (ISRM) bedrock. In some usages it refers to all material overlying

multiple-row blasting-the drilling, charging, and firing of the point of interest (tunnel crown), that is. the total cover
several rows of vertical holes along a quarry or opencast of soil and rock overlyng an underground excavation.
face. ISRM) (ISRM)

overburden load-the load on a horizontal surface under-muskegl-level. practically treeless areas supporting dense ground due to the column of matenal located verticallygrowth consisting primarily of grasses. The surface of the above it. (ISRM)
soil is covered with a layer of partially decayed grass and overconsolidated soil deposit-a soil deposit that has been
grass roots which is usually wet and soft when not frozen. subjected to an effective pressure greater than the present

mylonite-a microscopic breccia with flow structure formed overburden pressure.
in fault zones. (ISRM)

natural frequency-the frequency at which a body or system
ibrates when unconstrained by external forces. I ISRM) Innuu Book of 4SThf Stanaoras. vol 0402
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overconsolidation ratio. OCR-the ratio of preconsolidation penetration resistance curve (Proctor penetration curve)-the
vertical stress to the current effective overburden stress. curve showing the relationship between: (1) the penetra-

packer-in grouting, a device inserted into a hole in which tion resistance. and (2) the water content.
grout or water is to be injected which acts to prevent return percent compaction-the ratio, expressed as a percentage, of:
of the grout or water around the injection pipe; usually an (1) dry unit weight of a sod, to U2) maximum unit weight
expandable device actuated mechanically, hydraulically, obtained in a laboratory compaction test.
or pneumatically. percent consolidation-see degree of consolidation.

paddle mixer-a mixer consisting essentially of a trough percent frees-amount, expressed as a percentage by weight.
within which mixing paddles revolve about the horizontal of a material in aggregate finer than a given sieve, usually
axis, or a pan within which mixing blades revolve about the No. 200 (74 gim) sieve.
the vertical axis. percent saturation (degree of saturation), SS, (D)-the ratio.

pan mixer-a mixer comprised of a horizontal pan or drum expressed as a percentage, of: (1) the volume of water in a
in which mixing is accomplished by means of the rotating given soil or rock mass, to (2) the total volume of
pan of fixed or rotating paddles, or both: rotation is about intergranuilar space (voids).
a vertical axis. perched ground water-confined ground water separated

parent material-material from which a soil has been from an underlying body of ground water by an unsatur-
derived, ated zone.

particle-size analysis-see grain-size analysis. perched water table-a water table usually of limited area
particle-size distribution-see gradation, grain-size distribu- maintained above the normal free water elevation by the

tion. presence of an intervening relatively impervious confining

particulate grout-any grouting material characterized by stratum.
undissolved (insoluble) particles in the mix. See also perched water table-groundwater separated from an under-

chemical grout. lying body of groundwater by unsaturated soil or rock.

passive earth pressure-see earth pressure. Usually located at a higher elevation than the groundwater

passive state of plastic equilibrium-see plastic equilibrium, table. (ISRM)
path percolation (line of creep)-the path that water follows percolation-the movement of gravitational water through

along the surface of contact between the foundation soil or soil (see seepage).
rock and the base of a dam or other structure. percolation-movement. under hydrostatic pressure of water

pavement pumping-ejection of soil and water mixtures through the smaller interstices of rock or soil, excluding

from joints, cracks, and edges of rigid pavements, under movement through large openings such as caves and

the action of traffic. solution channels. (ISRM)

peak shear strength-maximum shear strength along a percussion drilling-a drilling technique that uses solid or

failure surface. (ISRM) hollow rods for cutting and crushing the rock by repeated

peat-a naturally occurring highly organic substance derived blows (ISRM)

primarily from plant materials. percussion drilling-a drilling process in which a hole is

Discussion-Peat is distinguished from other organic sil materals advanced by using a series of impacts to the drill steel and

by its lower ash content (less than 25 % ash by dry weight) and from attached bit, the bit is normally rotated during drilling. See
other phytogenic material of higher rank (that is. nigute coal) by its rotary drilling.
lower calonfic value on a water saturated basis, period-time interval occupied by one cycle.

peatland-areas having peat-forming vegetation on which permafrost-perennially frozen soil.

peak has accumulated or is accumulating. permanent strain-the strain remaining in a solid with

penetrability-a grout property descriptive of its ability to fill respect to its initial condition after the application and

a porous mass primarily a function of lubricity and removal of stress greater than the yield stress (commonly

viscosity, also called "residual" strain). (ISRM)

penetration-depth of hole cut in rock by a drill bit. (ISRM) permeability-see coefficient of permeability.

penetration grouting- filling joints or fractures in rock or permeability-the capacity of a rock to conduct liqud or

pore spaces in soil with a grout without disturbing the gas. It is measured as the proportionality constant. k,

formation- this grouting method does not modify the solid between flow velocity, v, and hydraulic gradient,. 1 v

formation structure. See also displacement grouting. k.i. (ISRM)

penetration resistance (standard penetration resistance) permeation grouting-filling joints or fractures in rock or

(Proctor penetration resistance), Pi. N (FL- or Blows pore spaces in sod with a grout, without disturbing the

L-')--4a) number of blows of a hammer of specified formation.
weight falling a given distance required to produce a given pHL pH (D)-an index of the acidity or alkalinity of a sod in

penetration into soil of a pile, casing. or sampling tube. terms of the logarithm of the reciprocal of the hydrogen

(b) unit load required to maintain constant rate of ion concentration.
penetration into soil of a probe or instrument, phase difference-difference between phase angles of two

(c) unit load required to produce a specified penetration waves of same frequency.
into soil at a specified rate of a probe or instrument. For a phase of periodic quantity-fractional part of period through
Proctor needle, the specified penetration is 21/2 in. (63.5 which independent variable has advanced, measured from
mini and the rate is 'I1 in. (12.7 mm)/s. an arbitrary origin.

16



RTH 101-89

4M D 653

phreatic line-the trace of the phreatic surface in any plastic limit. wt, PL. P. (D)---(a) the water content corre-
selected plane of reference. sponding to an arbitrary limit between the plastic and the

phreautc line-see line of seepage. semisolid states of consistency of a soil. (b) water content
phreatc surface-sse free water elevation, at which a soil will just begin to crumble when rolled into
phreatic water-see free water. a thread approximately 'IA in. (3.2 mm) in diameter.
piezometer-an instrument for measuring pressure head. plastic soil-a sod that exhibits plasticity.
piezometric line (equipotential line)-line along which water plastic state (plastic range)-the range of consistency within

will nse to the same elevation in piezometric tubes. which a soil or rock exhibits plastic properties.
piezometric surface-the surface at which water will stand in Poisson's ratio. (0)-ratio between linear strain changes

a series of piezometers. perpendicular to and in the direction of a given uniaxial
piezometric surface-an imaginary surface that everywhere stress change.

coincides with the static level of the water in the aquifer, pore pressure (pore water pressure --see neutral stress under
(ISRM) stress.

pile-relatively slender structural element which is driven, or pore water-water contained in the voids of the soil or rock.
otherwise introduced, into the soil, usually for the purpose porosity, n (D)-the ratio. usually expressed as a percentage.
of providing vertical or lateral support. of: (1) the volume of voids of a given soil or rock mass, to

pillar-in-situ rock between two or more underground (2) the total volume of the soil or rock mass.
openings: crown pillars; barrier pillars: rib pillars; sill porosty-the rato of the aggregate volume of voids or
pillars: chain pillars; etc. (ISRM) interstices in a rock or soil to its total volume. (ISRM)

pilot drift (pioneer tunnel)-a drift or tunnel first excavated portal-the surface entrance to a tunnel. (ISRM)
as a smaller section than the dimensions of the main positive displacement pump-a pump that will continue to
tunnel. A pilot drift or tunnel is usually used to investigate build pressure until the power source is stalled if the pump
rock conditions in advance of the main tunnel, to permit outlet is blocked.
installation of bracing before the principal mass of rock is potential drop, Ah (L)-the difference in total head between
removed, or to serve as a drainage tunnel. (ISRM) two equipotential lines.

piping-the progressive removal of soil particles from a mas power spectral density-the limiting mean-square value (for
by percolating water, leading to the development of example, of acceleration, velocity, displacement, stress, or
Schannels. other random variable) per unit bandwidth, that is thechanels.limit of the mean-square value in a given rectangular

pit-an excavation in the surface of the earth from which ore bandwidth divided by the bandwidth, as the bandwidth
is obtained as in large open pit mining or as an excavation approaches zero.
made for test purposes, that is, a testpit. (ISRM) ppro aces o.

plane of weakness-surface or narrow zone with a (shear or pozzolan-a siliceous or siliceous and aluminous material,
p lane) ofteangths--surthane tht n of zone surroding matea -o which in itself possesses little or no cementitious value buttensile) strength lower than that of the surrounding mate- will, in finely divided form and in the presence of
rial. (ISRM) moisture, chemically react with calcium hydroxide at

plane stress (strain)-a state of stress (strain) in a solid body ordinary temperatures to form compounds possessing
in which all stress (strain) components normal to a ceiain cementitious properties.
plane are zero. (ISRM) preconsolidation pressure (prestress)h p, Pe (FL- 2)-the greatest

plane wave-wave in which fronts are parallel to plane effective pressure to which a soil has been subjected.
normal to direction of propagation. preplaced aggregate concrete-concrete produced by placing

plastic delormation-see plastic flow. coarse aggregate in a form and later injecting a portland
plastic equilibrium-state of stress within a soil or rock mass cement-sand or resin grout to fill the interstices.

or a portion thereof, which has been deformed to such an pressure, p (FL--)-the load divided by the area over which
extent that its ultimate shearing resistance is mobilized, it acts.

active state of plastic equilibrium-plastic equilibrium pressure bulb-the zone in a loaded soil or rock mass
obtained by an expansion of a mass. bounded by an arbitrarily selected isobar of stress.

passtve state ofplastic equdibrium-plastic equilibrium pressure testing-a method of permeability testing with
obtained by a compression of a mass. water or grout pumped downhole under pressure.

plastic flow (plastic deformation)-the deformation of a pressure-void ratio curve (compression curve)-a curve rep-
plastic material beyond the point of recovery, accompa- resenting the relationship between effective pressure and
nied by continuing deformation with no further increase void ratio of a soil as obtained from a consolidation test.
in stress. The curve has a characteristic shape when plotted on

plasticity-the property of a soil or rock which allows it to be semilog paper with pressure on the log scale. The various
deformed beyond the point of recovery without cracking parts of the curve and extensions to the parts of the curve
or appreciable volume change. and extensions to the parts have been designated as

plasticity-property of a material to continue to deform recompression. compression, virgin compression. expan-
indefinitely while sustaining a constant stress. (ISRM) sion. rebound. and other descriptive names by various

plasticity, index. 4. PI, 1, (D)-numerical difference be- authorities.
tween the liquid limit and the plastic limit, pressure washing-the cleaning of soil or rock surfaces

plasticizer-in grouting, a material that increases the plas- accomplished by injecuon of water, air. or other liquids.
ticity of a grout. cement paste, or mortar, under pressure.
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primarn, consolidation (primary compression) (primary time Quer-wave (love wave), W--dispersive surface wave with one
effect)-see consolidation. horizontal component. generally normal to the directon

primary hole-in grouting, the first series of holes to be of propagation, which decreases in propagation velocity
drilled and grouted. usually at the maximum allowable with increase in frequency.
spacing, quick condition (quicksand)--condition in which water is

primary lining-the lining first placed inside a tunnel or flowing upwards with sufficient velocity to reduce sigmfi-
shaft. usually used to support the excavation. The primary cantly the bearing capacity of the soil through a decrease in
lining may be of wood or steel sets with steel or wood intergranular pressure.
lagging or rock bolts and shot-crete. (ISRM) quick test-see unconsolidated undrained test.

primary permeability-internal permeability of intack rock: radius of influence of a well-distance from the center of the

intergranular permeability (not permeability due to frac- well to the closest point at which the piezometnc surface is

turing). not lowered when pumping has produced the maximum

primary porosity-the porosity that developed during the steady rate of flow.

final stages of sedimentation or that was present within raise-upwardly constructed shaft; that is, an opening, like a

sedimentary particles at the time of deposition. shaft, made in the roof of one level to reach a level above.

primary state of stress-the stress in a geological formation (ISRM)

before it is disturbed by man-made works. (ISRM) range (of a deformation-measuring instrument --the amount

principal plane-each of three mutually perpendicular between the maximum and minimum quantity an instru-

planes through a point in a soil mass on which the shearing ment can measure without resetting. In some instances

stress Is zero. provision can be made for incremental extension of the

intermediate principal plane-the plane normal to the range.

direction of the intermediate principal stress. Rayleigh wave, vR (LT-')--dispersive surface wave in which

major principal plane-the plane normal to the direc- element has retrograding elliptic orbit with one major

tion of the major principal stress. vertical and one minor horizontal component both in

minor principal plane-the plane normal to the direc- plane of propagation velocity:

tion of the minor principal stress. vf = av with 0.910 < a < 0.995 for 0.25 < v < 0.5
principal stress-see stress. reactant-in grouting, a material that reacts chemically with
principal stress (strain)-the stress (strain) normal to one of the base component of grout system.

three mutually perpendicular planes on which the shear reactive aggregate-an aggregate containing siliceous mate-
stresses (strains) at a point in a body are zero. (ISRM) rial (usually in amorphous or crypto-crystalline state)

Proctor compaction curve-see compaction curve, which can react chemically with free alkali in the cement.

Proctor penetration curve-see penetration resistance curve. Discussion-The reaction can result in expansion of the

Proctor penetration resistance-see penetration resistance. hardened material, frequently to a damaging extent.

profile-see soil profile, reflected (or refracted) wave-components of wave incident

progressive failure-failure in which the ultimate shearing upon second medium and reflected into first medium (or

resistance is progressively mobilized along the failure refracted) into second medium.

surface. reflection and refraction loss-that part of transmitted en-

progressive failure- formation and development of localized ergy lost due to nonuniformity of mediums.

fractures which, after additional stress increase, eventually reftusL-in grouting, when the rate of grout take is low, or

form a continuous rupture surface and thus lead to failure zero, at a given pressure.

after steady deterioration of the rock. (ISRM) relative consistency, 1, C, (D--ratio of: (I) the liqud limit

minus the natural water content. to (2) the plasticity index.
proportioning pump-see metering pump. relative density, Dd, ID (D)--the ratio of (I) the difference
proprietary-tmade and marketed by one having the exclu- between the void ratio of a cohesionless sod in the loosest

sive nght to manufacture and sell: privately owned and state and any given void ratio, to (2) the difference
managed. between the void ratios in the loosest and in the densest

protective _filter-see filter. states.

pumpability-in grouting, a measure of the properties of a relative water content-see liquidity index.
particular grout mix to be pumped as controlled by the remodeled soil-sod that has had its natural structure
equipment being used, the formation being injected, and modified by manipulation.
the engineering objective limitations, remolding index. 1, (D)-the rano of: (1) the modulus of

pumping of pavement (pumping)-see pavement pumping, deformation of a soil in the undisturbed state. to (2) the
pumping test-a field procedure used to determine in situ modulus of deformation of the soil in the remolded state.

permeability or the ability of a formation to accept grout. remodeling sensitivity (sensitivity ratio). S, (D--the ratio of:
pure shear-a state of strain resulting from that stress (1) the unconfined compressive strength of an undisturbed

condition most easily described by a Mohr circle centered specimen of sod. to (2) the unconfined compressve
at the origin. (ISRM) strength of a specimen of the same sod after remolding at

quarry-an excavation in the surface of the earth from which unaltered water content.
stone is obtained for crushed rock or building stone. residual soil-soil derived in place by weathering of the
(ISRM) underlying material.
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residual strain-the strain in a solid associated with a state of rock burst-a sudden and violent expulsion of rock from its
residual stress. (ISRM) surroundings that occurs when a volume of rock is

residual stress-stress remaining in a solid under zero strained beyond the elastic limit and the accompanying
external stress alter some process that causes the dimen- failure is of such a nature that accumulated energy is
sions of the various parts of the solid to be incompatible released instantaneously.
under zero stress. for example. (1) deformation under the rock burst-sudden explosive-iike release of energy due to
action of external stress when some parts of the body suffer the failure of a brittle rock of high strength. (ISRM)
permanent strain: or (2) heating or cooling of a body in rock flour-see silt.
which the thermal expansion coefficient is not uniform rock mass-rock as it occurs in situ. including its structural
throughout the body. (ISRM) discontinuities. (ISRM)

resin-in grouting, a material that usually constitutes the rock mechanics-the application of the knowledge of the
base of an organic grout system, mechanical behavior of rock to engineering problems

resin grout-a grout system composed of essentially resinous dealing with rock. Rock mechanics overlaps with struc-
materials such as epoxys, polyesters, and urethanes. tural geology, geophysics, and soil mechanics.

Discussion-In Europe. this refers to any chemical rock mechanics-theoretical and applied science of the
grout system regardless of chemical origin, mechanical behaviour of rock. (ISRM)

resolution (of a deformation-measuring instrument)-the roof-top of excavation or underground opening, particu-
ratio of the smallest divisional increment of the indicating larly applicable in bedded rocks where the top surface of
scale to the sensitivity of the instrument. Interpolation the opening is flat rather than arched. (ISRM)
within the increment may be possible. but is not recom- rotary drilling-a drilling process in which a hole is ad-
mended in specifying resolution. vanced by rotation of a drill bit under constant pressure

resonance-the reinforced vibration of a body exposed to the without impact. See percussion drilling.
vibration, at about the frequency, of another body. round-a set of holes drilled and charged in a tunnel or

resonant frequency-a frequency at which resonance exists, quarry that are fired instantaneously or with short-delay
response--the motion (or other output) in a device or system detonators. (ISRM)

resulting from an excitation (stimulus) under specified running ground-in tunneling, a granular material that tends
conditions. to flow or "run" into the excavation.

retard-bank-protection structure designed to reduce the ruptuire-that stage in the development of a fracture where
ripanan velocity and induce silting or accretion. instability occurs. It is not recommended that the term

retardation-delay in deformation. (ISRM) rupture be used in rock mechanics as a synonym for
retarder-a material that slows the rate at which chemical fracture. (ISRM)

reactions would otherwise occur, rupture envelope (rupture line)-see Mohr envelope.
reverse circulation-a drilling system in which the circu- sagging-usually occurs in sedimentary rock formations as a

lating medium flows down through the annulus and up separation and downward bending of sedimentary beds in
through the drill rod. that is. in the reverse of the normal the roof of an underground opening. (ISRM)
direction of flow. smd-particles of rock that will pass the No. 4 (4.75-mm)

revetment-bank protection by armor, that is. by facing of a sieve and be retained on the No. 200 (75-5rm) U.S.
bank or embankment with erosion-resistant material. standard sieve.

riprap stone--.(generally less than I ton in weight) specially sand boil-the ejection of sand and water resulting from
selected and graded quarried stone placed to prevent piping.
erosion through wave action, tidal forces, or strong cur- sand equivalent-a measure of the amount of silt or clay
rents and thereby preserve the shape of a surface, slope, or contamination in fine aggregate as determined by test
underlying structure. (Test Method D 2419).3

rise time (pulse rise time)-the interval of time required for sanded grout-grout in which sand is incorporated into the
the leading edge of a pulse to rise from some specified mixture.
small fraction to some specified larger fraction of the sapric peat-peat in which the original plant fibers are highly
maximum value. decomposed (less than 33 % fibers).

rock-natural solid mineral matter occurring in large masses saturated unit weight-see unit weight.
or fragments. saturation curve-see zero air voids curve.

rock-any naturally formed aggregate of mineral matter- scattering loss-that part of transmitted energy lost due to
occumng in large masses or fragments. (ISRM) roughness of reflecting surface.

rock anchor--a steel rod or cable installed in a hole in rock: schistosity-the vanety of foliation that occurs in the
in principle the same as rock bolt. but generally used for coarser-grained metamorphic rocks and is generally the
rods longer than about four metres. (ISRM) result of the parallel arrangement of platy and ellipsoidal

rock bolt-a steel rod placed in a hole drilled in rock used to mineral grains within the rock substance. (ISRM)
tie the rock together. One end of the rod is firmly anchored secant modulus-slope of the line connecting the ongin and
in the hole by means of a mechanical device or grout. or a given point on the stress-strain curve. (ISRM)
both. and the threaded projecting end is equipped with a
nut and plate that bears against the rock surface. The rod
can be pretensioned. (ISRM) ' 4nnua Book oi .ST.M Sa,,aord,. Vol 0403
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secondary consohdation (secondary compression) (secondary deformation; initial set refers to first stiffening and final set
time etfect --see consolidation, refers to an attainment of signficant ngidity.

secondary hole-in grouting, the second series of holes to be setting shrinkage-in grouting, a reduction in volume of
drilled and grouted usually spaced midway between pn- grout prior to the final set of cement caused by bleeding.
mary holes. by the decrease in volume due to the chemical combina-

secondary lining-the second-placed, or permanent, struc- tion of water with cement, and by syneresis.
tural lining of a tunnel, which may be of concrete, steel, or set time--(]) the hardening time of portland cement: or (2)
masonry. (ISRM) the gel time for a chemical grout.

secondary state of stress-the resulting state of stress in the shaft-generally a vertical or near vertical excavation driven
rock around man-made excavations or structures. (ISRM) downward from the surface as access to tunnels, chambers.

sediment basin-a structure created by construction of a or other underground workings. (ISRM)
barrier or small dam-like structure across a waterway or by shaking test-a test used to indicate the presence of signifi-
excavating a basin or a combination of both to trap or cant amounts of rock flour, silt. or very fine sand in a
restrain sediment. fine-grained soil. It consists of shaking a pat of wet soil.

seep-a small area where water oozes from the soil or rock. having a consistency of thick paste, in the palm of the
seepage-the infiltration or percolation of water through hand; observing the surface for a glossy or livery appear-

rock or soil to or from the surface. The term seepage is ance. then squeezing the pat, and observing if a rapid
usually restricted to the very slow movement of ground apparent drying and subsequent cracking of the soil
water. OISRM) occurs.

seepage jpercolation)--the slow movement of gravitational shear failure (failure by rupture)--failure in which move-
water through the soil or rock. ment caused by shearing stresses in a soil or rock mass is of

seepage force-the frictional drag of water flowing through sufficient magnitude to destroy or seriously endanger a
voids or interstices in rock. causing an increase in the structure.
intergranular pressure, that is. the hydraulic force per unit general shear failure-failure in which the ultimate
volume of rock or soil which results from the flow of water strength of the soil or rock is mobilized along the entire
and which acts in the direction of flow. (ISRM) potential surface of sliding before the structure supported

seepage force, J (F)-ttne force transmitted to the soil or rock by the soil or rock is impaired by excessive movement.
grains by seepage. local shear failure-failure in which the ultimate

seepage line-see line of seepage. shearing strength of the soil or rock is mobilized only
seepage velocity, 1.. V, (LT-')-the rate of discharge of locally along the potential surface of sliding at the time the

seepage water through a porous medium per unit area of structure supported by the soil or rock is impaired by
void space perpendicular to the direction of flow. excessive movement.

segregation-in grouting, the differential concentration of shear force-a force directed parallel to the surface element
the components of mixed grout, resulting in nonuniform across which it acts. (ISRM)
proportions in the mass. shear plane-a plane along which failure of material occurs

seismic support-mass (heavy) supported on springs (weak) by shearing. (ISRM)
so that mass remains almost at rest when free end of shear r,".tance-see internal friction.
springs is subjected to sinusoidal motion at operating Sear strain-the change in shape, expressed by the reiative
frequency. che ofithe rhange at the conr of hat was in the

seismic velocity-the velocity of seismic waves in geological change of the right angles at the coraer of wor

formations. (ISRM) undeformed state an infinitesimally small rectangle or

seismometer-instrument to pick up linear (vertical. hon- cube. (ISRM)

zontal) or rotational displacement, velocity, or accelera- shear strength, s. Tf (Fl- 2)--the maximum resistance of a

tion. soil or rock to shearing stresses. See peak shear strength.

self-stressing grout---expansive-cement grout in which the shear stress-stress directed parallel to the surface element

expansion induces compressive stress in grout if the across which it acts. (ISRM)
expansion movement is restrained, shear stress (shearing stress) (tangential stress)-see stress.

sensitivity-the effect of remolding on the consistency of a shear wave (rotational. equivolumina)--wave in which me-

cohesive soil. dium changes shape without change of volume (shear-
sensitivity (of an instrument)-the differential quotient dQW/ plane wave in isotropic medium is transverse wave).

dQ,, w here G0 is the scale reading and Q, is the quantity to shelf life--maximum time interval during which a material
be measured. may be stored and remain in a usable condition; usually

sensitivity (of a transducer--the differential quotient dQo1 related to storage conditions.
dQ,, where Q0 is the output and Q, is the input, shock pulse--a substantial disturbance characterized by a

series grouting-si milar to stage grouting, except each suc- rise of acceleration from a constant value and decay of
cessively deever zone is grouted by means of a newly acceleration to the constant value in a short period of time.
dnlled hole. eliminaung the need for washing grout out shock wave--a wave of finite amplitude characterized by a
before dnllirg the hole deeper. shock front, a surface across which pressure. density, and

set-irn routing, the condition reached by a cement paste, or internal energy rise almost discontinuously, and which
grout. when it has lost plasticity to an arbitrary degree, travels with a speed greater than the normal speed of
usually measured in terms of resistance to penetration or sound. (ISRM)
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shotcrete-mortar or concrete conveyed through a hose and backfilling it with materials of low permeabiity for the
pneumatically projected at high velocity onto a surface. purpose of the containment of the lateral flow of water and
Can be applied by a "wet" or "dry" mix method. (ISRM) other fluids.

shrinkage-compensating--n growi.ng, a characteristic of slurry grout-a fluid mixture of solids such as cement. sand.
grout made using an expansive cement in which volume or clays in water.
increase, if restrained, induces compressive stresses that slurry trench-a trench that is kept filled with a bentonite
are intended to offset the tendency of drying shrinkage to slurry during the excavation process to stabilize the walls
induce tensile stresses. See also self-stressing grout, of the trench.

shrinkage index. SI (D)-the numerical difference between slush grouting-application of cement slurry to surface rock
the plastic and shrinkage limits, as a means of filling cracks and surface irregularities or to

shrinkage limit. SL. i- (D)-the maximum water content at prevent slaking; it is also applied to nprap to form grouted
which a reduction in water content will not cause a riprap.
decrease in volume of the soil mass. smooth (-wall) blasting-a method of accurate perimeter

shrinkage ratio. R (D)-the ratio of: (1) a given volume blasting that leaves the remaining rock practically undam-
change, expressed as a percentage of the dry volume, to (2) aged. Narrowly spaced and lightly charged blastholes.
the corresponding change in water content above the sometimes alternating with empty dummy holes, located
shrinkage limit, expressed as a percentage of the weight of along the breakline and fired simultaneously as the last
the oven-dried soil. round of the excavation. (ISRM)

sieve analysis-determination of the proportions of particles soil (earth)-sediments or other unconsolidated accumula-
lying within certain size ranges in a granular material by tions of solid particles produced by the physical and
separation on sieves of different size openings. chemical disintegration of rocks. and which may or may

silt (inorganic silt) (rock flour)-material passing the No. not contain organic matter.
200 (75-gr) U.S. standard sieve that is nonplastic or very soil binder-see binder.
slightly plastic and that exhibits little or no strength when soil-forming factors-factors, such as parent material. cli-
air-dried, mate. vegetation. topography, organisms. and time in-

silt size-that portion of the soil finer than 0.02 mm and volved in the transformation of an original geologic
coarser than 0.002 mm (0.05 mm and 0.005 mm in some deposit into a soil profile.
cases). soil horizon-see horizon.

simple shear-shear strain in which displacements all lie in soil mechanics-the application of the laws and principles of
one direction and are proportional to the normal distances mechanics and hydraulics to engineering problems dealing
of the displaced points from a given reference plane. The with soil as an engineering material.
dilatation is zero. (ISRM) soil physics-the organized body of knowledge concerned

single-grained structure-see soil structure. with the physical characteristics of sod and with the
size effect-influence of specimen size on its strength or methods employed in their determinations.

other mechanical parameters. (ISRM) soil profile (profile)-vertical section of a soil. showing the
skin friction. I (FL-2)-the frictional resistance developed nature and sequence of the various layers, as developed by

between soil and an element of struature. deposition or weathering, or both.
slabbing-the loosening and breaking away of relatively soil stabilization-chemical or mechanical treatment de-

large flat pieces of rock from the excavated surface. either signed to increase or maintain the stability of a mass of soil
immediately after or some time after excavation. Often or otherwise to improve its engineering properties.
occumng as tensile breaks which can be recognized by the soil structure-the arrangement and state of aggregation of
subconchoidal surfaces left on remaining rock surface. sod particles in a soil mass.
(ISRM) flocculent structure-an arrangement composed of flocs

slabjacking-in grouting, injection of grout under a concrete of soil particles instead of individual soil parucles.
slab in order to raise it to a specified grade. honeycomb structure-an arrangement of sod particles

slaking-detenoration of rock on exposure to air or water. having a comparatively loose, stable structure resembling a
slaking-the process of breaking up or sloughing when an honeycomb.

indurated soil is immersed in water. single-grained structure-an arrangement composed of
sleeved grout pipe-see tube A manchette. individual soil particles: characteristic structure of coarse-
sliding--relative displacement of two bodies along a surface. grained soils.

without loss of contact between the bodies. (ISRM) soil suspension-highly diffused mixture of sod and water.
slope-the excavated rock surface that is inclined to the soil texture-see gradation.

vertical or horizontal. or both. as in an open-cut. (ISRM) solution cavern---openings in rock masses formed by moving
slow test-see consolidated-draim test. water carrying away soluble materials.
slump-a measure of consistency of freshly mixed concrete sounding well-in grouting, a vertical conduit in a mass of

or grout. See also slump test. coarse aggregate for preplaced aggregate concrete which
slump test-the procedure for measuring slump (Test contains closely spaced openings to permit entrance of

Method C 143).- grout.
slurry cutoff wall-a vertical barrier constructed by exca- Discusio"-The grout level is determined b, means of a mea-

vating a vertical slot under a bentonite slurry and sunng bte on a float wthin the sounding wel.
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spacing-the distance between adjacent blastholes in a standard compaction-see compaction test.

direction parallel to the face. (ISRM) standard penetration resistance-see penetration resistance.
spalling--4 1) longitudinal splitting in uniaxial compression, standing wave-a wave produced by simultaneous transmis-

or (2) breaking-off of plate-like pieces from a free rock sion in opposite directions of two similar waves resulting
surface. (ISRM) in fixed points of zero amplitudes called nodes.

specific gravity: steady-state vibration-vibraton in a system where the
specific gravitv ot solids. G. G,. S, (D)-ratio of: (1) the velocity of each particle is a continuing periodic quanuty.

weight in air of a given volume of solids at a stated stemming--{I) the material (chippings, or sand and clay)
temperature to (2) the weight in air of an equal volume of used to fill a blasthole after the explosive charge has been
distilled water at a stated temperature, inserted. Its purpose is to prevent the rapid escape of the

apparent specific gravity, G., S. (D)-ratio of: (1) the explosion gases. (2) the act of pushing and tamping the
weight in air of a given volume of the impermeable material in the hole. (ISRM)
portion of a permeable material (that is, the solid matter stick-slip-rapid fluctuations in shear force as one rock mass
including its impermeable pores or voids) at a stated slides past another, characterized by a sudden slip between
temperature to (2) the weight in air of an equal volume of the rock masses, a period of no relative displacement
distilled water at a stated temperature. between the two masses, a sudden slip, etc. The oscilla-

bulk specific gravity (specific mass gravity), G,. S, tions may be regular as in a direct shear test, or irregular as
(D)-ratio of: (1) the weight in air of a given volume of a in a triaxial test.
permeable material (including both permeable and imper- sticky limit. T,. (D)-the lowest water content at which a soil
meable voids normal to the material) at a stated tempera- will stick to a metal blade drawn across the surface of the
ture to (2) the weight in air of an equal volume of distilled soil mass.
water at a stated temperature, stiffness-the ratio of change of force (or torque) to the

specific surface (L')-the surface area per unit of volume of corresponding change in translational (or rotational) de-
soil particles. flection of an elastic element.

spherical wave-wave in which wave fronts are concentric stiffness-force--displacement ratio. (ISRM)
spheres. stone-crushed or naturally angular particles of rock.

split spacing grouting-a grouting sequence in which initial stop-in grouting, a packer setting at depth.
(primary) grout holes are relatively widely spaced and stop grouting-the grouting of a hole beginning at the lowest
subsequent grout holes are placed midway between pre- packer setting (stop) after the hole is drilled to total depth.
vious grout holes to "split the spacing."; this process is Discussion-Packers are placed at the top of the zone being
continued until a specified hole spacing is achieved or a grouted. Grouung proceeds from the bottom up. Also called upstage
reduction in grout take to a specified value occurs, or both. goutini

spring characteristics, c (FL-')-ratio of increase in load to strain, e (D)-the change in length per unit of length in a
increase in deflection: given direction.

c = I/C strain (linear or normal), (D)-the change in length per unit

where: of length in a given direction.

C = compliance, strain ellipsoid-the representation of the strain in the form
of an ellipsoid into which a sphere of unit radius deforms

stability-the condition of a structure or a mass of material and whose axes are the principal axes of strain. (ISRM)
when it is able to support the applied stress for a long time strain (stress) rate-rate of change of strain (stress) with
without suffering any significant deformation or move- time. (ISRM)
ment that is not reversed by the release of stres& (ISRM) strain resolution (strain sensitivity) R, (D)--the smallest

stability factor (stability number), N, (D)-a pure number subdivision of the indicating scale of a deformation-
t'sed in the analysis of the stability of a soil embankment, measuring device divided by the product of the sensitivity
defined by the following equation: of the device and the gage length. The deformation

V, - Hy,/c resolution, Rd, divided by the gage length.

where: strain (stress) tensor-the second order tensor whose diag-
1t, = critical height of the sloped bank, anal elements consist of the normal strain (stress) compo-
- = effective unit of weight of the soil, and nents with respect to a given set of coordinate axes and

c = cohesion of the soil whose off-diagonal elements consist of the corresponding

NOTE-Taylor's '*stability number" is the reciprocal of Terzaai'i shear strain (stress) components. (ISRM)
"stability factor." streamline flow-see lamimr flow.

"strength-maximum stress which a material can resist
stablti:auon-see soil stabilization, without failing for any given type of loading. (ISRM)
stage-in groutmng, the length of hole grouted at one time. stress. a, p. f(FL- 2)-the force per unit area acting within

See also stage grouting. the soil mass.
stage grouting-sequential grouting of a hole in separate effective stress (effective pressure) (ntergranular pres-

steps or stages in lieu of grouting the entire length at once: sure), ', f(FL- 2)---the average normal force per unit area
holes may be grouted in ascending stages by using packers transmitted from grain to grain of a soil mass. It is the
or in descending stages downward from the collar of the stres that is effective in mobilizing internal friction.
hole. neutral stress (pore pressure) (pore water pressure). u. u..
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(FL- 2)-stress transmitted through the pore water (water surface force-any force that acts across an internal or

filling the voids of the soil). external surface element in a matenal body. not neces-

normal stress. a. p (FL- 2)-the stress component sanly in a direction lying in the surface. (ISRM)
normal to a given plane. surface wave-a wave confined to a thin laver at the surface

principal stress. a,, 0,, a3 (FL- 2 )-stresses acting of a body. (ISlaM)
normal to three mutually perpendicular planes inter- suspension-a mixture of liquid and solid materials.
secting at a point in a body, on which the shearing stress is suspension agent-an additive that decreased the settlement
zero. rate of particles in liquid.

major principal stress, a, (FL- 2)-the largest (with swamp-a forested or shrub covered wetland where standing
regard to sign) principal stress. or gently flowing water persists for long penods on the

minor principal stress. 03 (FL -)-the smallest (with surface.
regard to sign) pnncipal stress. syneresis-in grouting, the exudation of liquid (generally

intermediate principal stress, o2 (FL- 2)-the pnrn- water) from a set gel which is not stressed. due to the
cipal stress whose value is neither the largest nor the tightening of the grout material structure.
smallest (with regard to sign) of the three.
shear stress (shearing stress) (tangential stress), r, s take-5e grout take.

FL-')-the stress component tangential to a given plane. talus-rock fragments mixed with soil at the foot of a natural

total stress, a, f (FL-")-the total force per unit area slope from which they have been separated.

acting within a mass of soil. It is the sum of the neutral and tangential stress-see stress.

effective stresses. tangent modulus-slope of the tangent to the stress-strain

stress ellipsoid-the representation of the state of stress in curve at a given stress value (generally taken at a stress

the form of an ellipsoid whose semi-axes are proportional equal to half the compressive strength). (ISRM)

to the magnitudes of the principal stresses and lie in the tensile strength (unconfined or uniaxiai tensile strength), T,

principal directions. The coordinates of a point P on this (FL- 2)-the load per unit area at which an unconfined

ellipse are proportional to the magnitudes of the respective cylindrical specimen will fail in a simple tension (pull) test.

components of the stress across the plane normal to the tensile stress-normal stress tending to lengthen the body in

direction OP, where 0 is the center of the ellipsoid, the direction in which it acts. (ISRM)
(ISRM) tertiary hole-in grouting, the third series of holes to be

stress (strain) field-the ensemble of stress (strain) states drilled and grouted usually spaced midway between previ-

defined at all points of an elastic solid. (ISRM) ously grouted primary and secondary holes.

stress relaxation-stress release due to creep. (ISRM) texture-of soil and rock, geometrical aspects consisting of

strike-the direction or azimuth of a horizontal line in the size, shape, arrangement, and crystallinity of the compo-

plane of an inclined stratum, joint, fault, cleavage plane. nent particles and of the related characteristics of voids.

or other planar feature within a rock mass. (ISRM) texture-the arrangement in space of the components of a

structure-one of the larger features of a rock mass. like rock body and of the boundaries between these compo-

bedding, foliation, jointing, cleavage, or brecciation: also nents. (ISRM)
the sum total of such features as contrasted with texture. theoretical time curve-see consolidation time curve.

Also. in a broader sense, it refers to the structural features thermal spailling-the breaking of rock under stresses in-
of an area such as anti-clines or synclines. (ISRM) duced by extremely high temperature gradients. High-

.tructure-see soil structure. velocity jet flames are used for drilling blast holes with this

subbase-a layer used in a pavement system between the effect. (ISRM)
subgrade and base coarse, or between the subgrade and tbermo-osmosis-the process by which water is caused to

portland cement concrete pavement, flow in small openings of a soil mass due to differences in

subgrade-the soil prepared and compacted to support a temperature within the mass.
structure or a pavement system. thickness-the perpendicular distance between bounding

subgrade surface-the surface of the earth or rock prepared surfaces such as bedding or foliation planes of a rock

to support a structure or a pavement system. (ISRM)
submerged unit weight-see unit weight. thixotropy-the property of a material that enables it to

subsealing-in grouting, grouting under concrete slabs for stiffen in a relatively short time on standing, but upon

the purpose of filling voids without raising the slabs, agitation or manipulation to change to a very soft consis-

subsidence-the downward displacement of the overburden tency or to a fluid of high viscosity, the process being

(rock or soil. or both) lying above an underground completely reversible.

excavation or adjoining a surface excavation. Also the throw-the projection of broken rock during blasting.

sinking of a part of the earth's crust. (ISRM) (ISRM)

subsoil--4a) soil below a subgrade of fill. (b) that part of a thrust-force applied to a drill in the direction of penetra-

soil profile occumng below the "A" horizon. tion. (ISRM)

sulfate attack-in grouting, harmful or deleterious reactions tight-rock remaining within the minimum excavation lines

between sulfates in soil or groundwater and the grout. after completion of a blasting record. tISRM)

support-structure or structural feature built into an under- till-see glacial till.

ground opening for maintaining its stability. (ISRM) time curve-see consolidation time curve
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time factor. T,. T (D)--dimensionless factor, utilized in the true solution--one in which the components are 100 %
theory of consolidation, containing the physical constants dissolved in the base solvent.
of a soil stratum influencing its time-rate of consolidation. tube A manchette-in grouting. a grout pipe perforated with
expressed as follows: rings of small holes at intervals of about 12 in. (305 mm).

T = k (i + evl/(a,-,y. H2) = (c,4 .t)/H Discussson-Each nng of perforations is enclosed by a shor rubber

where: slceve fitting ughtly around the pipe so as to act as a one-way valve
when used with an inner pine contmaing two packer elements that

k = coefficient of permeability (LT-'), isolate a stage for injecuon of grouL
e = void ratio (dimensionless), tunnel-a man-made underground passage constructed
t = elapsed time that the stratum has been consolidated tu t mongmthe overlying rcosoil.cGnerally

(T, wihout removing the overlyig rock or soil. Generally

a, = coefficient of compressibility (L2F-'), nearly horizontal as opposed to a shaft, which is nearly

"r, = unit weight of water (FL-3), vertical. (ISRM)

H = thickness of stratum drained on one side only. If turbulent flow-that type of flow in which any water particle

stratum is drained on both sides, its thickness equals may move in any direction with respect to any other

2H (L and particle, and in which the head loss is approximately

c, = coefficient of consolidation (L2T-'). proportional to the second power of the velocity.

topsoil-surface soil, usually containing organic matter. ultimate bearing capacity, q,, q,, (F-1 2)-the average load

torsional shear test-a shear test in which a relatively thin per unit of area required to produce failure by rupture of a

test specimen of solid circular or annular cross-section. supporting soil or rock mass.
usually confined between rings, is subjected to an axial uncoufined compressive strength-the load per unit area at

load and to shear in torsion. In-place torsion shear tests which an unconfined prismatic or cylindrical specimen of

may be performed by pressing a dentated solid circular or material will fail in a simple compression test without

annular plate against the soil and measuring its resistance lateral support.
to rotation under a given axial load. unconfined compressive strength-see compressive strength.

total stress-see stress. unconsolidated-undrained test (quick test)-a soil test in

toughness index. IT. T,,-the ratio of: (1) the plasticity index, which the water content of the test specimen remains

to (2) the flow index, practically unchanged during the application of the con-

traction. S. S,, S3 (FL- 2)-applied stress. fining pressure and the additional axial (or shearing) force.

transformed fow net-a flow net whose boundaries have undamped natural frequency-of a mechanical system, the

been properly modified (transformed) so that a net con- frequency of free vibration resulting from only elastic and

sisting of curvilinear squares can be constructed to repre- inertial forces of the system.
sent flow conditions in an anisotropic porous medium. ufderconsolidsted soil deposit-a deposit that is not fully

transported soil-soil transported from the place of its origin consolidated under the existing overburden pressure.

by wind. water, or ice. undisturbed sample-a sod sample that has been obtained by

transverse wave, v, (LT-')-wave in which direction of methods in which every precaution has been taken to

displacement of element of medium is parallel to wave minimize disturbance to the sample.
front. The propagation velocity, v, is calculated as follows: uniaxial (unconfined) compression--compression caused by

V "Gip -p the application of normal stress in a single direction.
, /! = /lP = V!(E/)[/2( + V)I (ISRM)

where: uniaxial state of stress-state of stress in which two of the
G = shear modulus, three principal stresses are zero. (ISRM)
p = mass density, unit weight, -' (FL- 3)-weight per unit volume (with this.
v = Poisson's ratio, and and all subsequent unit-weight definitions, the use of the
E = Young's modulus. term weight means force).

transverse wave (shear wave)-a wave in which the displace- dry unit weight (unit dry weight), -y, 'i, (FL- 3)-the
ment at each point of the medium is parallel to the wave weight of soil or rock solids per unit of total volume of soil
front. (ISRM) or rock mass.

tremie-material placed under water through a ternice pii.e effective unit weight. -y (FI- 3 )-that unit weight of a
in such a manner that it rests on the bottom without soil or rock which, when multiplied by the height of the
mixing with the water. overlying column of soil or rock. yields the effective

trench-usually a long, narrow, near vertical sided cut in pressure due to the weight of the overburden.
rock or soil such as is made for utility lines. (ISRM) maximum unit weight. -y, (FIL-4-the dry unit

triaxial compression-compression caused by the applica- weight defined by the peak of a compaction curve.
tion of normal stresses in three perpendicular directions. saturated unit weight. -f,, -y., (Fl-73 -the wet unit
(ISRM) weight of a soil mass when saturated.

triaxial shear test (triaxial compression test)-a test in submerged unit weight (buoyant unit weight). -Y,. -y'.
which a cylindrical specimen of soil or rock encased in an Yub (FL- 3 )--the weight of the solids in air minus the
impervious membrane is subjected to a confining pressure weight of water displaced by the solids per unit of volume
and then loaded axially to failure, of sod or rock mass: the saturated unit weight minus the

triaxial state of stress-state of stress in which none of the unit weight of water.
three principal stresses is zero. (ISRM) unit weight of water. ., (FL-')--the weight per unit
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volume of water, nominally equal to 62.4 lb/ft3 or I von Post humification scale-a scale descnbing vanous
g/cm 3. stages of decomposition of peat ranging from H I. which is

wet unit weight (mass unit weight). -y,,,, Y, (FL- 3)-the completely undecomposed. to HIO. %hicn is completely
weight (solids plus water) per unit of total volume of soil or decomposed.
rock mass. irrespective of the degree of saturation, wall friction, f' (FL--2)-frictional resistance mobilized be-

:ero air voids unit weight. y, -y (FL-)-the weight of tween a wall and the soil or rock in contact with the wall.
solids per unit volume of a saturated soil or rock mass. washing-in grouting, the physical act of cleaning the sides

unloading modulus-slope of -he tangent to the unloading of a hole by circulating water, water and air. acid washes.
stress-strain curve at a given stress value. (ISRM) or chemical substances through drill rods or tremie pipe in

uplift-the upward water pressure on a structure. an open hole.
Symbol Unit water-cement ratio-the ratio of the weight of water to the

unt symbol u FL-1 weights of Portland cement in a cement grout or concrete
total symbol L F or FL- mix. See also grout mix.

uplift-the hydrostatic force of water exerted on or under- water content-see moisture content.
neath a structure, tending to cause a displacement of the water gain-see bleeding.
structure. (ISRM) water-holding capacity (D)-the smallest value to which the

uplift-in grouting, vertical displacement of a formation due water content of a soil or rock can be reduced by gravity
to grout injection. drainage.

vane shear test-an in-place shear test in which a rod with water-plastic:vr ratio (relative water content) (liquiditv in-
thin radial vanes at the end is forced into the soil and the dex)-see liquidity index.
resistance to rotation of the rod is determined, water table-see free water elevation.

varved clay-alternating thin layers of silt (or fine sand) and wave-disturbance propagated in medium in such a manner
clay formed by variations in sedimentation during the that at any point in medium the amplitude is a function of
vanous seasons of the year. often exhibiting contrasting time. while at any instant the displacement at point is
colors when partially dried. function of position of point.

vent hole-in grouting, a hole drilled to allow the escape of wave front-moving surface in a medium at which a
air and water and also used to monitor the flow of grout. propagated disturbance first occurs.

vent pipe-in grouting, a small-diameter pipe used to permit wave front--( /) a continuous surface over which the phase of
the escape of air. water, or diluted grout from a formation, a wave that progresses in three dimensions is constant, or

vibrated beam wall (injection beam wall)-bamer formed by (2) a continuous line along which the phase of a surface
driving an H-beam in an overlapping pattern of prints and wave is constant. (ISRM)
filling the print of the beam with cement-bentonite slurry wave length-normal distance between two wave fronts with
or other materials as it is withdrawn, periodic characteristics in which amplitudes have phase

vibration-an oscillation wherein the quantity is a parameter difference of one complete cycle.
that defines the motion of a mechanical system (see weathering-the process of disintegration and decomposi-oscillation). eteig-h ros fdsnerunaddcmoiosillation cure tion as a consequence of exposure to the atmosphere. to

vtr~in compression curve�see compression curve, chemical action, and to the action of frost. water, and heat.
viscoelasticity-propertv of materials that strain under stress (ISRM)

partly elastically and partly viscously, that is. whose strain wetland-land which has the water table at. near, or above
is partly dependent on time and magnitude of stress. the land which is Satur ated or long e
(ISRM) the land surface. or which is saturated for long enough

periods to promote hydrophylic vegetation and various
viscosity-the internal fluid resistance of a substance which kinds of biological activity which are adapted to the wet

makes it resist a tendency to flow. environment.
viscous damping-the dissipation of energy that occurs when wetting agent-a substance capable of lowenng the surface

a particle in a vibrating system is resisted by a force that tension of liquids, facilitating the weting of solid surfaces.
has a magnitude proportional to the magnitude of the and facilitating the penetration of liquids into the capil-
velocity of the particle and direction opposite to the laries.
direction of the particle.viscous flow--see laminar flow, wet unit weight--see unit weight.VISC US low scelam nar ow.working pressure-- the pressure adjudged best for any partic-

void-space in a soil or rock mass not occupied by solid wor ssure-the essure dudg froany i
mineral matter. This space may be occupied by air. water, ular set of conditions encountered during grouting-
or other gaseous or liquid material. Discussion- Factors influencing the determinauoo are size of

void ratio, e (D)-the ratio of: (1) the volume of void space, voids to be filled. depth of zone to be grouted. hithology of area to be
to (2) the volume of solid particles in a given soil mass. grouted, grout yscositv, and resistance of the formaauon to fracture

critical void ratio. e,. (D--the void ratio corresponding yield-in groutine, the volume of freshly mixed grout
to the critical density. produced from a known quantity of ingredients.

volumetric shrinkage (volumetric change), V, (D)--the de- yielding arch-type of support of arch shape. the joints ofcrease in volume, expressed as a percentage of the soil which deform plastically beyond a certain criucal load.
mass when dried. of a soil mass when the water content is that is. continue to deform without increasing their
reduced from a given percentage to the shrinkage limit, resistance. SRM
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)ield stress--the stress beyond which the induced deforma- called elastic modulus.
tion is not fully annulled after complete destressing. zer aivid curve (saituraition ciurvel-the curve showing
(IRM)th zeoarvisuiwegtaafucino warYoungC's modulus-1 he ratio of the increase in stress on a tes cothenzrti. oisui e safntino aespecimen to the resulting increase in strain under constant C~i
transverse stress limited to materials having a linear zero air voids density (zero air voids unit weagh0-see unit
stress-strain relationship over the range of loading. Also weight.

APPENDIX

(Nonniandatory Inforaaniton)

X1. ISRM SYMBOLS RELATING TO SOIL AND ROCK MECHANICS

NOTE-These symbols may not correlate with the symbols P pressure
apperingin te tet. Upore water pireif
appeang i the ext.normal stren
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RECOMMENDED PRACTICE FOR
PETROGRAPHIC EXAMINATION OF ROCK CORES

1. Scope

1.1 This recommended practice outlines procedures for the petro-

graphic examination of rock cores whose engineering properties can be

determined by selected tests. The specific procedures employed in the

petrographic examination of any sample will depend to a large extent on

the purpose of the examination and the nature of the sample. Complete

petrographic examination may require use of such procedures as light

microscopy, x-ray diffraction analysis, differential thermal analysis,

infrared spectroscopy, or others; in some instances, such procedures are

more rapid and more definitive than are microscopical methods. Petro-

graphic examinations are made for the following purposes:

(a) To determine the physical and chemical properties of a

material, by petrographic methods, that have a bearing on the quality of

the material for its intended use.

(b) To describe and classify the constituents of the sample.

(Note 1)

(c) To determine the relative amounts of the constituents of

-he sample, which is essential for proper evaluation of the sample, when

the constituents differ significantly in properties that have a bearing

on the quality of the material for its intended use.

NOTE I-It is recommended that the rock and mineral names in

"Descriptive Nomenclature of Constituents of Natural Mineral Aggregates"

(ASTM Designation: C 294) be used insofar as they are appropriate in

reports prepared according to this recommended practice.

1.2 Detection of structural features and identification of the

constituents of a sample are usually necessary steps toward recognition

of the properties that may 'e expected to influence the behavior of the

material in its intended use. However, the value of any petrographic
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examination will depend to a large extent on the representativeness of

the samples examined, the completeness and accuracy of the information

provided to the petrographer concerning the source and proposed use of

the material, and the petrographer's ability to correlate these data

with the findings of the examination.

1.3 This recommended practice does not attempt to outline the tech-

niques of petrographic work since it is assumed that the method will be

used by persons who are qualified by education and/or experience to

employ such techniques for the recognition of the characteristic proper-

ties of rocks and minerals and to describe and classify the constituents

of a sample. It is intended to outline the extent to which such tech-

niques should be used, the selection of properties that should be looked

for, and the manner in which such techniques may best be employed in the

examination. These objectives will have been attained if engineers

responsible for the application of the results of petrographic examina-

tions have reasonable assurance that such results, wherever and whenever

obtained, may confidently be compared.

2. Sampling and Examination Procedure

2.1 The purpose in specifying a sampling procedure is to ensure the

selection of an adequate group of test specimens from each mechanically

different rock type that forms an essential part of the core or cores

that will be tested. The sampling procedure should also be guided by

the project objectives and directed at obtaining the properties of the

rock that eventually will comprise the roof, side walls, foundation, or

other specific parts of the project structure. Samples for petrographic

examination should be taken by or under the direct supervision of a

geologist familiar with the requirements of the project. The exact

location from which the sample was taken, the geology of the site, and

other pertinent data should be submitted with the sample. The amount of

material actually studied in the petrographic examination will be

determined by the nature of the material to be examined. Areas to be

studied should be sampled by means of cores drilled through the entire
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depth required for project investigation. Drilling of such cores should

be in a direction that is essentially normal to the dominant structural

feature of the rock. Massive material may be sampled by "NX" (2-1/8-in.-

diam) (54-mm-diam) cores. Thinly bedded or complex material should be

represented by cores not less than 4 in. (101.6 mm) in diameter, prefer-

ably 6 in. (152.4 mm). There should be an adequate number of cores to

cover the limits of the rock mass under consideration.

2.2 The following is considered a preferable but not a mandatory

procedure. A petrographer should inspect all of the rock core before

any tests are made. Each core should be logged to show footage of core

recovered, core loss, and location; location and spacing of fractures

and parting planes; lithologic type or types; alternation of types;

physical conditions and variations in conditions; toughness, hardness,

coherence; obvious porosity; grain size, texture, variations in grain

size and texture; type or types of breakage. If the surface of the core

being examined is wetted, it is usually easier to recognize significant

features and changes in lithology. Most of the information usually

required can be obtained by careful visual examination, scratch and acid

tests, and hitting the core with a hammer. A preliminary analysis of

the test results may indicate that the results from one or another of

the subdivisions are not significantly different and the groups may be

combined. On the other hand, the analysis may disclose significant

differences within a given group of specimens and a further subdivision

may be required. Most rock is anisotropic and, if the core stock and

sample procedure permit, a group of specimens should be obtained from

the three mutually perpendicular directions. 'Jsually these directions

are oriented with respect to some petrographic property of the rocks

such as bedding, schistosity, cleavage, or fabric. Ln bedded rock the

greatest difference in properties occurs Ln specimens taken perpendicu-

lar and parallel to the bedding, and gttnerally this type of rock is

sampled only in these two directions. The petrographic cxamination may

disclose mineral components that are soluble or that expand or soften in
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water, as for example, bentonites or other clays. The intent of this

inspection is to provide a basis for the selection of samples for engi-

neering tests. This basis will be rock types, amounts of rock types,

differences within a rock type, etc. At this point, the petrographer,

in conjunction with the project leader, should select the sections of

core(s) that will be subjected to engineering tests. The detailed

petrographic examination will usually be made on unused portions of some

or all of the test pieces so that the petrographic data can be matched

to the engineering data. This matching should mean that, in addition to

petrographic characterization, the petrographic data should serve as a

basis for understanding the physical test data within and between sample

groups.

3. Apparatus and Supplies

3.1 The apparatus and supplies listed in the following subpara-

graphs (a) and (b) comprise a recommended selection which will permit

the use of all of the procedures described in this recommended practice.

All specific items have been used in connection with the performance of

petrographic examinations by the procedures described herein; it is not,

however, intended to imply that other items cannot be substituted to

serve similar functions. Whenever possible the selection of particular

apparatus and supplies should be left to the judgment of the petrog-

rapher who is to perform the work so that items obtained will be those

with which he has the greatest experience and familiarity. The minimum

equipment regarded as essential to the making of petrographic examina-

tions are those items, or equivalent apparatus or supplies that will

serve the same purpose, that are indicated by asterisks in the lists in

subparagraphs (a) and (b).

(a) Apparatus and Supplies for Preparation of Specimens:

(I) Rock-Cutting Saw,* preferably with a 20-in.-(508-mm-)

diam blade.

(2) Horizontal Grinding Wheel,* preferably 16 in.

(406.4 mm) in diameter.
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(3) Polishing Wheel, preferably 8 to 12 in. (203.2 to

304.8 mm) in diameter.

(4) Abrasives:* silicon carbide grit Nos. 100, 220, 320,

600, and 800; optical finishing alumina.

(5) Prospector's Pick.

(b) Microscope Slides,* clear, noncorrosive, 25 by 45 mm

in size.

(7) Canada Balsam,* neutral, in xylene or other material

to cement cover slips.

(8) Xylene.*

(9) Mounting Medium,* suitable for mounting rock slices

for thin sections (preferably flexibilized epoxy).

(10) Laboratory Oven.*

(11) Plate-Glass Squares,* about 12 in. (304.8 mm) on an

edge for thin-section grinding.

(12) Micro Cover Glasses,* No. I noncorrosive, square, 12

to 18 mm, 25 an, etc.

(13) Plattner mortar.

(b) Apparatus and Supplies for Examination of Specimens:

(1) Polarizing Microscope* with mechanical stage; low-,

medium-, and high-power objectives, and objective centering devices;

eyepieces of various powers; full- and quarter-wave compensators; quartz

wedge.

(2) Microscope Lamps* (preferably including a sodium arc

lamp).

(3) Stereoscopic Microscope* with objectives and oculars

to give final magnifications from about 7X to about 140X.

(4) Magnet,* preferably Alnico, or an electromagnet.

(5) Needleholder and Points.*

(6) Dropping Bottles, 60-ml capacity.

(7) Forceps, smooth, straight-pointed.

(8) Lens Paper.*
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(9) Immersion Media,* n = 1.410 to n - 1.785 in steps of

0.005. (Note 2)

(10) Counter.

(11) Photomicrographic Camera and accessories. (Note 3)

(12) X-ray diffraction equipment.

(13) Differential thermal analysis equipment.

(14) Infrared absorption spectrometer equipment.

NOTE 2--It is necessary that facilities be available to

the petrographer to check the index of refraction of the immersion

media. If accurate identification of materials is to be attempted, as

for example the differentiation of quartz and chalcedony or the differ-

entiation of basic from intermediate volcanic glass, the indices of

refraction of the media need to be known with precision. Media will not

be stable for very long periods of time and are subject to considerable

variation due to temperature change. In laboratories not provided with

close temperature control, it is often necessary to recalibrate immer-

sion media several times during the course of a single day when accurate

identifications are required. The equipment needed for checking immer-

sion media consists of and Abbe Refractometer. The refractometer should

be equipped with compensating prisms to read indices for sodium light

from white light, or it should be used with a sodium arc lamp.

NOTE 3--It is believed that a laboratory that undertakes

any considerable amount of petrographic work should be provided with

facilities to make photomicrographic records of such features as cannot

adequately be described in words. Photomicrographs can be taken using

standard microscope lamps for illumination; however, it is recommended

that whenever possible a zirconium arc lamp be provided for this purpose.

For illustrations of typical apparatus, reference may be made to the

paper by Mather and Mather.I

1This recommended practice is modified from the "Method of Petrographic

Examination of Aggregates for Concrete," by Katharine Mather and
Bryant Mather. Proceedings, American Society for Testing Materials,
ASTEA, Vol 50, 1950, pp 1288-1312.
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4. Report

4.1 First and foremost the report should be clear and useful to the

engineer for whom it is intended. It should identify samples, give

their source as appropriate, describe test procedures and equipment used

as appropriate, describe the samples, and list the petrographic find-

ings. Tabulations of data and photographs should be included as needed.

Results that may bear on the engineering test data and the potential

performance of the material should be clearly stated and their signifi-

cance should be emphasized. It may also be appropriate to mention past

performance records of the same or similar materials if such information

is available. In general, the report should be an objective statement.

If any opinion is presented it should be clearly indicated to be an

opinion. Finally, the petrographic report should make recommendations

if and as appropriate.0

0
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PREPARATION OF TEST SPECIMENS

1. Scope

1.1 In order to obtain valid results from tests on brittle mate-

rials, careful and precise specimen preparation is required. This

method outlines preparatory procedures recommended for normal rock

mechanics test progress.

2. Collection and Storage

2.1 Test material is normally collected from the field in the form

of drilled cores. Field sampling procedures should be rational and sys-

tematic, and the material should be marked to indicate its original

position and orientation relative to identifiable boundaries of the

parent rock mass. Ideally, samples should be moistureproofed imme-

diately after collection either by waxing, spraying, or packing in

polyethylene bags or sheet. (Example: For moistureproofing by waxing,

the following procedure can be used for core that will not fall apart in

handling:

(a) Wrap core in a clear thin polyethylene such as GLAD WRAP

or SARAN WRAP, or

(b) Wrap in cheese cloth.

(c) Coat wrapped core with a lukewarm wax mixture to an

approximate 1/4-in. (6.4-mm) thickness. The wax should consist of a

I to 1 mixture of paraffin and microcrystalline wax, such as Sacony

Vacuum Mobil Wax No. 2300 and 2305, Gulf Oil Corporation Petrowax A,

and Humble Oil Company Microvan No. 1650.

Cores that could easily be broken by handling should be prepared using

the soil sampling technique described on pages 4-20 and 4-21 of EM 1110-

2-1907, 31 March 1972 9"). They should be transported as a fragile material

and protected from excessive changes in humidity and temperature. The

identification markings of all samples should be verified imediately
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upon their receipt at the laboratory, and an inventory of the samples

received should be maintained. Samples should be examined and tested

as soon as possible after receipt; however, it is often necessary to

store samples for several days or even weeks to complete a large

testing program. Every care must be taken to protect stored samples

against damage. Core logs of samples should be available.

3. Avoidance of Contamination

3.1 The deformation and fracture properties of rock may be influ-

enced by air, water, and other fluids in contact with their internal

(crack and pore) surfaces. If these internal surfaces are contaminated

by oils or other substances, their properties may be altered appreciably

and give misleading test results. Of course, a cutting fluid is required

with many types of specimen preparation equipment. Clean water is the

preferred fluid. Even so, one must be cognizant of the effect of

moisture on the test specimens. While it may be impossible to exactly

duplicate the in situ conditions even if they were known, a concerted

effort should be made to simulate the environment from which the samples

came. Generally there are three conditions to be considered:

(a) Hard, dense rock of low porosity will not normally be

affected by moisture. This type of material is normally allowed to

air-dry prior to testing to bring all samples to an equilibrium condi-

tion. Drying at temperatures above 120 F (49°C) is not recommended as

excessive heat may cause an irreversible change in rock properties.

(b) Some shales and rocks containing clay will disintegrate if

allowed to dry. Usually the disintegration of diamond drill cores can

be prevented by wrapping the cores as they are drilled in a moisture-

proof material such as aluminum foil or chlorinated rubber, or sealing

them in moistureproof containers.
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(c) Mud shales and rock containing bentonites (e.g., tuff) may

soften if the moisture content is too high. Most of the softer rocks

can be cored or cut using compressed air to clear cuttings and to cool

the bit or saw.

It is imperative to determine very early in the test program the mois-

ture sensitivity of all types of material to be tested and to take steps

to accommodate the requirements throughout the test life of the selected

specimens.

4. Selection

4.1 Under the most favorable circumstances, a laboratory determina-

tion of the engineering properties of a small specimen gives an approxi-

mate guide to the behavior of an extensive, nonhomogeneous geological

formation under the complex system of induced stresses. No other aspect

of laboratory rock testing is as important as the selection of test

specimens to best represent those features of a foundation which influ-

ence the analysis or design of a project. Closest teamwork of the

laboratory personnel and the project engineer/geologist must be continued

throughout the testing program since, as quantitative data become avail-

able, changes in the initial allocation of samples or the securing of

additional samples may be necessary. Second in importance only to the

selection of the most representative undisturbed material is the prepa-

ration and handling of the test specimens to preserve in every way

possible the natural structure of the material. Indifferent handling of

undisturbed rock can result in erroneous test data.

5. Coring

5.1 Virtually all laboratory coring is done with thin-wall diamond

rotary bits, which may be detachable or integral to the core barrel.

The usual size range for laboratory core drills is from 6-in.-diam

(152.4-mm) down to I-in. (25.4-mm) outside diameter. Typical sample

diameters for uniaxial testing are 2.125 in. (54 mm). Drilling machines
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range from small quarry drills to modified machine shop drill presses.

Almost any kind can be adapted for rock work by fitting a water swivel,

but a heavy, rigid machine is desirable in order to assure consistent

production of high quality core. The work block must be clamped tightly

to a strong base or table so as to prevent any tilting, oscillation, or

other shifting. To avoid unnecessary unclamping and rearrangement of

the work block, it is desirable to have provision for traversing the

drill head or the work block. Traversing devices must lock securely to

eliminate any play between drill and work. The drill travel should be

sufficient to permit continuous runs of at least 10 to 12 in. (254 to

304.8 mm), without need for stopping the machine. Optimum drilling

speeds vary with bit size and rock type, and to some extent with

condition of the bit and the characteristics of the machine. The

general trend is that drill speed increases as drill diameter decreases;

also, higher drill speeds are sometimes used on softer rocks. The broad

range of drill speeds lies mainly between 200 and 2,000 rpm. No hard-

and-fast rules can be given, but an experienced operator can easily

choose a suitable speed by trial. Some core drills are hand-fed, but it

is desirable to have some provision for automatic feed. The ideal feed

arrangement is a constant-force hydraulic feed which can be set for

Lach bit size and rock type, but such machines are quite rare. Constant-

force feed can be Improvised by means of a weight and pulley arrange-

ment. On adapted metal-working drill presses, the automatic feed rate

for a given drill size and rock type can be determined; however, since

there is a danger of damaging the machine or the core barrel if too high

a feed rate is used, an electrical overload breaker should be provided.

6. Sawing

6.1 For heavy sawing, a slabbing saw is adequate for most purprses.

For exact sawing, a precision cutoff machine, with a diamond abrasive

wheel about 10 in. (254 mm) in diameter, and a table with two-way screw

0
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traversing and provision for rotation are recommended. The speed of the

wheel is usually fixed, but the feed rate of the wheel through the work

can be controlled. Clean water, either direct from house supply or

recirculated through a settling tank, is the standard cutting and

cooling fluid. For crosscutting, core should be clamped in a vee-block

slotted to permit passage of the wheel. By supporting the core on both

sides of the cut, the problem of spalling and lip formation at the end

of the cut is largely avoided. Saw cuts should be relatively smooth and

perpendicular to the core axis in order to minimize the grinding or

lapping needed to produce end conditions required for the various tests.

7. End Preparation

7.1 Due to the rather large degree of flatness required on bearing

surfaces for many tests, end grinding or lapping is required. Conven-

tional surface grinders provide the most practical means of preparing

flat surfaces, especially on core samples with diameters greater than

approximately 2 in. (50.8 mm). Procedures are essentially comparable to

metal working. Quite often a special jig is constructed to hold one or

more specimens in the grinding operation. The lathe can also be used

for end-grinding cylindrical samples. A sampie is held directly in the

chuck, rotated at 200 to 300 rpm, and the grinding wheel, its axis

inclined some 15 deg (0.26 radian) to the sample axis, is passed across

end of the sample while rotating at 6,000 to 8,000 rpm. The "bite"

ranges from about 0.003 in. (0.0762-mm) maximum to less than 0.001 in.

(0.0254 mm) for finishing, and the grinding wheel is passed across the

sample at about 0.5 in. (12.7 mm) per minute. For core diameters of

2-1/8 in. (54 mm) or less, a lap can be used for grinding flat end

surfaces on specimens, although producing a sufficiently flat surface by

this method is an art. To end-grind on the lap, a cylindrical specimen

is placed in a steel-carrying tube which is machined to accept core with

a clearance of about 0.002 in. (0.0508 mm). At the lower cnd of this
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tube is a steel collar which rests on the lapping wheel. The method

requires use of grinding compounds and, hence, is not recommended where

other methods are available.

8. Specimen Check

8.1 In general terms, test specimens should be straight, their

diameter should be constant, and the ends should be flat, parallel, and

normal to the long axis. Sample dimensions should be checked during

machining with a micrometer or vernier caliper; final dimensions are

normally measured with a micrometer and reported to the nearest 0.01 in.

(0.254 mm). Tolerances are best checked on a comparator fitted with a

dial micrometer reading to 0.0001 in. (0.00254 mm). There is a tech-

nique for revealing the roughness and planes qualitatively. Impressions

are made by sandwiching a sheet of carbon paper and a sheet of white

paper between the sample end and a smooth surface. The upper end of the

sample is given a light blow with a rubber or p1  '. hammer, and an

imprint is formed on the white paper. Areas where no impressions are

made indicate dished or uneven sirfaces. The importance of proper

specimen preparation cannot be coveremrhý-oized. Specimens should not be

tested which do not meet the dimensional tolerances specified in the

respective test methods.

9. References

9.1 Department of the Army, Office, Chief of Engineers, "Soil

Sampling," EM 1110-2-1907, Washington, D. C., 1972.
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STATISTICAL CONSIDERATIONS

1. Scope

1.1 The purpose of this recommended practice is to outline some

general statistical concepts which may be applied to small sample sizes

typical of rock test data. It is not the intent to deal with accuracy

or precision considerations, but rather to assess the results from the

assumed point that the test has been conducted as specified in the

respective test methods.

2. Variation and Sample Size

2.1 Most physical tests involve tabulation of a series of readings,

with computation of an average said to be representative of the whole.

The question arises as to how representative this average is as the

measure of the characteristic under test. Three important factors

introduce uncertainties in the result:

(a) Instrument and procedural errors.

(b) Variations in the sample being tested.

(c) Variations between the sample and the other samples that

might have been drawn from the same source.

If a number of identical specimens were available for tests, or if the

tests were nondestructive and could be repeated a number of times on the

same specimen, determination of the procedural and instrument errors

would be comparatively simple, because in such a test the sample varia-

tion would be zero. Periodic tests on this specimen or group of speci-

mens could be used to check the performance of the test procedure and

equipment. However, as most of the tests used in determining the

mechanical properties of rock are destructive, the instrument and sample

variations cannot be separated. Nevertheless, we may apply some ele-

mentary statistical concepts and still have confidence in the test

results. Of course, the more test data available the more reliable the

results. Due to the expense of testing and occasionally the shortage of
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test specimens, rock test data almost always require treatment as groups

of small samples. As a general rule at least 10 tests are recommended

for any one condition of each individual test with an absolute minimum

of 5.

3. Measures of Central Tendency and Deviation

3.1 The most commonly used measure of the central tendency of a

sample of n specimens is the arithmetic mean or average, X . The

standard deviation, s , of the sample S is a measure of the sample

variability. The range, r , is defined as the difference between the

highest and lowest of the n values. For small samples (3 < n < 12)

s = r/Fn

When more than 12 bits of data are available, more refined calculations

are required for computation of the standard deviation.

4. The Normal Distribution

4.1 A series of tests for any one property will, of course, have

some variation in the individual determinations. The distribution of

these bits of data quite often follows a pattern of normal distribution,

i.e., a large portion of the data bits will be closely grouped to the

mean on either side with progressively fewer bits distributed farther

from the mean. The normal distribution is usually portrayed graphically

as shown below.

-4 -3 -2 -1 0 1 2 3 4

V
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Methods are available to check the normality of the distribution and to

deal with those which are not normal (skewed). 7. 7 3

5. Small Sampling Theory

5.1 A study of sampling distributions of statistics for small

samples (n < 30) is called small sampling theory. Statistical tables

are available for use with the proper relationship to develop confidence
7.1

in test data. For small samples the confidence limits for a population

are given by:

X ÷t SSc 7n--

X, n , and s are determined as given in paragraph 3.1. t isc

called the confidence coefficient and depends on the level of confidence

desired and the sample size. Values of t for 90, 95, and 99 percentc

confidence limits are given below for n from 3 to 12.

tP %c

n DF* 90 95 99

3 2 2.92 4.30 9.92

4 3 2.35 3.18 5.84

5 4 2.13 2.78 4.60

6 5 2.02 2.57 4.03

7 6 1.94 2.45 3.71

8 7 1.90 2.36 3.50

9 8 1.86 2.31 3.36

10 9 1.83 2.26 3.25

11 10 1.81 2.23 3.17

12 11 1.80 2.20 3.11

* Degrees of freedom

Statistical treatment of very small samples, i.e. n < 7, is question-

able and of limited value.
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6. Example

6.1 For the purposes of illustration, assume there is a normal

distribution of compressive strength data7.4 for a particular rock type

yielding the following individual specimen strengths: 18,000; 18,700;

19,200; 19,600; 20,000; 20,100; 20,500; 20,800; 21,100; and 22,000 psi.

Find the 95 percent confidence limits for the mean strength.

By computation: n = 10

R = 20,000 psi

r = 22,000 - 18,000 = 4000 psi

c 4000
S = �- 3.162 4000 psi

n

95% confidence limits - X t 9 5 (s//n- i); thus,

+ ± 2.26 (1260/i4-0-) =

20,000 ± 2.26 (420) = 20,000 ± 950 psi

Thus,we can be 95 percent confident that the true mean lies between

19,050 and 20,950 psi.

6.2 Also, observations can be expected to fall within some range of

the mean. If a new effect is added, or a bias occurs, deviations from

the mean that would be expected to occur with extremely small frequency

under normal circumstances will be observed. When such deviations occur

they may be discarded on the grounds that (a) they represent the effect

of variables that are not under study, or (b) they are the result of

absolute errors and do not represent the actual observations, or (c) the

large deviation can be considered the result of a combination of factors

that is not representative of usual operating conditions. The con-

fidence coefficient information can be used to provide a measure of

confidence in the individual test data. The relation is:

0
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Confidence range (90, 95, 99, etc.) = X-+ t sc

For the example: Confidence range (95%) = 20,000 ± 2.26 (1260)

= 17,150 to 22,850 psi

Thus, we can say that there is only I chance in 20 of observing a break-

ing strength as low as 17,150 psi or as high as 22,850 psi by using the

test method employed on this particular method. If a strength deter-

mination is obtained above or below this range, there is a high proba-

bility that additional factors come into play and the extraneous strength

value may thus be considered nonrepresentative of the material.

7. References

7.1 Spiegel, M. R., Theory and Problems of Statistics, Schaun's

Outline Series, McGraw-Hill CGapany, New York, 1961.

7.2 Volk, William, Applied Statistics for Engineers, McGraw-Hill

Company, New York, 1958.

7.3 Obert, Leonard and Duvall, W. I., Rock Mechanics and the Design

of Structures in Rock, John Wiley and Sons, Inc., New York, 1967.

7.4 "Engineering Geology; Special Issue, Uniaxial Testing in Rock

Mechanics Laboratories," Elsevier Publishing Company, Amsterdam, Vol 4,

No. 3, July 1970.



RTH 105-80

METHOD FOR DETERMINATION OF
REBOUND NUMBER OF ROCK

1. Scope

1.1 This method provides instructions for the determination of a

rebound number of rock using a spring-driven steel hammer (Fig. 1).

I Impact plunger 1
3 Housing compl.
4 Rider with guide rod 12 2
5 Scale (starting with serial 20

No. 230 printed on window 23 3
No. 19) 22

6 Pushbutton compl.
7 Hammer guide bar
8 Disk
I Cap

10 Two-part ring
11 Rear cover
12 Compression spring
13 Pawl
14 Hammer mass
IS Retaining spring
16 Impact spring 19-
17 Guide sleeve
13 Felt washer
t9 Plexiglass window 3
20 Trip screw 14
21 Lock nut
U2 Pin
23 Pawi spring

FA

Fig. 1. Spring-driven steel hammer.
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2. Significance

2.1 The rebound number determined by this method may be used to

assess the uniformity of rock in situ, or on cored samples to indicate

hardness characteristics of the rock.

3. Apparatus

3.1 Rebound Hammer - The rebound hammer consists of a spring-loaded

steel hammer which when released strikes a steel plunger which is in

contact with the test surface. The spring-loaded hammer must travel

with a fixed and reproducible velocity. The rebound distance of the

steel hammer from the steel plunger is measured by means of a linear

scale attached to the frame of the instrument (Note 1).

NOTE 1--Several types and sizes of rebound hammers a:e commercially

available. Hammers with an energy impact of 0.075i m-kg (0.542 ft-lb)

have been found satisfactory for rock testing.

3.2 Abrasive Stone - An abrasive stone consisting of medium grain

texture silicon carbide or equivalent material shall be provided.

4. Test Area

4.1 Selection of Test Surface - Surfaces to be tested shall be at

least 2 in. (50 mm) thick and fixed within a stratum. Specimens should

be rigidly supported. Some companies market a "rock cradle" for this

purpose. Areas exhibiting scaling, rough texture, or high porosity

should be avoided. Dry rocks give higher rebound numbers than wet.

4.2 Preparation of Test Surface - Heavily textured soft surfaces or

surfaces with loose particles shall be ground smooth with the abrasive

stone described in Section 3.2. Smooth surfaces shall be tested without

grinding. The effects of drying and carbonation can be minimized by

thoroughly wetting the surfaces for 24 hours prior to testing.

4.3 Factors Affecting Test Results - Other factors related to test

circumstances may affect the results of the test:
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(a) Rock at 32°F (0°C) or less may exhibit very high rebound

values. Rock should be tested only after it has thawed.

(b) The temperature of the rebound hammer itself may affect

the rebound number (Note 2).

NOTE 2-Rebound hammers at O0F (-18°C) may produce rebound

numbers reduced by as much as 2 or 3 units.

(c) For readings to be compared, the direction of impact--

horizontal, downward, upward, etc.--must be the same.

(d) Different hammers of the same nominal design may give

rebound numbers differing by 1 to 3 units, and therefore, to be compared,

tests should be made with a single hammer. If more than one hammer is

to be used, a sufficient number of tests must be made on typical rock

surfaces to determine the magnitude of the differences to be expected.

(Note 3)

NOTE 3--Rebound hammers require periodic servicing and veri-

fication annually for hammers in heavy use, biennially for hammers in

less frequent use, and whenever there is reason to question their proper

operation. Metal anvils are available for verification and are recom-

mended. However, verification on an anvil will not guarantee that

different hammers will yield the same results at other points on the

rebound scale. Some users compare several hammers on surfaces

encompassing the usual range of rebound values encountered in the field.

5. Test Procedure

5.1 The instrument shall be firmly held in a position which allows

the plunger to strike perpendicular to the surface tested. The pressure

on the plunger shall be gradually increased until the hammer impacts.

After impact, the rebound number should be recorded to two significant

figures. Ten readings shall be taken from each test area with no two

impact tests being closer together than 1 in. (25.4 mm). Examine the

impression made on the surface after Impact and disregard the reading

if the Impact crushes or breaks through the surface.
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6. Calculation

6.1 Readings differing from the average of 10 readings by more than

7 units are to be discarded and the average of the remaining readings

determined. If more than 2 readings differ from the average by 7 units,

the entire set of readings should be discarded.

7. Precision

7.1 The single-specimen-operator-machine-day precision is 2.5 units

(IS) as defined in ASIM Recommended Practice E 177, "Use of the Terms

Precision and Accuracy as Applied to Measurement of a Property of a

Material."

8. Use and Interpretation of Rebound Hammer Results

8.1 Optimally, rebound numbers may be correlated with core testing

information. There is a relationship between rebound number and

strength and deformation and the relationship is normally provided by

the rebound hammer manufacturer.

9. Report

9.1 The report should include the following information for each

test area:

9.1.1 Rock identification.

9.1.2 Location of rock stratum.

9.1.3 Description and composition of rock if known.

9.1.4 Average rebound number for each test area or specimen.

9.1.5 Approximate angular direction of rebound hammer impact, with

horizontal being considered 0, vertically upward being +90 deg (1.57

radians), and vertically downward being -90 deg (1.57 radians).

9.1.6 Hammer type and serial number.
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METHOD FOR DETERMINATION OF THE

WATER CONTENT OF A ROCK SAMPLE

1. Scope

1.1 This test is intended to measure the weight of water contained

in a rock sample as a percentage of the ovendry sample weight. The

water content, or moisture content, is designated by the symbol w.

2. Apparatus

(a) An oven capable of maintaining a temperature of 1050C to within

30C for a period of at least 24 hours.

(b) A sample container of noncorrodible material, including an air-

tight lid.

(c) A desiccator to hold sample containers during cooling.

(d) A balance uf adequate capacity, capable of weighing to an accu-

racy of 0.01 pe-c-.t of the sample weight.

3. Procedurc

(a) The container with its lid is cleaned and dried, and its weight

X measured.

(b) A representative sample is selected, preferably comprising at

least ten rock lumps each weighing at least 50 g to give a total sample

weight of at least 500 g. For in situ water content determination,

sampling, storage, and handling precautions should retain water content

to within 1 percent of its in situ value.

(c) The sample is placed in the container, the lid replaced, and

the weight Y of sample plus container determined.

(d) The lid is removed and the sample dried to constant weight at a

temperature of 105°C.

(e) The lid is replaced and the sample allowed to cool in the

desiccator for 30 minutes. The weight Z of sample plus container is

determined.

0
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4. Calculation

Water content w - pore water weight . 100% 100%
grain weight Z-X

5. Reporting of Results

5.1 The water content should be reported to the nearest 0.1 percent

stating whether this corresponds to in situ water content, in which case

precautions taken to retain water during sampling and storage should be

specified.
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STANDARD METHOD OF TEST FOR
SPECIFIC GRAVITY AND ABSORPTION OF ROCK

1. Scope

1.1 This method covers the determination of bulk and apparent

specific gravities, 73.4/73.40F (23/230 C), and absorption of rock

samples. This test method is based on ASTM Designation C 127-73.

1.2 This method determines (after 24 hours in water) the bulk

specific gravity and the apparent specific gravity as defined in RTH 101

and absorption as defined in ASTh Designation C 125, "Definitions of

Terms Relating to Concrete and Concrete Aggregates."

2. Apparatus

2.1 Balance - A balance or scale having a capacity of 5 kg or more,

sensitive to 0.5 g or less, and accurate within 0.1 percent of the test

load at any point within the range used for this test. Within any 500 g

range of test load, a difference between readings shall be accurate

within 0.5 g.

2.2 Sample Container - A wire basket of No. 5 (3 mm) or finer mesh,

or a bucket, of approximately equal breadth and height, with a capacity
3

of 4000 to 7000 cm

3. Sample

3.1 Select a representative sample of the rock to be tested not to

exceed 5 kg.

4. Procedure

4.1 After thoroughly washing to remove dust or other coatings from

the surface of the particles, dry the sample to constant weight at a

temperature of 212 to 230 F (100 to 110C), cool in air at room tempera-

ture for I to 3 hours, and then immerse in water at room temperature for

a period of 24 ± 4 hours. (Note 1)

NOTE 1-Where the absorption and specific gravity values in the

sample's naturally moist condition are specified, the requirement for

initial drying to constant weight may be eliminated, and if the surfaces



RTH 107-80

of the particles In the sample have been kept continuously wet until

test, the 24-hour soaking may also be eliminated. Values for alsorption

and for specific gravity in the saturated-surface-dry condition may be

significantly higher for rock not ovendried before soaking. Therefore,

any exceptions to the procedure of Section 4.1 should be noted in

reporting the results.

4.2 Re ove the sample from the water and roll it in a large ab-

sorbent cloth until all visible films of water are removed. Wipe the

larger particles individually. Take care to avoid evaporation of water

from pores during the operation of surface-drying. Weigh the sample in

the saturated-surface-dry condition. Record this and all subsequent

weights to the nearest 0.5 g.

4.3 After weighing, immediately place the saturated-surface-dry

sample in the sample container and determine its weight in water at

73.4 ± 30 F (23 ± 1.7 0 C), having a density of 0.997 ± 0.002 g per cc.

Take care to remove all entrapped air before weighing by shaking the

container while it is immersed. (Note 2)

NOTE 2--The container should be immersed to a depth sufficient to

cover it and the test sample during weighing. Wire suspending the

container should be of the smallest practical size to minimize any

possible effects of a variable Immersed length.

4.4 Dry the sample to constant weight at a temperature of 212 to

2300F (100 to 1100 C), cool in air at room temperature for 1 to 3 hours,

and weigh.

5. Bulk Specific Gravity

5.1 Calculate the bulk specific gravity, 73.4/73.4 F (23/23 C), as

follows:

ABulk sp gr G=
m B-C

0
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where A - weight of ovendry sample in air, g

B - weight of saturated-surface-dry sample in air, g

C = weight of saturated sample in water, g

6. Bulk Specific Gravity (Saturated-Surface-Dry Basis)

6.1 Calculate the bulk specific gravity, 73.4/73.4 F (23/23°C), on

the basi- of weight of saturated-surface-dry rock as follows:

B
Bulk sp gr (saturated-surface-dry basis) = B-C

7. Apparent Specific Gravity

7.1 Calculate the apparent specific gravity, 73.4/73.40F (23/230C),

as follows:

Apparent sp gr = G = A
a A-C

8. Absorption

8.1 Calculate the percentage of absorption as follows:

B-AAbsorption, percent = A 100

9. Precision

9.1 Data from carefully conducted tests on normal weight rock at

one laboratory yielded the following for tests on the same sample. Dif-

ferent samples from the same source may vary more.

9.1.1 For specific gravity, single-operator and multioperator

precision (2S limits) less than ±0.01 from the average specific gravity.

Differences greater than 0.01 between duplicate tests on the same sample

by the same or different operators should occur by chance less than 5

percent of the time (D2S limit less than 0.01).
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9.1.2 For absorption, single-operator and multioperator precision

±0.09 from the average percent absorption 95 percent of the time (S

limits). The difference between single tests by the same or different

operators on the same sample should not exceed 0.13 more than 5 percent

of the time (D2S limit).
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METHOD OF DETERMINING DENSITY OF SOLIDS

1. Scope and Definition

1.1 This method covers procedures for determining the density of

solids. The density of solids is the ratio of the mass in air of a

given volume of crushed solids to the total volume of solids. 2.

Apparatus

2.1 The apparatus shall consist of the following:

(a) Volumetric flask, 500-mL capacity.

(b) Vacuum pump or aspirator connected to vacuum line.

(c) Oven of the forced draft type, automatically controlled to

maintain a uniform temperature of 110 ± 5VC throughout the oven.

(d) Balance, sensitive to 0.01 g, capacity 500 g or more.

(e) Thermometer, range 0 to 50 0 C, graduated in 0.1 deg. C.

(f) Evaporating dish.

(g) Water bath.

(h) Sieves, U.S. Standard 4.75-mm (No. 4) and 600-pm (No. 30)

conforming to ASTM Designation E 11, "Specifications for Wire-Cloth

Sieves for Testing Purposes."

(i) Sample splitter suitable for splitting material passing

4.75-mm (No. 4) and 600-pm (No. 30) sieves.

3. Calibration of Volumetric Flask

3.1 The volumetric flask shall be calibrated for the mass of the

flask and water at various temperatures. The flask and water are

calibrated by direct determination of mass at the range of temperatures
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likely to be encountered in the laboratory. The calibration procedure

is as follows.

3.2 Fill the flask with de-aired, distilled, and demineralized

water to slightly below the calibration mark and place in a water bath

which is at a temperature between 30 and 35°C. Allow the flask to

remain in the bath until the water in the flask reaches the temperature

of the water bath. This may take several hours. Remove the flask from

the water bath and adjust the water level in the flask so that the

bottom of the meniscus is even with the calibration mark on the neck of

the flask. Thoroughly dry the outside of the flask and remove any water

adhering to the inside of the neck above the graduation, then determine

the mass of the flask and water to the nearest 0.01 g. Immediately

after determination of mass, shake the flask gently and determine the

temperature of the water to the nearest 0.10C by immersing a thermometer

to the middepth of the flask. Repeat the procedure outlined above at

approximately the same temperature, then make two more determinations,

one at room temperature and the other at approximately 5°C less than

room temperature. Draw a calibration curve showing the relation between

temperature and corresponding values of mass of the flask plus water.

Prepare a calibration curve for each flask used for density

determination and maintain the curves as a permanent record. A typical

calibration curve is shown in Fig. 1.

0
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VOLUMETRIC FL.ASK NO. 8-P_ -i - - CALIBRAT"ED 15 DEC 1959

Z 653

2 652
15 20 25 30 3

TEMPERATURE. DEGEES CELSIUS
Fig. 1. Typical calibration curve of volumetric flask.

4. S_ mzample

4.1 Crush the sample until it all passes a 4.75-mm (No. 4) sieve.

With a sample splitter, separate out 120 to 150 g of representative

crushed material. Pulverize this material to pass a 600-pm (No. 30)

sieve. Oven-dry the crushed material to constant mass, determine the

mass of the material to the nearest 0.01 g, and record the mass.

5. Procedure

5.1 After determination of mass, transfer the crushed material to a

volumetric flask, taking care not to lose any material during this

operation. To reduce possible error due to loss of material of known

mass, the sample may have its mass determined after transfer to the

flask. Fill the flask approximately half full with de-aired, distilled

water. Shake the mixture well and allow it to stand overnight.

5.2 Then connect the flask to the vacuum line and apply a vacuum of

approximately 99.99 Pa (750 mm of mercury) for approximately 4 to 6 h,

agitating the flask at intervals during the evacuation process. Again

allow the flask to stand overnight. Finally, fill the flask with de-
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aired, distilled water to about 3/4 in. (19 mm) below the 500-mL,

graduation and again apply a vacuum to the flask until the suspension is

de-aired, slowly and carefully remove the stopper from the flask, and

observe the lowering of the water surface in the neck. If the vater

surface is lowered less than 1/8 in. (3.2 mm), the suspension can be

considered sufficiently de-aired. Fill the flask until the bottom of

the meniscus is coincident with the calibration line of the neck of the

flask. Thoroughly dry the outside of the flask and remove the moisture

on the inside of the neck by wiping with a paper towel. Determine the

mass of the flask and contents to the nearest 0.01 g. Immediately after

determination of mass, stir the suspension to assure uniform

temperature, and determine the temperature of the suspension to the

nearest 0.10C by immersing a thermometer to the middepth of the flask.

Record the mass and temperature.

5.3 Compute the density of the solid, G s from the followingS'

formula:

W s 7fw
G =

s W + Wfw- Wfws

where W = the ovendry mass of the crushed rock sample, gs

-wy density of water at test temperature, M /m 3

w
(Table 1)

Wfw = mass of flask plus water at test temperature g

(from calibration curve, Fig. 1)

W - mass of flask plus water plus solids at test
fws

temperature, g
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6. IR.U2Lt

6.1 The report shall include the folloving:

(a) The density of the solid.

(b) Ovendry mass of test sample.

(c) Water temperature during test.

0

0
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METHOD OF DETERMINING EFFECTIVE (AS RECEIVED) AND
DRY UNIT WEIGHTS AND TOTAL POROSITY OF ROCK CORES

1. Scope and Definition

1.1 This method covers the procedure for determining the effective

unit weight, dry unit weight, and porosity of rock cores as defined in

RTH 101. (This method covers determination of "total" porosity of a

rock sample. Porosity calculated from the bulk volume and grain volume

using the pulverization method is termed "total" since the pore volume

obtained includes that of all closed pores. Other techniques give
"effective" porosity since they measure the volume of interconnected

pores only.)

2. Apparatus

2.1 The apparatus shall consist of the following:

(a) Balance having a capacity of 5 kg or more and accurate to

1 g.

(b) Wire basket of No. 4 mesh, diameter at least 2 in. (50.8 mm)

greater than that of the core to be tested, walls at least one-half the

height of the cylinder, and bail clearing the top of the core by at

least 1 in. (25.4 mm) at all points.

(c) Watertight container in which the wire basket may be sus-

pended with a constant-level overflow spout at such a height that the

wire basket, when suspended below the spout, will be at least 1 in.

(25.4 mm) from the bottom of the container.

(d) Suspending apparatus suitable for suspending the wire

basket in the container from the center of the balance platform or pan

so that the basket will hang completely below the overflow spout and not

be less than 1 in. (25.4 amm) from the bottom of the container.

(e) Thermometer, range 0 to 50°C, graduated to 0.10.

(f) Caliper or suitable measuring device capable of measuring

lengths and diameters of test cores to the nearest 0.1 mm.
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(g) Oven of the forced draft type, automatically controlled to

maintain a uniform temperature of 110 ± 5 0C throughout.

3. Sample

3.1 Select representative samples from the population and identify

each sample. Individual samples should not exceed 5 kg in weight.

4. Effective Unit Weight (As Received)

4.1 The test procedure for determining the effective unit weight of

rock cores shall consist of the following steps:

(a) Weigh the core as received to the nearest gram (0.1 g for

3-in. (76.2 -mm) and smaller cores) (W ) and record this weight and thea

temperature in the working area near the core surface.

(b) Determine the bulk volume of the core in cubic centimetres

by one of the following two methods:

(1) Determine the average length and diameter of the core

from measurements of each of these dimensions at evenly spaced intervals

covering the surface of the specimen. These measurements should be made

to the nearest 0.1 mm. Calculate the volume using the formula
1d2L

V =I d L , where V = volume, d = diameter of the core, and L
4

length of the core. (Note 1)

NOTE 1--If this method is used, the specimen should be

sawed and machined to conform closely to the shape of a right cylinder

or prism prior to weighing as in 4.1(a) above.

(2) Coat the surface of the core with wax or other

suitable coating until it is watertight, making sure that the coating

material does not measurably penetrate the pores of the core. Weigh the

specimen, after coating, to the nearest gram (or 0.1 g). The density of

the coating material shall be determined. The volume of the coating on

the core shall be determined by dividing the weight of coating by the

density of the coating. Determine the volume of the coated rnore in

cubic centimetres by liquid displacement. Subtract the volume of the

coating material from the volume of the coated core to obtain the volume

of the core (V) in cubic centimetres.
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(c) Calculate the effective unit weight of the core from the

following formula:

W
a

Ye-= V

where Ye effective unit weight of the core, as received

W = weight of the core, in grams, as receiveda

V = volume of the core, in cubic centrimetres

5. Dry Unit Weight

5.1 The test procedure for determining the dry unit weight of rock

cores shall consist of the following steps:

(a) If a coating was utilized to waterproof the specimen as in

4.1(b)(2), remove it and, if applicable, brush to remove dust or ele-

ments of the coating. Then weigh the core. (Note 2)

NOTE 2--If there is no weight loss in stripping or loss or gain

in moisture, this weight should equal Wa

(b) Crush the sample until it all passes a No. 4 sieve, taking

care not to lose any material.

(c) Oven-dry the crushed material to constant weight Wb (con-

stant weight is achieved when the weight does not change as much as 0.1

percent during any 4-hour drying period), cool to room temperature, then

record all weights and room temperature in the area of the test on the

data sheet.

(d) Calculate the dry unit weight of the core from the following

formula:

Wb
Yd V-

where Yd = dry unit weight of the core

Wb = weight of the crushed, dried core, in grams

V - volume of the core, in cubic centimetres
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6. Porosity

6.1 The total porosity, n , may be determined from the dry unit

weight and the gram unit weight of a sample. oetermine the specific of

the solids, G , according to RTH 108. Determine the grain unit weights

of the sample by the relation:

Grain unit weight, y = Gs 623 lb/cu ft

Determine total porosity by:

l00'¢g - Yd),

Yg

where n = total porosity

=g grain unit weight

Yd = dry unit weight

0
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I. Scope in terms of travel time and distance. ofcompres-

Tils method descrnbes equipment and sion ;,nd shear waves in rock specimens include

procedures for laboratory measurements of the requirements of instrumentation, suggested tI ps

pulse velocities of compression waves and shear of transducers. methods of preparation, and e-

waves in rock (2)- (Note I) and the determination fects of specimen geometry and grain size. Elastic

of ultrasonic elastic constants (Note 2) of an constants ma- be calculated for isotropic or

isotropic rock or one exhibiting slight anisotropy. slightly anisotropic rocks. while anisotrop. is re-

NOTE I--The compression wave velocity as defined ported in terms of the vranation of" wave velocitt

here is the dilatational wave velocity. It is the propaga- with direction in the rock.
tion velocity of a longitudinal wave in a medium which
is effectively infinite in lateral extent. It should not be 3. Significance
confused with the bar or rod velocity. 3.1 The pnmar, advantages of ultrasonic test-

NOTE 2-The elastic constants determined by this
method are termed ultrasonic since the pulse frequen- ing are that it .ields compression and shear wave
cies used are above the audible range. The terms sonic velocities, and ultrasonic values for the elastic
and dynamic are sometimes applied to these constants constants of intact homogeneous isotropic rock
but do not describe them precisely (2). It is possible specimens (3). Elastic constants are not to be
that the ultrasonic elastic constants may differ from calculated for rocks having pronounced antsot-
those determined by other dynamic methods.

ropy by procedures descnbed in this method.
1.2 This method is valid for wave veloctty The values of elastic constants often do not agree

measurements in both anisotropic and isotropic with those determined by static laboratorý meth-
rocks although the velocities obtained in grossly ots or the i st methods. Measured wa~e se-
anisotropic rocks may be influenced by such locities likewise may not agree with seismic ye-
factors as direction, travel distance, and diameter locities. but offer good approximations. 'The ul-
of transducers. trasonic evaluation of rock properties is useful

1.3 The ultrasonic elastic constants are cal- for preliminary prediction of static properties.
culated from the measured wave velocities and the method is useful for evaluating the effects of
the bulk density. The limiting degree of anisot- unlaxial stress and water saturation on pulse
ropy for which calculations of elastic constants velocitx. These properties are in turn useful in
are allowed and procedures for determining the engineenng design.
degree o•anisolrophy are specified. 3.2 The method as descnbed herein is not

1.4 The values stated in U.S. customary units adequate for measurement of stress-,ave atlen-
are to be regarded as the standaid. The metric uation. Also. while pulse velocities can be em-

equivalents of U.S. customary units may be ap-
proximate. [rhis method is under the lunsdiction of AS IM (Committee

)-IX i on Soil and Rkwk
2. Summary of Method ( urrent edition approwed *tug 1. 198 3 Published (1h, I

2.1I Details of essential procedures for the de- 1" ; I ast pre ious edition 1) 284S - t,'0 i 197h)
: I he bold fauc numhers in parentheses refer to ihc iist oitermination of the ultrasonic velocity, measured references at the -nl ot thih method
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ployed to determine the elastic constants of ma- 4.3.1 In laboratory testing, it may be conven-
terials having a high degree of anisotropy, these ient to use unhoused transducer elements. But if
procedures are not treated herein, the output voltage of the receiver is low, the

element should be housed in metal (grounded)
4. Apparatus to reduce stray electromagnetic pickup. If protec-

4.1 General-The testing apparatus (Fig. 1) tion from mechanical damage is necessary, the
should have impedance matched electronic corn- transmitter as well as the receiver may be housed
ponents and shielded leads to ensure efficient in metal. This also allows special backings for the
energy transfer. To prevent damage to the appa- transducer element to alter its sensitivity or re-
ratus allowable voltage inputs should not be ex- duce ringing (4). The basic features of a housed
ceeded. element are illustrated in Fig. 2. Energy trans-

4.2 Pulse Generator Unit-This unit shall mission between the transducer element and test
consist of an electronic pulse generator and ex- specimen can be improved by (1) machining or
ternal voltage or power amplifiers if needed. A lapping the surfaces of the face plates to make
voltage output in the form of either rectangular them smooth, flat, and parallel, (2) making the
pulse or a gated sine wave is satisfactory. The face plate from a metal such as magnesium whose
generator shall have a voltage output with a characteristic impedance is close to that of corn-
maximum value after amplification of at least 50 mon rock types, (3) making the face plate as thin
V into a 5041 impedance load. A variable pulse as practicable. and (4) coupling the transducer
width, with a range of I to 10 Is is desirable. The element to the face plate by a thin layer of an
pulse repetition rate may be fixed at 60 repeti- electrically conductive adhesive, an epoxy type
tions per second or less although a range of 20 to being suggested.
100 repetitions per second is recommended. The 4.3.2 Pulse velocities may also be determined
pulse generator shall also have a trigger-pulse for specimens subjected to uniaxial states of
output to trigger the oscilloscope. There shall be stress. The transducer housings in this case will
a variable delay of the main-pulse output with also serve as loading platens and should be de-
respect to the trigger-pulse output, with a mini- signed with thick face plates to assure uniform
mum range of 0 to 20 ats. loading over the ends of the specimen (5).

4.3 Transducers-The transducers shall con-
sist of a transmitter which converts electrical NOTE 4-The state of stress in many rock types has
pulses into mechanical pulses and a receiver a marked effect on the wave velocities. Rocks in situ

are usually in a stressed state and therefore tests under
which converts mechanical pulses into electrical stress have practical significance.
pulses. Environmental conditions such as am-
bient temperature, moisture, humidity, and im- 4.4 Preamplifier-A voltage preamplifier is
pact should be considered in selecting the trans- required if the voltage output of the receiving
ducer element. Piezoelectric elements are usually transducer is relatively low or if the display and
recommended, but magnetostrictive elements timing units are relatively insensitive. To pre-
may be suitable. Thickness-expander piezoelec- serve fast rise times. the frequency response of
tric elements generate and sense predominateiy the preamplifier shall drop no more that 2 dB
compression-wave energy; thickness-shear pie- over a frequency range from 5 kHz to 4 x the
zoelectric elements are preferred for shear-wave resonance frequency of the receiver. The internal

measurements. Commonly used piezoelectric noise and gain must also be considered in select-
materials include ceramics such as lead-zircon- ing a preamplifier. Oscilloscopes having a verti-
ate-titanate for either compression or shear, and cal-signal output can be used to amplify the signal
crystals such as a-c cut quartz for shear. To for an electronic counter.
reduce scattering and poorly defined first arrivals 4.5 Display and Timing Unit-The voltage
at the receiver, the transmitter shall be designed pulse applied to the transmitting transducer and
to generate wavelengths at least three times the the voltage output from the receiving transducer
average grain size of the rock. shall be displayed on a cathode-ray oscilloscope

NOTE 3-Wavelength is the wave velocity in the for visual observation of the waveforms. The

rock specimen divided by the resonance frequency of oscilloscope shall have an essentially tlat response
the transducer. Commonly used frequencies range from between a frequency of 5 kHz and 4 x the
75 kHz to 3 MHz. resonance frequency of the transducers. It shall

2
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have dual beams or dual traces so that the two condition ( 100 " saturation). or in any interme-
waveforms may be displayed simultaneously and diate state. if the pulse velocities are to be deter-
their amplitudes separately controlled. The oscil- mined with the rock in the -:,c . .., con-
loscope shall be triggered by a triggering pulse dition as received or as exisL, ual".rround. care
from the pulse generator. The timing unit shall must be exercised dunng the preparation proce-
be capable of measuring intervals between 2 .tS dure so that the moisture content does not
and 5 ms to an accuracy of I part in 100. Two change. In this case it !s suggested tai 'hotn the
alternative classes of timing units are suggested. sample and test spec,- -,e _,ored in moisture-
the respective positions of each being shown as proof bags or coated %ith "ax and that drx
dotted outlines in the block diagram in Fig. I: surface-preparation procedures be employed. If
(1) an electronic counter with provisions for time results are desired for specimens in the oven-
interval measurements. or (2) a time-delay circuit dried condition. the oven temperature shall not
such as a continuously variable-delay generator. exceed 150"F (6WOC). The specimen shall remain
or a delayed-sweep feature on the oscilloscope, submerged in water up to the time of testing
The travel-time measunng circuit shall be cali- when results are desired for the saturated state.
brated periodically with respect to its accuracy 5.2 Limitation on Ditnen.ionv--t is recom-
and linearity over the range of the instrument, mended that the ratio of the pulse-travel distance
The calibration shall be checked against signals to the minimum lateral dimension not exceed 5.
transmitted bx the National Bureau of Standards Reliable pulse velocities may not be measurable
radio station WWV, or against a crystal con- for high values of this ratio. The travel distance
trolled time-mark or frequency generator which of the pulse through the rock shall be at least 10
can be referenced back to the signals from WWV x the average grain size ýo that an accurate
periodically. It is recommended that the calibra- average propagation velocity ma, be determined.
tion of the time measuring circuit be checked at The grain size of the rock sample. the natural
least once a month and after any severe impact resonance frequency of the transducers. and the
which the instrument may receive, minimum lateral dimension of the specimen are

interrelated factors which affect test results. [he

5. Test Specimens wavelength corresponding to the dominant fre-
quency of the pulse train in the rock is approxi-

5. I I'reparatton--Exercise care in core drill- matelv related to the natural resonance frequencx
ing, handling. sawing, grinding, and lapping the of the transducer and the pulse-propagation ye-
test specimen to minimize the mechanical dam- locitv. (compression or shear) as follows:
age caused by stress and heat. It is recommended
that liquids other than water be prevented from A
contacting the specimen. except when necessary
as a coupling medium between specimen and where:

transducer during the test. The surface area under A = dominant wavelength of pulse train, in. nor

each transducer shall be sufficiently plane that a m).
feeler gage 0.001 in. (0.025 mm) thick will not V= pulse propagation velocit. 1compression or

pass under a straightedge placed on the surface. shear). in./s (or m/s). and

The two opposite surfaces on which the trans- I = natural resonance frequencý of transducers.

ducers will be placed shall be parallel to within Hz.

0.005 in./in. (0. 1 mm/20 mm) of lateral dimen- The minimum lateral dimension ofthe test spec-

sion (1-ig. 3). If the pulse velocity measurements imen shall be at least 5 x the %kavelength of the

are to he made along a diameter of a core. the compression wave so that the true dilational %%ae

above tolerance then refers to the parallelism of "elocitt is measured (Note 5). that is.

the lines of contact between the transducers and I) -.I

curved surface of the rock core. Moisture content
of the test specimen can affect the measured pulse where:
velocities (see 6.2). Pulse velocities may be deter- ) = minimum lateral dimension oft test speci-
mined on the velocity test specimen for rocks in men. in. (or M)
the oven-drx state (0 % saturation). in a saturated The m-avelength shall be at leas, 3 , the aJcrage

31
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grain size (See 4.3) so that 6.2 .MIo,.lurv ( tndlilln- -he moisture con-
A _- 3d, (3) dition of the sample shall be noted and reported

as 8.1.3.
where: 6.3 Determination of Pule- Travel Time:
d = average grain size, in. (or m). 6.3.1 Increase the voltage output of the pulse
Equations 1, 2, and 3 can be combined to yield generator. the gain of the amplifier, and the
the relationship for compression waves as fol- sensitivity of the oscilloscope and counter to an
lows: optimum level, giing a steeper pulse front to

permit more accurate time measurements. The
optimum level is just below that at which electro-

where: magnetic noise reaches an intolerable magnitude
I' = pulse propagation velocity (compression), or triggers the counter at its lowest triggering

in./s (or m/s). sensitivity. The noise level shall not be greater
Since V', and d are inherent properties of the than one tenth of the amplitude of the first peak
material,land D shall be selected to satisfy Eq 4 of the signal from the receiver. Measure the travel
(Fig. 4) for each test specimen. For any particular time to a precision and accuracy of I part in 100
value of ',,f/the permissible values of specimen for compression waves and I part in 50 for shear
diameter D lie above the diagonal line in Fig. 4, waves by (1) using the delaying circuits in con-
while the permissible values of grain size d lie junction with the oscilloscope (see 6.1.1) or (2)
below the diagonal line. For a particular diame- setting the counter to its highest usable precision.
ter. the permissible values for specimen length L (see 6.3.2).
lie to the left of the diagonal line. 6.3.1.1 The oscilloscope is used with the time-

NOTE 5-Silaeva and Shamina (6) found the limit- delay circuit to display both the direct pulse and
ing ratio of diameter to wavelength to be about 2 for the first arrival of the transmitted pulse. and to
metal rods. Data obtained by Cannady (3) on rock measure the travel time. Characteristically, the
indicate the limiting ratio is at least 8 for a specimen first amval displayed on the oscilloscope consists
length-to-diameter ratio of about 8 of a curved transition from the horizontal zero-

voltage trace followed by a steep, more or less
6. Procedure linear, trace. Select the first break in a consistent

6.1 Determination of Travel Distance and manner for both the test measurement and the
Densitiv-Mark off the positions of the trans- zero-time determination. Select it either at the
ducers on the specimen so that the line connect- beginning of the curved transition region or at
ing the centers of the transducer contact areas is the zero-voltage intercept of the straight line por-
not inclined more than 2* (approximately 0. 1 in. tion of the first arrival.
in 3 in. (I mm in 30 mm)) with a line perpendic- 6.3.1.2 The counter is triggered to start by the
ular to either surface. Then measure the pulse- direct pulse applied to the transmitter and is
travel distance from center to center of the trans- triggered to stop by the first arrival of the pulse
ducer contact area to within 0.1 %. The density reaching the receiver. Because a voltage change
of the test specimen is required in the calculation is needed to trigger the counter. it can not accu-
of the ultrasonic elastic constants (see 7.2). De- rately detect the first break of a pulse. To make
termine the density of the test specimen from the most accurate time interval measurements
measurements of its mass and its volume calcu- possible, increase the counter's triggenng sensi-
lated from the average external dimensions. De- tivity to an optimum without causing spurious
termine the mass and average dimensions within triggering by extraneous electrical noise.
0. 1 %. Calculate the density as follows: 6.3.2 Determine the zero time of the circuit

including both transducers and the travel-time
measuring device and apply the correction to the

where: measured travel times. This factor will remain
P = density. lb sec 2/in.• (or kgim 1). constant for a given rock and stress level if the
m = mass of test specimen. lb sec:/386.4 in. (or circuit characteristics do not change. Determine

kg), and the zero time accordingly to detect any changes.
V= volume of test specimen. in ' (or M3). Determine it by 11) placing the transducers in

4
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direct contact with each other and measuring the and V, as well as upon testing errors and anisot-
delay time directly, or (2) measuring the apparent ropy. In common rock types the respective per-
travel time of some uniform material (such as cent of errors for i., k. and K may be large as or
steel) as a function of length, and then using the even higher than 24. 36, and 6. For greater an-
zero-length intercept of the line through the data isotropy, the possible percent of error in the
points as the correction factor. elastic constants would be still greater.

6.3.3 Since the first transmitted arrival is that
of the compression wave, its detection is rela-
tively easy. The sh-ar-wave arrival, however. may 7. Calculations
be obscured by vibrations due to ringing of the 7.1 Calculate the propagation velocities of the
transducers and reflections of the compression
wave. The amplitude of the shear wave relative compression and shear waves, V,, and V, respec-

to the compression wave may be increased and tively. as follows:

its arrival time determined more accurately by Vp = L1/Tp

means of thickness shear-transducer elements. V, = L,/T,
This type of element generates some compres- where:
sional energy, so that both waves may be de- V= pulse-propagation velocity. in./s (or m/s).
tected. Energy transmission between the speci- L = pulse-travel distance. in. (or m).
men and each transducer may be improved by T = effective pulse-travel time (measured time
using a thin layer of a coupling medium such as
phenyl salicylate. high-vacuum grease. or resin. and muszro tim e corretin)osadsubscripts ,, and , denote the compression
and by pressing the transducer against the speci- wave and shear wave, respectively.
men with a small seating force.6 F smenswisubjectedl stotiuniaxice.7.2 If the degree of velocity anisotropy is 2 %

or less, as specified in 6.4, calculate the ultrasonic
stress fields, first arrivals of compression waves elastic constants as follows:
are usually well defined. However, the accurate
determination of shear-wave first arrivals for E = 1',2(31V, - 4 V,2)]/(I"- 1 ;2)

specimens under stress is complicated by mode where:
conversions at the interfaces on either side of the E = Young's modulus of elasticity, psi (or Pa),
face plate and at the free boundary of the speci- and
men (4). Shear-wave arrivals are therefore diffi- M= density, b/in. 3 (or kg/i 3):
cult to determine and experience is required for p =

accurate readings. 
G p V,"

6.4 Ultrasonic Elasm, Constants-The rock where:
must be isotropic or possess only a slight degree (I = modulus of rigidity or shear modulus, psi
of anisotropy if the ultrasonic elastic constants (or Pa);
are to be calculated (Section 7). In order to 2= - 21",)/[2(V,2 -"V-')]

estimate the degree of anisotropy of the rock.
measure the compression-wave velocity in three where:
orthogonal directions, and in a fourth direction pI = Poisson's ratio:
oriented at 45* from any one of the former three A = p( , - 2
directions if required as a check. Make these where:
measurements with the same geometry, that is. A = Limýs constant, psi (or Pa): and
all between parallel flat surfaces or all across
diameters. The equations in 7.2 for an isotropic K -

medium shall not be applied if any of the three where:
compression-wave velocities varies by more than K = bulk modulus, psi (or Pa).
2 % from their average value. The error in E and
6, (see 7.2) die to both anisotropy and experi-
mental error will then normally not exceed 6 %. 8. Reporl
The maximum possible error in p, X. and KA 8.1 The report shall include the following:
depends markedly upon the relative values of V S. 81. I1 Identification of the test specimen in-

5
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cluding rock type and location, ment.
8.1.2 Density of test specimen, 8.1.7 Calculated ultrasonic elastic constants
8.1.3 General indication of moisture condi- (if desired and if degree of anisotropy is not

tion of sample at time of test such as as received, greater than specified limit),
saturated. laboratory air dry, or oven dry. It is 8.1.8 Coupling medium between transducers
recommended that the moisture condition be and specimen. and
more precisely determined when possible and 8.1.9 Other data such as physical properties.
reported as either water content or degree of composition. petrography. etc., if determined.
saturation.

8.1.4 Degree of anisotropy expressed as the 9. Precision and Accuracy
maximum percent deviation of compression- 9.1 At present. data for determining the pre-
pulse velocity from the average velocity deter- cision and accuracy of ultrasonic pulse velocity
mined from measurements in three directions, measurements are not available.

8.1.5 Stress level of specimens, 9.2 Inaccuracies in the calculation of the ul-
8.1.6 Calculated pulse velocities for compres- trasonic elastic constants occur when the rock is

sion and shear waves with direction of measure- anisotropic (see 6.4).
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FIG. 2 Basic features of a Housed Transmitter or Receiver
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FIG. 3 Specification for Parallelism

0



RTH 110-89
4$ D 2845

Specimen Length, L (in.)

5 10 15 20
4

0 25

,3 -0.20

,0 15 .

2

Sjdo to
.4 '3E

C 005

0 I

02 04 06 08

Propagation Velocity , VP (in.)
Resonance FrequenCy f

(0in. m 0 0254 m)

FIG. 4 Graph Showing Allowable Values of Specimen
Diameter and Grain Size Versus the Ratio of Propagation

Velocity to Resonance Frequency

The .4meritan Soci'ets'for Testing and Materials takes nopositon respecting the validit v o ant palent rights as3ertedin connection
hit ant' item mentioned in this standard. Uisers of this standard are expressly advised that determination of the validity of any such

patent rights, and the rivk of infrmngement of uuch rights. are entirely their own responsibilthv

ihis vstandard ti subject to revision at anm time by- the responsible technical committee and must be reviewed evert, five years and
it not revtsid. either reapproved or sithdrai'n Your comments are invited either for revision of this standard or for additional
Ntandards and should he addressed to .4ST.%1 lleadquarters Your comments will receive ,aretul consideration at a meeting of the
responmible technical committee, which you may attend. If you feel that your comments have not received a lair hearing you sihouta
make usour views known to the ,4ST. Committee on Standards. 1916 Race St. Philadelphia Pa 19103

8e



Designation: D 2938 -86 RTH 111-89

AMERICAN SOCIETY FOR TESTING AND MATERIALS

1916 Race St, Philadelphia. Pa. 19103

Reprinted from the Annual Book of ASTM Standards. Copyright ASTM

If not listed in the current combined index, will appear in the next edition

Standard Test Method for

UNCONFINED COMPRESSIVE STRENGTH OF INTACT ROCK

CORE SPECIMENS 1

This standard is issued under the fixed designation D 2938: the number immediatele following the designation tndicates the year of
onginal adoption or. in the case of revision, the year of last revision. A number in parentheses indicates the %ear ot last reapproal
A superscnpt epsilon (i) indicates an editonal change since the last revision or reapproval

I. Scope 58 (Note I). One of the blocks shall be sphencallN

I.I This test method covers the determination seated and the other a plain ngid block. The

of the unconfined compressive strength of intact bearing faces shall not depart from a plane by

cylindrical rock specimens. more than 0.0005 in. (0.013 mm) when the

1.2 The values stated in inch-pound units are blocks are new and shall be maintained within a

to be regarded as the standard. permissible variation of 0.001 in. (0.025 mm).

1.3 Ii',, .v..iandard ,nav inv(olv~hazardouis ma The diameter of the sphericalb, seated beanng

tertal.., operations, and equipment. This standard face shall be at least as large as that of the test

does not purport to address all olthe sa/t'I proh- specimen but shall not exceed tk ice the diameter

hems associated vith its use. It is the responsihil- of the test specimen. The center of the sphere for

itv of ihe user of this standard 10 estaish appro- the spherically seated block shall coincide with

priatw valetv and heathh practices and determine the bearing face of the specimen. The movable

the applicahbldt' of'regulatorv limitations prior to portion of the bearing block shall be held closely

tuse. in the spherical seat. but the design shall be such
that the beanng face can be rotated and tilted

2. Referenced Documents through small angles in any direction.

2. I .IST.1I Standards: NoTI I--False platens. with plane beanng faces

D4543 Practice for Preparing Rock Core Spec- conlormtng to the requirements of this method mav be
used. These shall consist of disks about ½/- to "4 in. ( 12 7

imens and Determining Dimensional and to 19.05 mm) thick. oil-hardened to more than HRC

Shape Tolerances2 58. and surface ground. With abrasi.e rocks, these
E 4 Practices for Load Verification of Testing platens tend :o roughen after a number of specimens

Machines' have been tested, and hence need to be resurfaced from

E 122 Recommended Practice for Choice of time to lime.

Sample Size to Estimate the Average Quality 4. Test Specimens
of a Lot or Process' 4. I Prepare test specimens in accordance with

3. Apparatus Practice D 4543.
4.2 The moisture condition of the specimen3.1 L oading Device, to apply and measure

axial load on the specimens, of sufficient capacity
to apply load at a rate conforming to the require- This method is under the tunsdiion ti ASIM Committee

ments set forth in 5.3. It shall be verified at D-18 on ioil and Rock and is the direct responsibility of

suitable time intervals in accordance with the Subcommittee DII 12 on Rock Mechanics

procedures given in Practices E 4. and comply Current edition approved(k-t 11. 1486 Published December
1986. Onginally published as 1) 214 IN - -1 Las pre•ious editionwith the requirements prescribed therein. D 2938 - 79

3.2 Bearing Surfaces-The testing machine 4 4nnual Book if I Xttis,,anaard. •sof 4 (IS
4nnual BiikAo 4.Sf.f Standards. % ols 01 I,04 01 07 ofI.

shall be equipped with two steel beanng blocks and0s03
having a Rockwell hardness of not less than HRC I innualBiifi ii 4rs.ili.%andardi. %,o) 14 02
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at time of test can hase a significant effect upon - I i rOtLeC ''I NMiniplc i. i uding prolect
the indicated strength of the rock. Good practice name and lo,:ation. and. it kti,.s n. storage eni-
generalls dictates that laborator- tests be made ionment- I he I cation is licqucntik specilied in
upon specimens representative of field condi- terms ot the borehole number and depth of spec-
tions. Thus it follows that the field moisture imen from collir of holecondition of the specimen should be presersed 7. 1.2 Ph\sical descnpton ol smple includmg

until time of test. On the other hand. there may rock type: locaiion and ernentation of apparent
be reasons for testing specimens at other moisture weakness planes. bedding planes. and schisotos-
contents including iero. In any case. tailor the its: large inclusions or inhomogeneLitics. if an\
moisture content of the test specimen to the - 1.3 Date oftsampling and testing.
problem at hand and report it in accordance with 7.1 4 Specimen diarrmcter and length. con-
7.1.7. formance .ktth dimensional requirements (see

Note 4).
-cuI Rate of loading or deformation rate.
7 1.6 General indication of moisture condi-

5. I Check the ability of the spherical seat to tion of'sample at time of test such as as-received.
rotate freely in its socket before each test. saturated. laborator, air drv, or oven drv. It is

5.2 Wipe clean the beanng faces of the upper recommended that the moisture condition be
and lower beanng blocks and of the test specimen more precisel, determined when po.ssible and
and place the test specimen on the lower beanng reported as either water content or degree of
block. As the load is gradually brought to bear saturation.
on the specimen, adjust the movable portion of 7.1.7 t!nconlined compressive strength for
the spherically seated block so that uniform seat- each specimen as calculated average unconfined
ing is obtained. compressixe strength of all specimens tested.

5.3 Many rock types fail in a violent manner standard de, ation or coelficient of variation.
when loaded to failure in compression. A protec- 7.1.8 1 spe and location of failure. A sketch
five shield should be placed around the test spec- of the fractured sample is recommended.
imen to prevent injury from flying rock frag- 7.1.9 Other available physical data.
ments. NiOI ;-If- onl, cores with a length-to-diameter

5.4 Apply the load continuously and without ratio i t.,;) of less than 2 are axadable, these mak he
shock to produce an approximately constant rate used for the test and this tact noted in the report.
of load or deformation such that failure will occur Hosseer, a length to-diameter ratio I I /D) as close to

w as po.sible should be used [his appparent compressive
within S to IS mmn of loading, strength ma, then be correcied in aetordance with the

followming equation
Noit 2-Results of tests h% several investigators

have shown that strain rates within this range ,ill1
pro, ide strength %,alues that are reasonably free of rapid .k herc.
loading effects and reproducible within acceptable tol- computed compremsise strength of an equiva-
erances. lent I 1) = 2 specimen.

"= measured compressise strength oftthe specimen
testled.

6. Calculation h test core diamcter, and
it test core height

6.1 Calculate the unconfined compressive Niii 4--henumber ft pecimenstestedma-
strength of the spectmen by dividing the maxi- nd upon numlah cr fl specmens but rmaI dpc•nd upo}n daimlabfilt, of specimens. but norrnalI a
mum load carned by the specimen dunng the minimum often is preferred. The numtber oflspecimens
test by the cross-sectional area calculated and testcd should be indicated I he statistical basis of relat-
express the result to the nearest 10 psi (68.9 kPa). ing the required number of specimens to the v'anahilttv

of measurements is given ini Recommended Practice
It.22.

7. Report

7.1 The report should include the folloxh- 8. Precision and Bias
rng: 8. I lhe xranabilita ol rock and resultant in-

21
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ability to determine a true reference value pre- precision of' this test method. In addition. the
vent development of a meaningful statement of' subcommittee is seeking pertinent data trom
bias. Data are being evaluated to determine the users of- the method.

I he -4,'nrig an .'tt wict lo r Fewitne'and 'tfawriali take% ?t'i P-u ill oiii ifi n'pi tillti III t,' ka/idit ofam pill ,w rivol ~wrtc as 'i ,n ,' ',ii, i',.
"ith ant nICM Mi'nuiined 11n I/hi sandard I i~rv )It this itandard anv i'%prei'% it adhii s that dsts'rini natin f its %af it il ., a I1 4

patnt17 ri'hts. aind Iithe rt% sh il i ntrnnernncft P/l 'it h ri ght' ar- n' .'ntin'l flu,,i ,in'/. tn rk-ihi/itI

I'his sanaard I% subjet I it revt ii n at an, I it ne hIt the. ri's/ on% tb/c itý siiIt Ul ( PIP aI 'l' ttt'' and in Ilit Is h4 i r .It'%Id (1t 'F , 41, ar, 41L
it nw reitN'v d e'Uh.', nap/ri uid (or ii ithdra n Inir iwninvnt s an' imi ld etitter' tir romi o i ,it' thil stianduar,; r r '' jaaddi,1 l,,
%tandardi and %ho uld he, addre'iscd to ISMY HIIeadq~uarter% )min, tw-siinint% %till reten's n arou l wti sd'at naaimiome -i '5i

r'sp'nsih/i wt' hnni a/i Iswimnittee. vtolthh wis mat aitt-nd It wi ti' c/ that wiii, wimeint, hat, owl~ rests .a a ia, r. 1'i.1 ', 101aa
ina/si' iitir iw'.. h nirmi n ilic -lArh oi~lntti'i' un Standlardi I VIt Ras ,i' .5 Ihlad./Iphia P I I.t
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Reprinted froni the Annual Book of ASTM Standards.dl Copyright ASTM

if not listed in the current combined index, will app;ear in tthe next edition.

Standard Test Method for
DIRECT TENSILE STRENGTH OF INTACT ROCK CORE
SPECIMENS 1

This standard is issued under the fixed designation D 2936; the number immediately following the designation indicates the year of
original adoption or. in the case of revision, the year of last revision. A number in parentheses, indicates the year of last reapprovai.
A supetscnpt epsilon ¼() indicates an editonal change since the last revision or reapproval.

1. Scope at suitable time intervals in accordance with the
1.1l This test method covers the determination procedures given in Methods E 4 and shall corn-

of the direct tensile strength of intact cylindrical ply' with the requirements prescribed therein.
rock specimens. 4.2 Caps--Cylindrical metal caps that, when

1.2 The values stated in inch-pound units are cemented to the specimen ends, provide a means
to be regarded as the standard. through which the direct tensile load can be

1.3 This standard may involve hazardous ma- applied. The diameter of the metal caps shall not
lerials. operations, and equipment. This standard be less than that of the test specimen, nor shall it
does not purport to address all of the safety~ prob- exceed the test specimen diameter by more than
lems associated with its use. It is the responsibil- 0.0625 in. ( 1.6 mam). Caps shall have a thickness
ity of whoever uses this standard to consult and of at least 1'!, in. (32 mm). Caps shall be provided
establish appropriate safety, and health practices with a suitable linkage system for load transfer

e ~and determine the applicability'ofregu/atory/imi- from the loading device to the test specimen. The0rations prior to use. linkage system shall be so designed that the load
will be transmitted through the axis of the test

2. Applicable Documents specimen without the application of bending or
2.1I ASTM Standards: torsional stresses. The length of the linkages at
E 4 Methods of Load Verification of Testing each end shall be at least two times the diameter

Machines2  of the metal end caps. One such system is shown
E 122 Recommended Practice for Choice of in Fig. I.

Sample Size to Estimate the Average Quality NOTE I--Roller or link chain of suitable capacity
of a Lot or Process-3  has been found to perforrn quite well in this application.

Because roller chain flexes in one plane only, the upper
3 and lower segments should be positioned at nght angles

3.Significance and Ise to each other to effectively reduce bending in the spec-
3.!I Rock is much weaker in tension than in imen. Ball-and-socket, cable, or similar arrangements

compression. Thus, in determining the failure have been found to he generally unsuitable as their
condtio fo a ock trutur, mny ivesigaors tendency for bending and twi sting makes the assembly
condtionfora rok stuctre, any nvetigaors unable to transmit a purelh direct tensile stress to the

employ the tensile strength of the component test specimien.
rock as the failure strength for the structure.
Direct tensile stres~sing of rock is the most basic
test for determining the tensile strength of rock. r his test method is under the junsdctnhon of ASTM Com-

mittee 1)-1t on Soil and Rock and is the direct responsibitht of
4. Apparatus Subcommittee Dig8 [2 on Roc'k Mcdhanc,,

4 Current edition approved Sept 28. 1984 Pubished Novem-
4. Loading, Devtwe. to apply and measure h,,r 1984 Onginally published as t)2936 - 71 Last previous

axial load on the specimen, of suflicient capacity editon D )2936 -,-

to apply the load at a rate conforming to the 00 4nnual B8,v& ,,/.4S1.l Standards. Vols 0.402. 07 01. and
e ~ ~requirements of 6.2. The device shall be verified 4'~ 4nu B,/, ¢,! f . ($1.•4 .'tjdr Vol 14 02.
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5. Test Specimens maintains intimate contact with the end surface

5.1 Test specimens shall be right circular cyl- o) the V-block during moving. Record the dial 0
inders within the following tolerances: gage readings and calculate the difference be-

5. 1.1 The sides of the specimen shall be gen- tween the maximum and the minimum values.
erally smooth and free of abrupt irregularities A,. Rotate the specimen 900 and repeat the same
with all the elements straight to within 0.020 in. operations and calculate the difference. A 2. Turn

(0.50 mm) over the full length of the specimen. the specimen around and repeat the same mea-
The deviation from straightness of the elements surenient procedures tbr the other end surface
shall be determined by either Method A or and obtain the difference values A', and A'2. The
Method B as follows: perpendicularnty will be considered to have been

5. 1. 1.1 Method A-Roll the cylindrical speci- met when:

men on a smooth flat surface and measure the and Ž' .

height of the maximum gap between the speci- D and D 0.005

men and the flat surface with a feeler gage. If the where:
maximum gap exceeds 0.020 in. (0.50 mm), the I = I or 2. and
specimen does not meet the required tolerance D = diameter.
for straightness of the elements. The flat test The smoothness of the end surfaces can be
surface on which the specimen is rolled shall not determined by taking dial gage readings for every
depart from a plane by more than 0.0005 in. ( 15 '8 in. (3.2 mm) during the perpendicularity mea-
AM). suremerits. The closeness of the readings are ex-

5.1.1.2 Method B. pected to provide a smooth curve of the end
5.1.1.2.1 Place the cylindrical surface of the surface along the specific diametral plane. The

specimen on a V-block that is laid flat on a smoothness requirement is met when the slope
surface. The smoothness of the surface shall not along any part of the curve is less than 0.25".
depart from a plane by more than 0.0005 in. (15 NOT. 2--In this test method, the condition of the
Am). spXcimen ends with regard to the degree of flatness and

5.1.1.2.2 Place a dial indicator in contact with smoothness is not as critical as it is. for example, in
the top of the specimen as shown in Fig. 2, and compression tests where good bearing is a prerequisite.

In direct-tension tests it is more important that the ends
observe the dial reading as the specimen is moved be parallel to ceach other and perpendicular to the
from one end of the V-block to the other along longitudmnal axis of the specimen in order to facilitate
a straight line. the application of a direct tensile load. End surfaces.

5.1.1.2.3 Record the maximum and mini- such as result from sawing with a diamond cut-off
wah eel. ýre entirely adequate. Grinding, lapping, or pol-

mum readings on the dial gage and calculate the ishing beyond this point serves no useful purpose, and
difference, Ao. Repeat the same operations by in fact. may adderscly affect the adhesion of the ce-
rotating the specimen for every 90%, and obtin mentvg medium.
the differences.A~, A-g, and A2 70 . The maxi- 5.1.3 The specimen shall have a length-to-
mum value of these four differences shall be less diameter ratio (L/D) of 2.0 to 2.5 (Note 3) and a
than 0.020 in. (0.50 mm). diameter of not less than NX wireline core size,

5.1.2 Cut the ends of the specimen parallel to a meter of n . (48 mm) N ote 4).

each other, generally smooth (Note 2), and at

right angles to the !ongitudinal axis. The ends Nore 3--.In direct-tension tests, the specimen
should be fr-ec to select and fail on the weakest plane

shall not depart from perpendicularity to the axis withn its length. This degree of freedom becomes less
of the specimen by more than 0.25". approxi- as the specirnen length diminishes. When cores of
mately 0.01 in. (0.3 mm) in 2 in. (50.0 mm). The shorter thpn standard length must be tested, make
perpendicularity of the cnd surfaces to the Ion- suitable notaticn of this fact in the test report.

Norý .-1-It is desirahle that the diameter of rockgitudinal axis shall be determined by the similar -'pcnnshatestenimsraerhnte,,nsion sp mcc-_ns te at least ten fimes greater than the
setup as for the cylindrical 'urface (Fig. 3), except diameter of the largest mineral grain. [t is considered
that the dial gage is mountel near the end of the that the specified minimum specimen diameter of ap-
V-block. Move the mounting pad horizontally so proximatel' I i in. (48 mm) will satisfy this critenon
that the dial gage runs across the end surface of in the ma~orit, of cases. It may be necessary in someinstanc•s to c•st specimens that do not comply with
the specimen along a diametral directio,. rake this criterion. In this case, and particularly when corescare to ensure that one end of the mounting pad of diameter smaller than the specafied minimum must

2
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be tested because of the unavailability of larger size compound in automobile body repair work have been
specimens (as is often the case in the mining industry) found to be a suitable cementing medium.
make suitable notation of these facts in the test report,
and mention the grain size. 6.2 Apply the tensile load continuously and

without shock to failure. Apply the load or de-5.1.4 Determine the diameter of the test spec- formation at an approximately constant rate such
Siren to the nearest 0.01 in. (0.25 mm) by aver- that failure will occur in not less than 5 nor more

aging two diameters measured at right angles to than 15 mi. Note and record the maximum
each other at about midlength of the specimen. load carried by the specimen during the test.

Use this average diameter for calculating the
cross-sectional area. Determine the length of the NoTE 6-In this test arrangement failure often oc-

curs near one of the capped ends. Discard the results
test specimen to the nearest 0.01 in. by averaging for those tests in which failure occurs either partly or
two height measurements along the diameter. wholly within the cementing medium.

5.1.5 The moisture condition of the specimen
at the time of test can have a significant effect 7. Calculation
upon the indicated strength of the rock. Good 7.1 Calculate the tensile strength of the rock
practice generally dictates that laboratory tests be by dividing the maximum load carried by the
made upon specimens representative of field con- specimen during test by the cross-sectional area
ditions or conditions expected under the operat- computed in accordance with 5.3: express the
ing environment. However, consider also that result to the nearest 5 psi (35.0 kPa).
there may be reasons for testing specimens at
other moisture contents, or with none. In any 8. Report
case, relate the moisture content of the test spec- 8.1 The report shall include the following:
imen to the problem at hand and report the 8.1.1 Source of sample including project
content in accordance with 8.1.6. name and location, and, if known, storage envi-

ronment (the location is frequently specified in
6. Procedure terms of the borehole number and depth of spec-

6.1 Cement the metal caps to the test speci- imen from collar of hole),
men to ensure alignment of the cap axes with the 8.1.2 Physical description of sample includ-
longitudinal axis of the specimen (Note 5). The ing: rock type, location and orientation of appar-
thickness of the cement layer should not exceed ent planes, bedding planes, and schisotosity: and
'/l, in. (1.6 mm) at each end. The cement layer large inclusions or inhomogeneities. if any,
must be of uniform thickness to ensure parallel- 8.1.3 Date of sampling and testing,
ism between the top surfaces of the metal caps 8.1.4 Specimen length and diameter, also con-
attached to both ends of the specimens. This formance with dimensional requirements as
should be checked before the cement is hardened stated in Notes 3 and 4.
(Note 5) by measuring the length of the specimen 8.1.5 Rate of loading or deformation rate.
and end-cap assembly at three locations 120° 8.1.6 General indication of moisture condi-
apart and near the edge. The maximum differ- tion of sample at time of test, such as as-received.
ence between these measurements should be less saturated, laboratory air dry, or oven dry (It is
than 0.005 in. (0.13 mm) for each 1.0 in. (25.0 recommended that the moisture condition be
mm) of specimen diameter. After the cement has more precisely determined when possible and
hardened sufficiently to exceed the tensile reported as either water content or degree of
strength of the rock, place the test specimen in saturation),
the testing machine, making certain that the load 8. 1.7 Direct tensile strength for each specimen
transfer system is properly aligned, as calculated, average direct tensile strength of all

NOTE 5-In cementing the metal caps to the test specimens, standard deviation or coefficient of
specimens, use jigs and fixtures of suitable design to variation,
hold the caps and specimens in proper alignment until 8.1.8 Type and location of failure (A sketch
the cement has hardened. The chucking arrangement nf the fractured sample is recommended), and
of a machine lathe or drill press is also suitable. The 8.1.9 Other available physical data.
cement used should be one that sets at room tempera-
ture. Epoxy resin formulations of rather stiff consist- NOTE 7-The number of specimens tested may de-
ency and similar to those used as a patching and filling pend upon the availability of specimens. hut normally

3
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a minimum of ten is preferred. The number of speci- 9. Precision and Bias
mens tested should be indicated. The statistical basis 9.1 The precision and bias of this test method
for relating the required number of specimens to the
variability of measurements is given in Recommended have not been determined. Data are being sought
Practice E 122. to develop a precision and bias statement.

FIG. I Direc' Tenkle-Sermegth Tea Asmbly

4
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Dial Gage

Specimen /

V- block
FIG. 2 Assembly for Determining the Straightness of the

Cylindrical Surface

Dial Gage Specimen

SJ -

V-block

FIG. 3 Assembly for Determining the Perpendicularity of
End Surfaces to the Specimen Axis

The American Societyfor Testing and Materials takes no position respecting the validitv of ant- patent rights asserted in connection
with an.v item mentioned in this standard. Users oJ this standard are expressly advised that determination of the vahditt ot anY such
patent rights, and the risk of infringement of such rights, are entirely their own responstbilitW

This standard is subject to revision at any time by the responsible technical committee and must be reviewed everv five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or jor addittonai
standards and should be addressed to ASTM Headquarters Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing vou shoula
make your views known to the ASTM Committee on Standards. 1916 Race St. Philadelphia. Pa 19103
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STANDARD METHOD OF TEST FOR
DETERMINING THE SPLITTING STRENGTH OF ROCK (BRAZILIAN METHOD)

1. Scope

1.1 This method covers the specimen preparation and testing pro-

cedure for determining the splitting tensile strength of rock by

diametricAl compression of a disk.

NOTE 1-The tensile strength of rock determined by tests other than

the straight pull test is designated as "indirect" tensile strength and,

specifically, the test values obtained in Section 5 are termed

"splitting tensile strength."

NOTE 2-In this method the values stated in U. S. customary units

are to be regarded as the standard. The metric equivalents of U. S.

customary units given in the method are rounded to reasonable numbers in

accordance with the ASTM Metric Practice Guide.

2. Apparatus

2.1 Testing Machine - The testing machine can be of any type with

sufficient capacity to meet specifications prescribed in Section 4.2.

The testing machine shall be verified at suitable time intervals in

accordance with the procedure given in ASTh Method E4, "Verification of

Testing Machines," and shall comply with the requirements prescribed

therein.

2.2 Bearing Surfaces - Same as described in RTH 111.

2.3 Bearing Strips - No bearing strip shall be used.

2.4 Supplementary Bearing Plates - Supplementary bearing plates

made of material recommended in RTH 111 may be used during test.

3. Test Specimens

3.1 Dimensions - The test specimen shall be a circular disk with

length-to-diameter ratio L/D - 1/2 cut from a drilled core. The length

of the specimen should be at least 10 times greater than the largest

mineral grain constituent. The minimum dimensions of the disk shall not
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be less than 2 in. (50.8 mm) in diameter and 1 in. (25.4 mm) in

thickness.

NOTE 3-When cores smaller than the specified minimum must be tested

because of the unavailability of material, notation of that fact shall

be made in the test report.

3.2 Number of Specimens - Ten specimens should be tested in order

to obtain a meaningful average test value. The mean value, standard

deviation, and/or coefficient of variation of splitting tensile strength

shall be included in the test report.

3.3 Tolerance - The sides of the specimen shall be smooth within

0.005 in. (0.0127 mm) and the diameter of the test specimen shall be

measured to the nearest 0.01 in. (0.254 mm) by the average of at least

three measurements. The ends of the specimen shall be cut perpendicular

to the axis of the core sample not departing from perpendicularity by

more than 0.25 degree or approximately 0.004 in. per inch diameter. The

end roughness shall not exceed 0.01 in. (0.254 mm). The use of a

surface grinder is rczzomended to achieve required dimensional
1

tolerance. The thickness of the specimen shall be measured to the

nearest 0.01 in. (0.254 mm) by averaging at least three thickness

measurements taken between the lines marked on both ends of the specimen

(Section 4.1).

NOTE 4--The application of dye penetrant is recommended to detect
2

existing defects of the specimens. The penetrant shall be removed from

the surfaces of the sample prior to preconditioning or testing.

ipodnicks, E. R., P. G. Chamberlain, and R. E. Thrill, "Environmental
Effects on Rock Properties," to be published in the Proceedings of the
Tenth Symposium on Rock Mechanics, The University of Texas, Austin,
Texas.

2Gardner, R. D. and H. J. Pincus, "Fluorescent Dye Penetrants Applied
to Rock Fractures," International Journal of Rock Mechanics and
Mineralogical Science, Vol 5, No. 2, 1968, pp 155-156.
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4. Procedure

4.1 Marking - The desired vertical orientation of the specimen in

the test apparatus shall be indicated by marking a diametric line on

each end of the specimen. These lines shall be used in centering the

specimen in the loading machine to ensure proper orientation, and they

also are used as reference lines for thickness and diameter measurements.

4.2 Positioning - Position the test sample to ensure the following

conditions:

4.2.1 The projection of the diametrical plane of the two lines

marked on the ends of the specimen should intersect the center of the

upper bearing plate.

4.2.2 The supplementary bearing plate, when used, and the center of

the specimen should be directly beneath the center of thrust of the

spherical bearing block (Fig. 1).

I ~UPPER BEARING PLATEIJ -r-Jl

Fi.I odngasml o dtriaonfspitting

UPPER SUPPLEMENTARY BEARING PLATE

GUIDE COLUMN SPECIMENIiDDIAMETRAL REFERENCE LINE

LOWER SUPPLEMENTARY BEARING PLATE

- LOWER BEARING PLATE

Fig. 1. Loading assembly for determination of splitting
tensile strength.
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4.3 Loading - Apply a continuously increasing compressive load

without any shock at a constant rate of approximately 100 psi/min

(11.3 kN/m 2/sec) splitting tensile stress until failure of the specimen.

Record the maximum applied load indicated by the testing machine at

failure.

4.4 Safety Precautions - The upper and lower platens, testing

fixture, load-deformation measuring device, and other moving Varts shall

be enclosed in a cage to arrest the particles flying from a broken

specimen. The cage shall be constructed of transparent material to

facilitate observation of the specimen during the test.

5. Calculations

5.1 The splitting tensile strength of the specimen shall be calcu-

lated as follows:

=2Pat ý in"

and the result shall be expressed to the appropriate number of signifi-

cant figures (usually 3) where:

0 - splitting tensile strength, psi (N/mr )
t
P = maximum applied load indicated by the testing machine,

pounds (newtons)

t = thickness, inches (mm)

d = diameter, inches (mm)

6. Report

6.1 The report shall include the following:

6.1.1 Lithologic description of rock.

6.1.2 Source of material, including depth and the orientation of

the specimens with respect to the field orientation.

6.1.3 Number of specimens.

6.1.4 Specimen diameter and thickness.
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6.1.5 Specimen moisture content or test environment. Mention

should be made of preconditioning treatment, if any.

6.1.6 Loading rate.

6.1.7 If available, petrographic description and physical pro-

perties data such as density and porosity.

0

0
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PROPOSED METHOD OF TEST FOR
GAS PERMEABILITY OF ROCK CORE SAMPLES

1. Scope

1.1 This method describes procedures for determining gas permea-

bilities of rock core samples. Test procedures are described for both

large-diameter cores (NX size--5.4 cm and larger) and small-diameter

cores which include plugs taken from larger diameter cores. Samples are

normally right cylinders although cube samples may be used with a

suitably modified sample holder.

1.2 The permeability measurement will be standardly made with dry

air as the gas. The value obtained with this fluid may then be cor-

rected to a corresponding value for a nonreacting liquid using a standard
1

table of Klinkenberg corrections. The use of such corrections should

be specifically noted in reporting results. Determination of permeability

of rock specimens may be made with other gases or with liquids. However,

liquid permeabilities are not considered to be routine because of

possible interaction between the rock constituents and the liquid.

1.3 Permeability measurements made parallel to the bedding planes

of sedimentary rocks shall be reported as horizontal permeability while

those measured perpendicular to the bedding shall be reported as

vertical permeability. Structural features other than bedding may be

used to describe the direction of flow during measurement. These shall

be specifically noted in reporting results.

1.4 Samples of hard, consolidated rock may be cut to shape and

tested without artificial support. Friable, soft, shaly, or otherwise

weak rock may require additional support to resist deformation or

alteration during testing. Deformation or alteration will affect test

results. Such samples shall be supported by mounting in a suitable

"'"Recommended Practice for Determining Permeability of Porous Media,"
3rd ed., American Petroleum Institute RP 27 (1952).
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potting plastic or optical pitch exercising care not to alter the

surfaces through which fluid flow will occur. Artificially supported

samples are tested in the conventional manner.

1.5 The conventional direction of permeability measurement for

small cylindrical samples is parallel to the axis of the cylinder.

Large-diameter core samples are conventionally measured by one of two

methods. In one method, referred to as the "linear permeability

measurement," gas flow is either across the core parallel to a plane

formed by a diameter of the core and the vertical axis or parallel to

the core axis as with the small-diameter samples. When flow is across

the sample, screens are used over diametrically opposite quadrants of

the core circumference to uniformly distribute the gas flow. The second

method is referred to as "radial permeability measurement" in which gas

flows from the outside surface of the core radially through the core to

a small-diameter hole drilled concentric with the axis of the core

sample.

1.6 The permeability test is applicable to a wide range of rock

types with a correspondingly wide range of permeabilities. With proper

selection of test equipment components, permeabilities as low as 0.01

millidarcys and as high as 10 darcys can be measured accurately.

2. Summary of Method

2.1 The method for small samples consists of (a) placing the

prepared sample in a Hassler- or Fancher-type core holder, Figs. 1 and

2, (b) applying the air pressure required to seal the sleeve around the

core for the Hassler-type holder or loading the rubber compression ring

for the Fancher holder, and (c) initiating dry gas flow through the

sample. Because of the sensitivity of permeability to minor changes in

lithology, no prescribed number of samples can be recommended to define

the permeability of a given rock stratum. Reproducibility of approxi-

mately t2 percent for samples of 0.1 millidarcy or greater permeability

should be obtained for a given sample.
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2.2 The method used to measure permeability for large-diameter

cylindrical samples with vertical gas flow is the same as that described

in 2.1.

2.3 The method for large-diameter samples with horizontal flow

consists of (a) positioning appropriate-size screens diametrically

opposite each other, (b) attaching the screens to the sample by light

rubber bands, (c) placing the prepared sample in a Hassler-type or

compression (ram) core holder, Figs. 3 and 4, (d) compressing the rubber

gaskets which seal the ends of the samples in the Hassler-type holder

(the ends of the samples used in the compression holder are presealed

with plastic which is overlapped by the compression halves), (e)

applying the air pressure (Hassler type) or hydraulic force (compres-

sion) necessary to seal the sides of the sample except the area covered

by the screens, and (f) initiating dry gas flow through the sample.

Permeability is normally measured in two directions across the core:

one is in the direction of apparent maximum permeability and the other

is perpendicular to the first.

2.4 The method for large-diameter specimens with radial flow

consists of (a) positioning the prepared sample in the radial flow core

holder, Fig. 5, (b) raising the core against the closed lid by means of

a piston, and (c) initiating dry gas flow through the sample.

3. Apparatus

3.1 Components - The apparatus used in dry air permeability testing

consists of the following major components:

(a) A source of dry air

(b) Pressure regulator

(c) Inlet-pressure measuring device

(d) Core holder

(e) Outlet-pressure measuring device

(f) A dry air flow-rate metering device
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3.2 Source of Air - The source of air for permeability measurements

can be either the normal laboratory air supply or cylinders. Provisions

should be made to filter particulate matter, absorb oil vapor, and

remove water vapor. These devices should be periodically checked to

insure proper operation.

3.3 Pressure Regulator - A suitable pressure regulator should be

provided for the source of dry air. This regulator should supply air at

a constant pressure and should be capable of doing so over a range of

pressures between 1 and 80 cm of mercury (Note 1) which will produce the

desired flow rate (Note i) of approximately 1 cu cm per second. Regu-

lators of the nullmatic type are suitable for this purpose.

NOTE 1--The pressures required to produce the desired flow rate

depend on the permeability and dimensions of the rock sample. Since the

dimensions and permeability range of samples are not specified, the

range of pressures over which pressure control is required cannot be

specified. Equipment in common use operates over the pressure range of

1 to 80 cm of mercury. This pressure range is capable of producing

laminar flow. This is the flow region required for permeability

measurements. It is usually observed at flow rates up to 1 cu cm per

second.

3.4 Pressure Measuring Devices - Inlet- and outlet-pressure

measuring devices are manometers. These are water-, oil-, or mercury-

filled and of a convenient length, usually 80 cm or less, with selection

of length nnd fluid depending upon pressures to be measured. Manometers

may be used in parallel to obtain the necessary accuracy over a range of

pressures. Manometers are either open to the atmosphere or connected

across the core. Connected across the core, they measure "differential"

pressure. Where the pressure is in excess of 80 cm of mercury, a

bourdon-type gage may be employed. This type of gage is normally only

used in measuring extremely low permeabilities where high inlet

* pressures are required.
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3.5 Core Holders

3.5.1 Three types of core measurements are commonly made:

(a) Axial flow in both small- and large-diameter cores

(b) Diametric flow in large-diameter cores

(c) Radial flow in large-diameter cores

3.5.2 Except for radial flow, more than one type of core holder may

be used for permeability determinations. Irrespective of direction of

gas flow or type of core holder used, the core holder must be such that

when pressure is applied to one end of the system, all flow is through

the sample. Care must be taken that no fluid bypasses the sample either

through an imperfect seal between the core holder and sample or between

the sample and the supporting material if the sample is mounted.

Holders which accommodate several cores for simultaneous or sequential

testing using matched pairs of inlet-outlet valves must be designed so

that no fluid can leak between samples. 0

3.5.3 Selection of the type of core measurement is based on both

the size of the sample available and the desired representativeness of

the permeability value. For uniform, homogeneous rock small-diameter

cores taken parallel and perpendicular to the bedding should provide

representative permeability values. Rock which is nonhomogeneous,

vugular, fractured, or laminated provides more representative values

when subjected to the large-diameter core methods of measurement. The

radial method provides more representative data than the horizontal flow

method since the entire surface of the core rather than a quadrant is

involved in flow.

3.6 Screens to Distribute Gas Flow - When flow is across the core

parallel to a diameter, screens should be of a wire diameter and mesh

size such I it a uniform gas distribution is obtained. Care should be

exercised in positioning the screens prior to placing the sample in the

holder to ensure that they maintain their proper position while the core

is being seated.
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3.7 Air Flow-Rate Metering Device - Three types of dry air flow-

rate metering devices may be used:

(a) Calibrated orifices (a capillary tube which is calibrated

for the conditions of testing, so that the pressure drop across the

orifice is small compared to the core)

(b) Soap bubble in a calibrated burette

(c) Water-displacement meters

The calibrated orifice is the most commonly used type of flow metering

device. Timing the movement of a soap bubble in a burette is also

frequently used. Differential pressures across the core are adjusted to

minimize turbulence in the flow of gas through the sample. Flow rates

of 1 cu cm per second or less are used.

3.8 Sample Preparation Equipment - Sample preparation equipment

shall include the following:

3.8.1 Diamond coring equipment for taking small-diameter cylinders

from larger samples.

3.8.2 Diamond saw for trimming ends of samples. Ends should be

sufficiently flat and parallel for leakfree seating of rubber end seals.

3.8.3 Drill press and diamond drill for drilling axial holes for

radial flow measurement samples. The holes should be concentric with

the axis of the cylindrical sample. Care should be exercised in

drilling to prevent cracking of the sample.

3.8.4 Sample cleaning to remove original fluids from the cores,

external coatings such as drilling muds, and, in the case of highly

saline original fluid, deposited salts. Where the original fluids are

hydrocarbons, cleaning may be accomplished by solvent extraction, gas-

driven solvent extraction, distillation-extraction, or other suitable

method. Drilling muds may be removed from the surface with water

washing. If the interstitial water was very saline a freshwater wash

may be used to remove deposited salts.

"2 fDarcy, H., Tlhe Public Fountain of the Village of Dijon, Paris: Victor
Dalmont, 1856 (French text).
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3.8.5 Drying oven that can be maintained at 110 ± 50 C.

3.8.6 Micrometer or vernier caliper for measuring length and

diameter of test specimen. Micrometer or caliper should be direct

reading to 1/50 mm.

3.8.7 Equipment as required for mounting samples of weak rock in

optical pitch or suitable potting plastic.

3.8.8 Miscellaneous equipment such as timing devices, magnifying

lenses, etc., used in preparing the sample and measuring pressures and

gas flow rates.

4. Calibration

4.1 The perml-ameter should be calibrated regularly by means of

capillary tubes of various known permeabilities or with standard plugs.

4.2 Orifices used to measure gas flow rates should be calibrated by

allowing air to flow from the orifice to a burette containing a soap

bubble.

4.3 Micrometers or vernier calipers used to measure sample dimen-

sions should be checked against length standards.

5. Sample Preparation

5.1 There are no standard sample sizes. Small-diameter samples are

commonly 1.9 to 3-81 cm in diameter. Large-diameter cores are arbi-

trarily 5.4 cm (equivalent to NX core) in diameter and above. Cores as

large as 15.24 cm in diameter are commonly tested. Core holders are

designed for a specific size or sizes of cores. The core holder may be

modified to accommodate a smalitr sized sample by placing the core in a

rubber sleeve whose inner diameter is that of the core and whose outer

diameter is that :,: which t.e permeameter was designed. This a 1.9-cm-

diam sample can be tested in a permeameter designed for 2.54-cm samples.

Sample length is also not standardized. Sample lengths vary from

2.b•%cm for small-diameter samples to 60.96 cm for large-diameter cores.

Core holding devices are designed to accept different length samples.

Where a sleeve i- -ser' to adapt a core, differences in slee'e and sample
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length may be compensated for by means of spacer rings placed on top of

the sample.

5.2 Sample length to diameter ratio is also not standardized. A

ratio of 1:1 is recommended as a minimum for small-diameter samples.

For large-diameter samples, a minimum L/D ratio of 1:2 is recommended.

5.3 The diameter of tLe test specimen is measured to the nearest

0.1 mm by averaging two diameters measured at right angles to each other

at about midlength of the specimen. This average diameter is used for

calculating the cross-sectional area. The length of the test specimen

is determined to the nearest 0.1 mm by averaging three length measure-

ments taken at third points around the circumference.

5.4 If the sample requires artificial support, the mounting

material and method of mounting should be such that penetration into the

sample is minimized, the sample does not extend beyond the surface of

the mounting material, and mounting material does not cover any surface

perpendicular to the direction of flow. Specific details of the

mounting procedures, as well as mounting materials, are given in

reference 1.

5.5 In cleaning and mounting the sample prior to testing, care

should be used to prevent any alteration of the minerals comprising the

rock sample which may produce changes in permeability. Samples con-

taining clays or other hydratable minerals are especially susceptible.

5.6 Before measuring permeability any sample which is suspected of

being cracked should be tested by coating with a liquid while air is

passing through the sample. A row of bubbles on the downstream surface

will serve to indirate the presence of a crack parallel to the direction

of flow. Such samples should either be discarded as nonrepresentative

or, if retained, note should be made of the crack in reporting permea-

bility values.

6. Procedure

6.1 The prepared sample is mounted in the specified core holder as

follows:
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6.1.1 Hassler-type Holder - Retract rubber diaphragm or sleeve,

Fig. 1, by applying a vacuum to the space between the diaphragm and the

body of the core holder. (Note 2)

NOTE 2--A vacuum source of 5 cm of mercury is sufficient to retract

the diaphragm.

Remove one end of the core holder and insert the cylindrical sample.

Reinsert the end of the core holder, applying sufficient force to seat

the sample. Remove the vacuum from the space between the body and the

diaphragm, thus allowing the diaphragm to constrict around the sample.

(Note 3)

NOTE 3--Fine-grained, smoothly formed samples can be effectively

sealed at 690 newtons per square metre pressure. Coarse-grained samples

will require from 1035 to 1370 newtons per square metre sealing pres-

sure.

The pressure between the diaphragm and core holder body is maintained

during the permeability measurement.

6.1.2 Fancher-type Holder - Select a rubber stopper drilled to the

diameter and length of the sample. Carefully push the sample plug into

the tapered stopper base until it is flush with the small end surface.

Remove all loose sand grains. Place the stopper containing the test

sample inside the tapered metal core holder, Fig. 2. Turn the ram hand

wheel to move the upper ram plug down to seal tightly against the top of

the holder. Compress the tapered rubber stopper with the ram to effect

a seal around the sample perimeter.

6.1.3 Compression (Ram) Holder - Place the sample in the lower half

of the rubber cradle, Fig. 4, making certain that the screen is centered

over the air outlet and the ends of the sample are uverlapped by the

rubber cradle. Lower the upper compression half by applying air or

hydraulic pressure above the piston. After seating the two halves,

apply sufficient pressure to compress the rubber cradle with the ram to

effect the seal around the sample perimeter. (see Note 3).
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6.1.4 Radial Flow Holder - Place the core on a 1-in. (2.54-cm)

solid rubber gasket which is attached to the lower floating plate,

Fig. 5. Raise the core by means of the piston against the closed lid

with the center hole of the core matching that of the upper gaskets.

After the core contacts the upper gasket, increase the piston pressure

slightly to adjust the lower floating plate if the core ends are not

parallel. Sufficient piston pressure is then applied to effect a seal

of the upper and lower core surfaces. (Note 4)

NOTE 4-With gas flowing through the core at a constant rate, the

piston pressure is increased. Decreased flow rate with increasing

piston pressure indicates a leak at the rubber gasket. Repeat the test

until no change in the flow rate is noted.

6.2 Connect the source of dry gas and inlet pressure measuring

devices to the inlet fitting on the core holder. Connect the outlet

pressure measuring devices and flow rate metering device to the outlet

fitting on the core holder.

6.3 Initiate dry gas flow through the sample. Control the flow

rate to minimize turbulence. Measure the flow rate through the sample

intermittently for a period of 3 to 10 minutes until the flow becomes

constant. Record the constant flow rate and pressures.

7. Calculations

7.1 The calculation of permeability is based on the empirical
2

expression of Darcy known as Darcy's law. The coefficient, k, of

proportionality is the permeability.

7.2 The unit of the permeability coefficient, k, is the darcy. For

convenience the subunit millidarcy may be used where 1 millidarcy equals

0.001 darcy. A porous medium has a permeability of one darcy when a

single-phase fluid of one centipoise viscosity that completely fills the

voids of the medium will flow through it under "conditions of viscous

flow" at a rate of I cu cm per second per square centimetre of cross-

sectional area under a pressure gradient of one atmosphere per centimetre.
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"Conditions of viscous flow" mean that the rate of flow is sufficiently

low to be directly proportional to the pressure gradient. The permea-

bility coefficient so defined has the units of length squared or area.

7.3 Vertical Flow Parallel to Core Axis - Darcy's law in differ-

ential form for linear flow is

q kdp
q = idL

where q = macroscopic velocity of flow, in centimetres per second

k = permeability coefficient, in darcys

S= viscosity of the fluid that is flowing, in centipoises

dp/dL = pressure gradient in the direction of flow, in atmospheres
per centimetres

Relating the velocity of flow to the volume rate of flow through the

cross-sectional area and performing the indicated integration produces

the following working equation for permeability coefficient in milli-

darcys:

k = (2000 Qo00 L i)/(P 2 2 Po2

where Q0 = rate of flow of outlet air, in cubic centimetres per
second

P = outlet pressure, in atmospheres (absolute)o

Pi = inlet pressure, in atmospheres (absolute)

L = length of sample, in centimetres

A - cross-sectional area perpendicular to direction of flow,
in square centimetres

Several methods of simplification exist for calculating the permeability

coefficient. Two such methods are given below:
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7.3.1 Method 1 - For this method inlet pressure and pressure drop

across the rate measuring orifice during the test are selected so that

the outlet pressure is essentially one atmosphere. The working equation

then reduces to

k = Q CL/A

where C = (2000 OR)/(P 1 - 1)

p = viscosity of air under the conditions used to
calibrate the orifice

C then is a constant for each fixed inlet pressure since the fact that

the same air flows through both the core and the orifice means that any

change in air viscosity resulting from temperature changes or water

vapor will have no effect on the relative pressure readings.

7.3.2 Method 2 - For this method calibration charts or tables of

permeance (Note 5) versus outlet pressure for given inlet pressures and

orifices are prepared based on the following equation

L kor orc
kc A(L r/Ao AP Q )oro c or

where kc, kor = permeability of the core and the equivalent
permeability of the orifice, respectively, in

millidarcys

Lc, L = length of core and orifice, respectively, in
centimetres

Ac, Aor = cross-sectional area of core and orifice,
respectively, in square centimetres

APcAP = pressure drop across the core and orifice,
respectively, in atmospheres

Qc' Qor = flow rate through the core and orifice,
respectively, in cubic centimetres per second
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NOTE 5--Permeance or apparent permeability is the proper term for

flow capacity. The term as used is analogous to the term conductance

for the flow of current through an electrolyte solution. Permeance and

permeability, therefore, are related in the same way as conductance and

conductivity.

This working equation can be simplified to

L QC
k . .. L

c A AP
c c

where L = orifice constant

L may be determined directly by use of a known permeability plug. When

tables or nomographs are used to calculate the permeability coefficient

from measured outlet pressure for given inlet pressures and orifices,

the working equation reduces to

L

k = -Lc k
c A c

c

where k = permeance of the corec

The permeance as calculdted when multiplied by the L/A ratio gives the

core permeability coefficient, kc.c

7.4 Horizontal Flow Parallel to Core Diameter - The same differ-

ential form of Darcy's law and working equation as used for vertical

flow are applied. The working equation is modified by a factor for

shape to the following form:

k = (Qm p/L AP)(1000)(G)

where k = permeability, in millidarcys

Qm = volume rate of air flow at mean core pressure, in cubic

centimetres per second
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S= viscosity of flowing fluid, in centipoises

L = length of sample, in centimetres

AP = pressure drop across the core, in atmospheres

G = shape factor,3 Fig. 6

7.5 Radial Flow - The radial permeability is calculated directly

from the integrated form of Darcy's law for radial flow. The equation

in terms of permeability coefficient is

k = (pQa)(ln d e/dw)(P )/(7rh)(Pi 2 
- Po2) 1 000

where k = permeability, in millidarcys

S= viscosity of flowing fluid at test temperature, in
centipoises

Qa = measured flow rate at test temperature and pressure -- p
in cubic centimetres per second

ln = logarithm to the base e

d = outside diameter of sample, in centimetres
e

d = inside diameter of inner hole, in centimetresw
P = outlet pressure, in atmospheres (absolute)

0

h = height of sample, in centimetres

P, = inlet pressure, in atmospheres (absolute)

As with vertical flow, if the outlet pressure 4s atmospheric and the

orifices are calibrated over the range of inlet pressures, the working

equation simplifies to

k = pQm(in d e/d w)/27ThAP • 1000

where 0 = volume rate of air flow at mean core pressure, in cubic
m centimetres per second

AP - pressure drop across sample, in atmospheres (absolute)

3Collins, R. E., "Determination of the Transverse Permeabilities of
Large Core Samples from Petroleum Reservoirs," Journal of Applied Phys-
ics 23, 681-84 (1952).
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8. Report

8.1 The report shall include the following:

8.1.1 A lithologic description of the rock tested.

8.1.2 Source of sample including depth and orientation, dates of

sampling and testing, and storage environment.

8.1.3 Methods used for sample cleaning.

8.1.4 Methods used for sample support, capping, or other prepara-

tion such as sawing, grinding, or drilling.

8.1.5 Specimen length and diameter.

8.1.6 Type of core holder used.

8.1.7 Pressures used to seal core surfaces in core holder.

8.1.8 Flowing fluid used and direction of flow.

8.1.9 Method used for calculating permeability coefficient.

8.1.10 Results of other physical tests, citing the method of

determination for each.

8.1.11 Permeability corrections used.
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STANDARD METHOD OF TEST FOR RESISTANCE TO
ABRASION OF ROCK BY USE OF THE LOS ANGELES MACHINE

1. Scope

1.1 This method covers a procedure for testing rock samples larger
than 3/4 in. (19 mm) for resistance to abrasion using the Los Angeles

testing machine.

2. Apparatus

(a) Los Angeles machine conforming to the requirements of ASTM

Designation C 131.

(b) Sieves, confc-r-ng to the Specifications for Wire-Cloth Sieves

for Testing Purposes (ASTM Designation: E 11).

(c) A balance or scale accurate within 0.1 percent of test load

over the range required for this test.

3. Abrasive Charge

3.1 The abrasive charge shall consist of 12 steel spheres averaging

approximately 1-27/32 in. (46.831 mm) in diameter, each weighing between

390 and 445 g, and having a total weight of 5000 ± 25 g.

NOTE 1--Steel ball bearings 1-13/16 in. (46,038 mm) and 1-7/8 in.

(47.625 mm) in diameter, weighing approximately 400 and 440 g each,

respectively, are readily available. Steel spheres 1-27/32 in.

(46.831 mm) in diameter weighing approximately 420 g may also be
obtainable. The abrasive charge may consist of a mixture of these

sizes.

4. Test Sample

4.1 The test sample shall be prepared from rock representative of

that being furnished. The sample shall be washed and oven-dried at 221
to 2300F (105 to 110 C) to substantially constant weight (Note 3),

separated into individual size fractions, and recombined to one cf the

gradings of Table I. To secure a proper grading, some preliminary

crushing may be necessary. The weight of the sample prior to test shall

be recorded to the nearest Ig.
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TABLE I

Gradings of Test Samples

Sieve Size, in. Weights of Indicated Sizes, g
(Square Openings) Grading

Passing Retained on 1 2 3

3 2-1/2 2 500 50

2-1/2 2 2 500 50 ---

2 1-1/2 5 000 50 5 000 50

1-1/2 1 --- 5 000 25 5 000 25

1 3/4 --- 5 000 25

Total 10 000 100 10 000 75 10 000 50

5. Proceaure

5.1 The test sample and abrasive charge shall be place6 in the Los

Angeles abrasion testing machine and the machine rotated at 30 to 33 rpm

for 1,000 revolutions. The machine shall be so driven and so counter-

balanced as to maintain a substantially uniform peripheral speed

(Note 2). If an angle is used as the shelf (see Appendix Al), the

direc'iion of rotation shall be such that the charge is caught on the

outside surface of the angle. After the prescribed number of revolu-

tions, the material shall be discharged from the machine and a prelimi-

nary separation of the sample made on a sieve coarser than the No. 12

(1.68 mr.). The finer portion shall then be sieved on a No. 12 sieve in

a manner conforming to Section 5.2 of the Method of Test for Sieve or

Screen Analysis of Fine and Coarse Aggregates (ASTM Designation:
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C 136). The material coarser than the No. 12 sieve shall be washed

(Note 3), oven-dried at 221 to 2300F (105 to ll0C) to substantially

constant weight, and weighed to the nearest 5 g (Note 4).

NOTE 2-Backlash or slip in the driving mechanism is very likely to

cause test results which are not duplicated by other Los Angeles abra-

sion machines producing constant peripherai speed.

NOTE 3--If the rock is essentially free from adherent coatings and

dust, the requirement for washing before and after test may be waived.

Elimination of washing after test will seldom reduce the measured loss

by more than about 0. 2 percent of the original sample weight.

NOTE 4--Valuable information concerning the uniformity of the sample

under test may be obtained by determining the loss after 200 revolu-

tions. This loss should be determined without washing the material

coarser than the No. 12 sieve. The ratio of the loss after 200 revo-

lutions to the loss after 1,000 revolutions should not greatly exceed

0.20 for material of uniform hardness. When this determination is made,

care should be taken to avoid losing any part of the sample; the

entire sample, including the dust of abrasion, shall be returned to the

testing machine for the final 800 revolutions required to complete the

test.

6. Calculation

6.1 The difference between the original weight and the final weight

of the test sample shall be expressed as a percentage of the original

weight of the test sample. This value shall be reported as the percent-

age of wear (Note 5).

NOTE 5--The percentage of wear determined by this method has no

known consistent relationship to the percentage of wear for the same

material when tested by Method C 131.
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APPENDIX

Al. Maintenance of Shelf

Al.1 The shelf of the Los Angeles machine is subject to severe

surface wear and impact. With use, the working surface of the shelf is

peened by the balls and tends to develop a ridge of metal parallel to

and about 1-1/4 in. (32 mm) from the junction of the shelf and the inner

surface of the cylinder. If the shelf is made from a section of rolled

angle, not only may this ridge develop but the shelf itself may be bent

longitudinally or transversely from its proper position.

Al.2 The shelf should be inspected periodically to determine that

it is not bent either lengthwise or from its normal radial position with

respect to the cylinder. If either condition is found, the shelf should

be repaired or replaced before further abrasion tests are made. The

influence on the test result of the ridge developed by peening of the

working face of the shelf is not known. However, for uniform test

conditions, it is recommended that the ridge be ground off if its height

exceeds 0.1 in. (2 mm).
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Standard Test Method for
Elastic Moduli of Intact Rock Core Specimens in Uniaxial
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" NOTE-Figure 2 was corrected editorially in December 1987.

INTRODUCTION

The deformation and strength properties of rock cores measured in the laboratory usually do not
accurately reflect large scale in situ properties because the latter are strongly influenced by joints.
faults, inhomogeneities, weakness planes, and other factors. Therefore, laboratory values for intact
specimens must be employed with proper judgment in engineering applications.

I. Scope is greater than 10 % for a given stress level.

1.1 This test method covers the determination of elastic NOTE 3-Elastic moduli measured by sonic methods may often be
moduli of intact rock core specimens in uniaxial compression. employed as preliminary measures of anisotropy.

Procedure A specifies the apparatus, instrumentation, and 1.4 The values stated in inch-pound units are to be re-
procedures for determining the axial stress - strain curve and garded as the standard.
Young's modulus, E, of cylindrical rock specimens loaded in 1.5 This standard mav involve hazardous materials. oper-
uniaxial compression. Method B specifies the additional ap- ations. and equipment. This standard does not purport to
paratus. instrumentation, and procedures which are necessary address all of the safety problems associated with its use. It is
also to determine the lateral stress - strain curve and Poisson's the responsibility of the user of this standard to establish
ratio. P. appropriate safety and health practices and determine the

NOTE I -Some applications require the value of Young's modulus, applicability of regulatory limitations prior to use
but not Poisson's ratio. Thus, the decision to use Procedure A or
Procedure A and B shall be determined by the engineer in charge of the 2. Referenced Documents
project.

NoTE 2-This test method does not include the procedures necessary 2.1 ASTM Standards.

to obtain a stress- strain curve beyond the ultimate strength. D 2938 Test Method for Unconfined Compressive Strength
of Intact Rock Core Specimens:

1.2 Test methods are not normally specified for rock mod- D4543 Practice for Prepanng Rock Core Specimens and

uli in tension because its low tensile strength does not permit De tin ing Dm sn adh e Toeces:

sufficient data points to be obtained to be significant. How- E 4 Pris for Load Verification of Testing Machines

ever, the basic principles given here may be applied to tension E 422 Recommended Practice for Choice of Sample Size

testing. E12Rcm eddPatc o hieo apeSztestingto Estimate the Average Quality of a Lot or Process4

1.3 The relation between the three elastic constants,

G -E/2( + P) 3. Apparatus

where: 3.1 Loading Device (Procedures A and B). for applying
G = modulus of rigidity, and measuring axial load to the specimen and of sufficient
E = Young's modulus, and capacity to apply load at a rate in accordance with the
v = Poisson's ratio, requirements prescribed in 5.4. It shall be venfied at suitable
and most elastic design equations are based on the assump- time intervals in accordance with the procedures given in
tion of isotropy. The engineering applicability of these equa- Practices E 4, and comply with the requirements prescribed
tions is therefore decreased if the rock is anisotropic. When therein.
possible. it is desirable to conduct tests in the plane of Nore 4-The loading apparatus employed for this test is the same as
foliation, bedding, etc.. and at right angles to it to determine that required for Test Method D 2938.
the degree of anisotropy. It is noted that equations developed 3.2 Bearing Surfaces (Procedures A and B)-The testing
for isotropic materials may give only approximate calculated machine shall be equipped with two steel bearng blocks
results if the difference in elastic moduli in an two directions having a Rockwell hardness of not less than 58 HRC One of

the blocks shall be sphencally seated and the other a plain
'This test method is under the juridicton of ASTM Committee D.-18 on Soil

and Rock and is the direct responability of Subcommittee DI?.12 on Rock
Mechanics. 'A.4nnual Book of .4STM Standards. Vol 04 08

Current edition approved Oct. 31. 1996. Published December 1986. Onlpnadlv '4nnual Book of .4STM Standards Vol 03.01.04.02.0701 and 0803
publiashed a D 3148 - 72. Last pevious edition D 3148 - 80. Vinuasl Book ofASTM Standards. Vol 14 02
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rigid block. The beanng faces shall not depart from a plane should be tailored to the problem at hand. Excess moisture will affect
by more than 0.0006 in. (15 pim) when the blocks are new the adhesion of strain gages, if used. and the accuracy of thetr perform-
and shall be maintained within a permissible variation of ance.
0.001 in. (25 pim). The diameter of the spherically seated 5. Procedure (Procedures A and B)
bearing face shall be at least as large as that of the test 5.1I Check the ability of the spherical seat to rotate freely
specimen but shall not exceed twice the diameter of the test
specimen. The center of the sphere for the spherically seated in its socket before each test.
block shall coincide approximately with the center of the 5.2 Wipe clean the bearing faces of the upper and lower
bearing face of the specimen. The movable portion of the bearing blocks and of the test specimen and place the test
bearing block shall fit closely in the spherical seat, but the specimen with the strain-measuring device attached on the
design shall be such that the bearing face can be rotated and lower bearing block. Carefully align the axis of the specimen
tilted through small angles in any direction. Accomplish with the center of thrust of the spherically seated block. Make

seating by rotating the movable bearing block while the electrical connections or adjustments to the strain- or defor-
specimen is held in contact with the fixed block. mation-measuring device. As the load is gradually brought to

bear on the specimen, adjust the movable portion of the
NOTE 5-False platens with plane bearing faces conforming to the spherically seated block so that uniform seating is obtained.

requirements of this method may be used. These shall consist of disks 5.3 Many rock types fail in a violent manner when loaded
about 0.6 to 0.8 in. ( 5 to 20 mm) thick, oil-hardened preferably through
the disks to more than 58 HRC and surface ground. With abrasive rocks to failure in compression. A protective shield should be placed
these platens tend to roughen after a number of specimens have been around the test specimen to prevent injury from flying rock
tested, and hence need to be resurfaced from time to time. fragments.

3.3 Axial Strain Determination (Procedure A)-The axial 5.4 Apply the load continuously and without shock to

deformations or strains may be determined from data ob- produce an approximately constant rate of load or deforma-
tained by electrical resistance strain gages, compressometers. tion such that failure would occur within 5 to 15 nun from
optical devices, or other suitable means. The design of the initiation of loading, if carried to failure (Note 8). Record the

measuring device shall be such that the average of at least load and the axial strain or deformation frequently at evenly

two axial strain measurements can be determined for each spaced load intervals during Procedure A of Practice D 4543.

increment of load. Measuring positions shall be equally Take at least ten readings over the load range to define the

spaced around the circumference of the specimen close to axial stress-strain curve. Also record the circumferential or

midheight. The gage length over which the axial strains are diametric strains (or deformations) at the same increments
determined shall be at least 10 grain diameters in magnitude. of load for Procedure B of Practice D 4543. Continuous
The axial strains shall be determined with an accuracy of 2 % recording of data with strip chart or X-Y recorders is permit-

of the reading and a precision of 0.2 % of full-scale, ted as long as the precision and accuracy of the recording
system meets the requirements in 3.3.

NOTE 6-Accuracy should be within 2 % of value of readings above

250 pm/m strain and within 5 gm/m strain for readings lower than 250 NoTE 8-Results of tests by several investigators have shown that
pm/m strain, strain rates within this range will provide strength values that are reason-

ably free from rapid loading effects and reproducible within acceptable
3.4 Lateral Strain Determination (Procedure B)-The lat- tolerances.

eral deformations or strains may be measured by any of the
methods mentioned in 3.3. Either circumferential or diamet- 6. Calculation (Procedure A)
tic deformations (or strains) may be measured. At least two 6.1 The axial strain, t., may be recorded directly from
lateral deformation sensors shall be used. These shall be strain-indicating equipment, or may be calculated from de-
equally spaced around the circumference of the specimen formation readings depending upon type of apparatus or
close to midheight. The average deformation (or strain) from instrumentation employed. Calculate the axial strain. , as
the two sensors shall be recorded at each load increment. The follows:
use of a single transducer that wraps all the way around the
specimen to measure the total change in circumference is also
permitted. The gage length and the accuracy and precision of where:
the lateral strain measurement system shall be the same as I = original undeformed axial gage length, in. (mm), and
those specified in 3.3 for the axial direction. Al = change in measured axial length (negative for a de-

crease in length) in. (mm).
4. Test Specimens 6.2 Calculate the compressive stress in the test specimen

from the compressive load on the specimen and the initial
4.I Test specimens shall be prepared in accordance with computed cross-sectional area as follows:Practice D 4543.

4.2 The moisture condition of the sample shall be noted 0 -P/A

and reported in 8.1.9. where:

NOTE 7-The moisture condition of the specimen at time of test can a = stress, psi (MPa),
have a significant effect upon the strength of the rock and, hence, upon P = load, lbf (N), and
the shape of the deformation curves. Good practice generally dictates .4 = area, in.2 (mm2).
that laboratory tests be made upon specimens representative of field NoTE 9-Tensie streses and strans am used as beng postive heren.
conditions. Thus, it follows that the field moisture condition of the A cons9stent applicalton of a compresuon-posebve sip conventon may
specimen should be preserved until time of test. On the other hand, there be employed if desired.
may be reasons for testing specimens at other moisture contents from
saturation to dry In any case the moisture content of the test specimen 6.3 Plot the stress versus strain curve for the axial directon
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6.4.2 Average slope of the more-or-less straight line portion
a of the stress-strain curve.

6.4.3 Secant modulus, usually from zero stress to some
fixed percentage of maximum strength.

Axial Diametric 7. Calculation (Procedure B)
7.1 The circumferential or diametric strain. _•, may be

recorded directly from strain-indicating equipment. or may
be calculated from deformation readings depending upon the
type of apparatus or instrumentation employed.

7.1.1 Calculate the diametric strain. t,, from the following
equation:

, = ad/d

where:
d = original undeformed diameter, in. (mm). and
Ad = change in diameter (positive for an increase in diame-

ter), in. (mm).
NOTE lO-It should be noted that the circumferentialh applied elec-

tncal resistance strain gages reflect diametnc strain. the value necessary
OIn computing Poisson's ratio. 5. Since C = vd: and AtC = rAd. the

Strain ,, ed circumferential strain. ... is related to the diametnc strain. t.,. through
the relation:

FIG. 1 Format for Graphical Presentation of Data •,= .1'/C'= .rAd/id = Ad/d
so that d, = •, where C and d are the specimen circumference and

u 0 diameter, respectively.
7.2 Plot the stresses calculated in 0.2 versus the corre-

qu•... -t sponding diametric strains determined in 7.1.

7.3 The value of Poisson's rat!u. ., is greatly affected by
&ai: %0a1' nonlinearities at low stress levels in the axial and lateral stress-

_-- strain curves. It is suggested that Poisson's ratio be calculated
-9 -from the equation:

E' -E v = -slope of axial curve/slope of lateral curve
A e'a = -E/slope of lateral curve

Tangent Modulus at some Average Slope of whr-e the slope of the lateral curve is determined in the same
Percent of Ultimate Strength Linear Portion manner as was done in 6.4 for Young's modulus. E.

NOTE I Il-The denominator in the equation in 7 1 will have a nega-
tive value if the sign convention is applied properly The n'gaitve sign
in the equation thereby assures a positive value for 5,

a"
8. Report

S.....ouit 8.,1 Procedure .4-The report shall inc!uuie the following;

8.1.1 Source of sample including pro.,ct name and loca-1 tion. Often the location is specified '. :erms of the drill hole
number and depth of specimen frr',n collar of hole.

8.1.2 Date test is performed.
8.1.3 Specimen diameter and height, conformance with

E- "--- dimensional requirements.
4% 8.1.4 Rate of loading or deformation rate.

Secant Modulus 8.1.5 Values of apriied load. stress and axial strain as

Fla. 2 Methose for Calclati~nig Young's Modulus. E tabulated results orr. , ecorded on a chart.
8.1.6 Plot of str ss versus axial strain as shown in Fig I. if

data are tabulaicd in 8.1.5. If data are recorded directly on a
(Fig. I). The complete curve gives the best description of the chart, the [old and deformation axes may be scaled to give
deformation behavior of rocks having nonlinear stress-strain stress and strain without replotting the curve.
relationships at low and high stress levels. 8.1.7 Young's modulus. E. method of determination as

6.4 The axial Young's modulus, E, may be calculated using given in Fig. 2. and at what stress level or levels determined
any one of several methods employed in engineenng practice. 8 1.8 Physical descnption of sample including rock t'pe
The most common methods, described in Fig. 2. are as such as sandstone, limestone, granite. etc.: location and on-
follows: entation of apparent weakness planes. bedding planes. and

6.4.1 Tangent modulus at a stress level which is some fixed schistosity; and large inclusions or inhomogeneities. itf an,
percentage of the maximum strength. 8.1.9 General indication of moisture condition of sample

3
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at time of test such as as-received, saturated, laboratory air- a chart, the load and deformation axes may be scaled to give
dry, or oven dry. It is recommended that the moisture con- stress and strain without replotting the curve.
dition be more precisely determined when possible and re- 8.2.3 Poisson's ratio. P. method of determination in 7.3.
ported as either water content or degree of saturation. and at what stress level or levels determined.

8.2 Pr(x-edure B-Procedure B of the test method must
always accompany Procedure A in order to determine Pois- 9. Precision ml Bias
son's ratio. The report for Procedure B. which is in addition 9.1 The variability of rock and resultant inability to deter-
to that for Procedure A. shall include the following: mine a true reference value prevent development of a mean-

8.2.1 Values of applied load. stress, and diametric strain ingful statement of bias. Data are being evaluated to deter-
as tabulated results or as recorded on a chart, mine the precision of this test method. In addition, the

8.2.2 Plot of stress versus diametric strain as shown in Fig. subcommittee is seeking pertinent data from users of the
I if data is tabulated in 8.2. 1. If data is recorded directly on method.

The A•eican Society tor Teting aw Maenam takes no position respecting the wvdy of any p@iV iglts n asered in connectbon
with any dem mentioned mi this standowd. Users of this standwd are eOxresy ad sud tht daetwwwetaon of the vabdity of any such
patent rights. and the risk of infringemont01 of such ightS. are einirely thwr own responeiey.

This standard is subpct to revision at any tuie by the responsibl technical cowumtend ms be reviewed evey ive yes and
it not revised, e4ith reappoved or withdrewn. Your Comts We invited ethe for revision of this standaOr or oradditn standards
and should be addressed to ASTM Hedqueter. Your comments wr receive ceretl consideration at a meaetmn of the respoie"
technical comnauffee, which you mey Attend. I you teeW that your comments have not received a ta hearing you shoUld make your
views known to the AS TM Commintee on StandaOs. 1916 Race St.. PhitfdegOWi. PA 19103
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Standard Test Method for
TRIAXIAL COMPRESSIVE STRENGTH OF UNDRAINED
ROCK CORE SPECIMENS WITHOUT PORE PRESSURE
MEASUREMENTS'

This standard is issued under the fixed designation D 2664: the number immediately following the designation indicates the %ear ot
original adoption or. in the case of revision, the year of last revision. A number in parentheses indicates the %ear of last reappro~al
A superscript epsilon 40t indicates an editorial change since the last re ision or reapproval.

I. Scope the confining pressure. The triaxtal compression
I. I This test method covers the determination test is commonly used to simulate the stress

of the strength of cylindncal rock core specimens conditions under which most underground rock
in an undrained state under triaxial compression masses exist.
loading. The test provides data useful in deter- 4 Apparatus
miningthe strength and elastic properties of rock.
namely: shear strengths at various lateral pres- 4.1 Loading Device--A suitable device for ap-
sures. angle of internal friction. (angle of shearing plying and measuring axial load to the specimen.
resistance), cohesion intercept, and Young's It shall be of sufficient capacity to apply load at
modulus. It should be observed that this method a rate conforming to the requirements specified
makes no provision for pore pressure measure- in 7.2. It shall be verified at suitable time intervals

ments. Thus the strength values determined are in accordance with the procedures given in Prac-
in terms of total stress. that is, not corrected for tices E 4 and comply with the requirements pre-

pore pressures. scribed in the method.
1.2 The values stated in inch-pound units are 4.2 Pr,'ssur,,-.Mlaintaining Devi,'-A hv-

to be regarded as the standard. draulic pump. pressure intensifier, or other sis-

1.3 This standard mat, involve ha:ardous ma- tern of sufficient capacity to maintain constant
terials. operations, and equipment. This standard the desired lateral pressure. a,.

does not purport to address all of the sale't proh- NO)IE I--A pressure intensifier as descnbed b%
fems associated with its use. It is the responsibil- Leonard Obert in U.S. Bureau of Mines Repon of
it v ofth user of'this standard to establish a r- Investigations No. 6332. "An Inexpensive Tnaxial Ap-

uappro- paratus for Testing Mine Rock. has been found to
priat(e sq/lt. and health practices and determine fulfill the above requirements.
the applicabilit of regulatory limitations prior touse. 4.3 Tria~xial ('(Pmpriesisn'tain Caber:-An ap-
USe.

2. Referenced Documents paratus in which the test specimen may be en-

2.1 ASTM Standards: 'This test method is under the junsdiction of ASTM Corn-

D4543 Practice for Preparing Rock Core Spec- mittee [)L Ig on Soil and Rock and is the direct responsibilty ot

imens and Determining Dimensional and Subcommittee DIS.12 on Rock Mechanics
Current edition approved Oct. 31. 1986. Published December

Shape Tolerances2  
1936. Originally published as D 2664 - 67 Last previous edition

E 4 Practices for Load Verification of Testing D 2664 - 80.
Machines' 

2 .Annuat Book oJ .4ST. Standards. Vol 04.08.
14nnuai &kAk of ASTM Standards. Vols 03.01. 04.02.070 1.

E 122 Recommended Practice for Choice of nd08.03.
Sample Size to Estimate the Average Quality : Annual BArk ofpASTU Standards. Vol 14.02.

Assembly and detail drawings of an apparatus that meets
of a Lot or Process' thes requirements and which is designed to accommodate 2i/sý

3. Significance and Use in. (53.975-mm) diameter specimens and operate at a lateral
fluid pressure of 10 000 pw (689 MPa) ar available from

3.1 Rock is known to behave as a function of Headquan'rs. Request Adjunct No 12-426640-00
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closed in an impermeable flexible membrane- 5. Sampling
placed between two hundred platens, one of 5.1 The specimen shall be selected from the
which shall be spherically seated: subjected to a cores to represent a true average of the type ol
constant lateral fluid pressure: and then loaded rock under consideration. This can be achieved
axially to failure. The platens shall be made of by visual observations of mineral constituents.
tool steel hardened to a minimum of Rockwell grain sizes and shape, partings and defects such
58 HRC. the bearing faces of which shall not as pores and fissures.
depart from plane surfaces by more than 0.0005
in. (0.0127 mm) when the platens are new and
which shall be maintained within a permissible 6. I Preparation-The test specimens shall be
variation of 0.001 in. (0.025 mm). In addition to prepared in accordance with Practice D 4543.
the platens and membrane, the apparatus shall 6.2 Moisture condition of the specimen at the
consist of a high-pressure cylinder with overflow time of test can havy a significant effect upon the
valve, a base, suitable entry ports for filling the indicated strength of the rock. Good practice
cylinder with hydraulic fluid and applying the generally dictates that laboratory tests be made
lateral pressure, and hoses. gages, and valves as upon specimens representative of field condi-
needed. tions. Thus it follows that the field moisture

4.4 Deformalion and Strain-Aleasuring De- condition of the specimen should be preserved
vices--High-grade dial micrometers or other until the time of test. On the other hand, there
measuring devices graduated to read in 0.0001- may be reasons for testing specimens at other
in. (0.0025-mm) units, and accurate within moisture contents. including zero. In any case
0.0001 in. (0.0025 mm) in any 0.0010-in. (0.025- the moisture content of the test specimen should
mm) range, and within 0.0002 in. (0.005 mm) in be tailored to the problem at hand and reported
any 0.0100-in. (0.25-mm) range shall be provided in accordance with 9.1.6.
for measuring axial deformation due to loading. 7. Procedure
These may consist of micrometer screws, dial 7. 1 Place the lower platen on the base. Wipe
micrometers. or linear variable differential trans- clean the bearing faces of the upper and lower
formers securely attached to the high pressure platens and of the test specimen. and place the
cylinder, test specimen on the lower platen. Place the

4.4. i Electrical resistance strain gages applied upper platen on the specimen and align properly.
directly to the rock specimen in the axial direc-tionmayals be sed Inaddtion th us of Fit the flexible membrane over the specimen and
tion may also be used. In addition. the use of platen and install rubber or neoprene 0-rings to
circumferentially applied strain gages will permit seal the specimen from the confining fluid. Place
the observation of data necessary in the calcula- the cylinder over the specimen. ensuring proper
tion of Poisson's ratio. In this case two axial

seal with the base, and connect the hydraulic
(vertical) gages should be mounted on opposite pressure lines. Position the deformation measur-
sides of the specimen at mid-height and two ing device and fill the chamber with hydraulic
circumferential (horizontal) gages similarly lo- fluid. Apply a slight axial load. approximately 25
cated around the circumference, but in the direc- Ibf(l110 N). to the triaxial compression chamber
tion perpendicular to the axial gages. by means of the loading device in order to

4.5 Fle•vible Memhrane--A flexible mem- properly seat the bearing parts of the apparatus.
brane of suitable material to exclude the confin- Take an initial reading on the deformation de-
ing fluid from the specimen, and that shall not vice. Slowly raise the lateral fluid pressure to the
significantly extrude into abrupt surface pores. It predetermined test level and at the same time
should be sufficiently long to extend well onto apply sufficient axial load to prevent the defor-
the platens and when slightly stretched be of the mation measuring device from deviating from
same diameter as the rock specimen. the initial reading. When the predetermined test

NOTE 2-Neoprene rubber tubing of 'li,-in. (1.588- level of fluid pressure is reached note and record
mm) wall thickness and of 40 to 60 Durometer hard- the axial load registered by the loading device.
ness. Shore Type A or various sizes of bicycle inner
tubing, have been found generally suitable for this Consider this load to be the zero or starting load
purpose. for the test.
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7.2 Apply the axial load continuously and arithmetic plot with shear stresses as ordinates
without shock until the load becomes constant, and normal stresses as abscissas. Make at least
or reduces, or a predetermined amount of strain three triaxial compression tests. each at a differ-

is achieved. Apply the load in such a manner as ent confining pressure. on the same material to
to produce a strain rate as constant as feasible define the envelope to the Mohr stress circles.
throughout the test. Do not permit the strain rate NOTE --Because of the heterogeneous nature of
at any given time to deviate by more than 10 % rock and the scatter in results often encountered. it is
from that selected. The strain rate selected should considered good practice to make at least three tests of
be that which will produce failure of a similar essentially identical specimens at each confining pres-

sure or single tests at nine different confining pressurestest specimen in unconfined compression. in a covenng the range investigated. Individual stress circles
test time of between 2 and 15 min. The selected shall be plotted and considered in drawing the envelope.
strain rate for a given rock type shall be adhered 8.1.3 Draw a 'best-tit". smooth curve (the
to for all tests in a given series of investigation Mohr envelope) approximately tangent to the
(Note 3). Maintain constant the predetermined Mohr circles as in Fig. I. The figure shall also
confining pressure throughout the test and ob- include a brief note indicating whether a pro-
serve and record readings of deformation as re- nounced failure plane was or was not developed

during the test and the inclination of this plane
NOTE 3-Results of tests by other investigators have with reference to the plane of major principal

shown that strain rates within this range will provide stress.
strength values that are reasonably free from rapid
loading effects and reproducible within acceptable tol- NOTE 7--If the envelope is a straight line. the angle
erances. the line makes with the horizontal shall be reported as

the angle of interval friction. 0 tor the slope of the line
7.3 To make sure that no testing fluid has as tan o depending upon preference) and the intercept

penetrated into the specimen, the specimen of this line at the vertical axis reported as the cohesion
membrane shall be carefully checked for fissures intercept. C. If the envelope is not a straight line. %alues
or punctures at the completion of each triaxial ofo (or tan o) should be determined by constructing a

tangent to the Mohr circle for each confining stress attest. If in question, weigh the specimen before the point of contact with the envelope and the corre-
and after the test. sponding cohesion intercept noted.

8. Calculations 9. Report
8.1 Make the following calculations and 9.1 The report shall include as much of the

graphical plots: following as possible:
8. I. I Construct a stress difference versus axial 9. I.1 Sources of the specimen including proJ-

strain curve (Note 5). Stress difference is defined ect name and location, and if known. storage
as the maximum principal axial stress, al, minus environment. The location is frequently specified
the lateral pressure. or,. Indicate the value of the in terms of the borehole number and depth of
lateral pressure, a,, on the curve. specimen from collar of hole.

NOTF 4-If the specimen diameter is not the same 9.1.2 Physical description of the specimen in-
as the piston diameter through the chamber, a correc- cluding rock type: location and onentation of
tion must be applied to the measured load to account apparent weakness planes. bedding planes. and
for differences in area between the specimen and the schistosity: large inclusions or inhomogeneities.
loading pisi',n where it passes through the seals into the if any.
chamber.

NOTF 5-If the total deformation is recorded during 9. 1.3 Dates of sampling and testing.
the test. suitable calibration for apparatus deformation 9.1.4 Specimen diameter and length. con-
must be made. This may be accomplished by inserting formance with dimensional requirements.
into the apparatus a steel cylinder having known elastic 9. I .5 Rate of loading or deformation or strain
properties and observing differences in deformation
between the assembly and steel cylinder throughout the rate.
loading range. The apparatus deformation is then subt- 9.1.6 General indication of moisture condi-
tracted from the total deformation at each increment tion of the specimen at time of test such as: as-
of load in order to amve at specimen deformation from received, saturated. laboratory air-drv, or oven
which the axial strain of the specimen is computed. dry. It is recommended that the moisture condi-

8.1.2 Construct the Mohr stress circles on an lion be more precisely determined when possible

3
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and reported as either water content or degree of 10. Precision and Bias
saturation. 10. 1 The variability of rock and resultant i n-0

9.11.7 Type and location of failure. A sketch ability to determine a true refe!rence value pre-
of the fractured specimen is recommended. vent development of a meaningful statement of

NorE 8 1fit s dutie filue nd , 63 i Stll bias. Data are being evaluated to determine the

increasing when the test is terminated, the maximum precision of this test method. In addition, the
strain at which a, -a3 is obtained shall be clearly subcommittee is seeking pertinent data from
stated. users of the method.
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FIG. I Typkica Mohr Stress Circles
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DIRECT SHEAR STRENGTH OF ROCK CORE SPECIMENS

1. Scope

1.1 This method describes apparatus and procedures for determining

the shear strength of a rock material in direct shear. The test can be

made on rock core specimens from 2 to 6 in. (5 to 15 cm) in diameter.

The test can be made on intact specimens to determine intact shear

strength, on intact specimens with recognizable thin weak planes to

determine the shearing resistance along these planes, on presawn shear

surfaces to determine lower bound residual shear strengths, and on rock

core to concrete bond specimens to determine the shearing resistance

between the bond. The principle of the rock core direct shearing is

illustrated schematically in Fig. 1.

1.2 A minimum of three test specimens of any rock type are sub-

jected to different but constant normal stresses during the shearing

process. For each type of intact rock, cohesion and an angle of

internal friction are determined. For each type of rock with sawn

failure surfaces, a lower bound residual angle of internal friction is

determined.

1.3 The test is not suited to the development of exact stress-

strain relationships within the test specimen because of the nonuniform

distribution of shearing stresses and displacements. Care should be

taken so that the testing conditions represent those being investigated.

The results of these tests are used where field design requirements

dictate unconsolidated, undrained parameters.

2. Apparatus

2.1 Test Specimen Saw - For cores of 3 to 6 in. (7.5 to 15 cm) in

diameter, use a rock saw with 20-in.- (50-cm-) diam safety abrasive blade

fitted for dry and for wet cutting. Alternatively for wet cutting, a

diamond blade may be used. For cores 2 to 2-1/2 in. (5 to 6.25 cm) in

diameter, a rock saw with 12-in.- (60-cm-) diam blade should be used.
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Fig 1. Schematic showing direct shear of rock core.
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2.2 Shear Device - The shear device shall consist of a pair of

shear boxes constructed so as to provide a means of applying a normal

stress to the face of the specimen while applying a force to shear the

specimen along a predetermined plane parallel to the vertical axis of

the specimen. The device shall securely hold the specimen in such a way

that torque cannot be applied to the specimen. The shear boxes that

hold the specimen shall be sufficiently rigid to prevent their distor-

tion during shearing. The various parts of the shear device shall be

made of material not subject to corrosion by substances within the rock

or moisture within the rock.

2.2.1 Shear boxes suitable for testing specimens from 3 to 6 in.

(7.5 to 15 cm) in diameter should each have a recess 6-5/8 in. (16.6 cm)

in diameter and 2-1/4 in. (5.67 cm) deep. Smaller shear boxes for 2- to

2-1/2-in.- (5- to 6.25-cm-) diam specimens should each have a recess 2-7/8

in. (7.36 cm) in diameter and 2 in. (5 cm) in depth. The shear boxes

should be designed for a shear travel greater than 10 percent of the

specimen shear plane length.

2.2.2 In both cases the two shear boxes assembled with the specimen

shall be placed within a framework constructed so as to hold the boxes

in proper position during testing. The framework shall include a pair

of hardened stainless steel plates machined to accommodate roller

bearings or ball bearings for minimizing friction of the moving shear

box as indicated in Fig. 1. The roller plate device should ensure that

resistance of the equipment to shear displacement is less than I percent

of the maximum shear force applied in the test.

2.2.3 The shear device framework shall include capability of pro-

viding a submerging tank for tests in which maintaining specimen

saturation is important to duplicate field conditions.

2.3 Loading Devices

2.3.1 Normal Force - The normal force device shall be capable of

applying the specified force quickly without exceeding it and capable of

maintaining it with an accuracy of ±2 percent for the duration of the
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test. The device shall have a travel greater than the amount of dila-

tion or compression to be expected.

2.3.2 Shear Force - The device for applying the shear force shall

distribute the load uniformly along one-half face of the specimen with

the resultant applied shear force acting in the plane of shearing. The

required capabilities will depend upon whether a controlled-displacement

test or a controlled-stress test is used. Controlled-displacement

equipment shall be capable of shearing the specimen at a uniform rate of

displacement with less than ±15 percent deviation and shall permit

adjustment of the rate of displacement over a relatively wide range.

Controlled-stress equipment shall be capable of applying the shear force

in increments to the specimen in the same manner and to the same degree

of accuracy as that described in 2.3.1.

2.4 Displacement Indicators - Equipment for measuring shear and

normal displacements may consist of mechanical devices, such as dial

gages or electric transducers. Displacement indicators shall have a

sensitivity of at least 0.001 in. (0.025 mm). The shear displacement

measuring system shall have a travel greater than 10 percent of the

specimen shear plane length. Normal displacement systems shall have the

capability of measuring both dilation and compression of the specimen.

Resetting of gages during the test should if possible be avoided. If

electric transducers or an automatic recording system is used, a recent

calibration shall be included in the report.

2.5 Casting Compound - High-strength gypsum cement (such as hydro-

stone) or a capping compound (such as leadite) should be used to hold

the test specimen in the recesses of the test device.

2.6 Spacer Plate - The spacer plate separating the shear boxes for

development of the shear zone shall be 1/16 in. (1.6 mm) thick and

constructed of a noncorrosive material.
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3. Test Specimen

3.1 Intact Specimens

3.1.1 Test specimens shall be prepared by sawing rock cores into 3-

to 4-in. (7.5- to 10-cm) lengths (Note 1). The diameter of each speci-

men shall be measured to the nearest 0.01 in. (0.025 mm) at several

different positions along the length of the specimen axis. The average

diameter shall be used to compute the cross-sectional area of the

specimen. The volume of the specimen shall be determined by the volu-

metric or displacement method presented in EK 1110-2-1906, 'laboratory

Soils Testing." The initial weight of the specimen shall be determined

to the nearest 0.1 g for subsequent use in determining initial moisture

content and density.

NOTE 1-Soft rock such as clay shales may be as short as 2-1/2 in.

(6.25 cm) if material is scarce. Although helpful in the setup, ends of

the test specimens need not be smooth, flat, nor square with the axis of

the core. Generally, harder rocks are best cut in the wet; softer rocks

are best cut in the dry, depending on fissility and reaction to pressure

of cutting water.

3.1.2 A block of the shear box shall be set on a flat surface with

the shear surface up. The inside of the recess shall be lightly coated

with lubricant. A grout of the gypsum cement (hydrostone) and water

shall be placed in the recess to approximately the one-third or mid-

point. After approximately three minutes of setting, the specimen shall

be set or pushed into the grout until the approximate midpoint (desired

shear plane) of the specimen is opposite the top recess (Note 2).

Excess grout shall be screeded off at the shear plane (Note 3).

NOTE 2-To prepare intact test specimens for testing along recog-

nizable thin weak planes, orient the specimen so that the plane of

weakness is parallel with the 1/16-in. (1.6-mm) shear gap provided by

the spacer plate.
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NOTE 3--Gypsum cement grout has only a few minutes pot life; hence a

fresh mix will have to be prepared for each block. An alternative to

gypsum cement grout for holding the test specimen in the recesses is

capping compound, such as leadite. The procedure for preparing speci-

mens with a capping compound is essentially the same as for gypsum

cement. Capping compound has a shorter pot life after pouring than

gypsum cement and must be heated to proper temperature and handled

quickly and with great care. An overnight curing period is generally

required. Capping compound is stronger in compression and shear than

gypsum cement and is preferred for hard rock testing. Because capping

compound must be placed hot, it should not be used to secure specimens

subject to structural damage with loss of natural moisture or for tests

in which it is desirable to maintain natural moisture.

3.1.3 A 1/16-in.- (1.6-mm-) thick spacer plate having a hole equal to

the diameter of the specimen and split on a diameter from the front to

the back of the block shall be coated with lubricant and placed on the

block around the specimen. The spacer separates the two blocks of the

shear box to prevent friction between the blocks during shearing. The

recess of the remaining shear box block shall be lightly coated with

lubricant and the block placed over the now protruding half of the

specimen. The two blocks shall be aligned and temporarily clamped

together with C clamps. The recess between the top block and specimen

shall then be filled with the gypsum cement grout using appropriate

tools to rod the grout thoroughly around the specimen. For soft rock

such as clay shale, a 2-hour curing is usually sufficient before

loading. For hard rocks, the grout must be allowed to cure overnight.

3.1.4 At the end of the curing period, the two halves of the spacer

shall be pulled out and the C clamps removed. The specimens secured in

the shear boxes are then ready for further assembly and shear testing.

3.2 Presawn Shear Surfaces - Test specimens shall be prepared the

same as presented in paragraphs 3.1.1 to 3.1.4, except that the specimen

shall be sawn in half near the center length before grouting the
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specimen in the shear box blocks. The presawn shear surface shall be

smooth and oriented in the shear box so as to be centered within the

1/16-in. (1.6-mm) shear gap provided by the spacer plate.

3.3 Concrete to Rock Core Bond

3.3.1 Test specimens shall be prepared by sawing rock cores into

1.5- to 2-in. (3.75- to 5-cm) length. The sawn specimen shall be

tightly encased in the bottom of a 3- to 4-in.- (7.5- to 10-cm-) high mold

(Note 4) with the smooth sawn surface (shear plane) facing upward and

perpendicular to the axis of the mold. The remaining portion of the

mold shall be filled with concrete, which is then consolidated and cured

according to the procedures presented in CRD-C 10-73 (Note 5). The

concrete mix design shall be compatible in consistency and strength with

the anticipated field design mix and have a maximum aggregate no larger

than 1/6 of the specimen diameter.

NOTE 4-Molds shall be made of steel, cast iron, or other nonabsorb-

ent material, nonreactive with concrete containing portland or other

hydraulic cements. Mold diameters shall conform to the dimensions of

the rock core test specimen. Molds shall hold their dimensions and shape

and be watertight under conditions adverse to use.

NOTE 5--"Handbook for Concrete and Cement," U. S. Army Engineer

Waterways Experiment Station, Vicksburg, Mississippi, published in

quarterly supplements.

3.3.2 Procedures for measuring specimen weight, diameter, and

volume are the same as presented in paragraph 3.1.1. Procedures for

securing the test specimen in the shear box are the same as presented in

paragraphs 3.1.2 to 3.1.4.

4. Procedure

4.1 Following the removal of the spacer plates and C clamps, trans-

fer final assembly operations to the test shear and normal load area.

Final assembly of the testing apparatus, to include orientation of the

resultant normal and shear loads, will depend on the equipment utilized
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in the testing. In general, the resultant of the normal load shall

react through the axial center of the specimen, and the shear load shall

react through the radial center of the specimen so as to pass through

the shear plane. Position or activate, or both, the displacement

indicators for measuring shear deformation and changes in specimen

thickness.

4.2 Apply the selected normal force (normal stress " cross-section

area) to the specimen as rapidly as practical (Note 6). Record and

allow any initial elastic compression of the specimen to reach equilib-

rium. For those tests where applicable, as soon as possible after

applying the initial normal force, fill the water reservoir to at least

submerge the shear plane.

NOTE 6-The normal force used for each of the~three or more speci-

mens will depend upon the input information required for field analysis

and/or design.

4.3 Shear the specimen.

4.3.1 After any elastic compression has reached equilibrium, apply

the shearing force and shear the specimen. In a controlled-displacement

test, the rate of displacement shall be less than 0.004 in./min

(0.1 mm/min) until peak strength is reached. Approximately 10 sets of

readings should be taken before reaching peak strength. If it is

desired to determine the ultimate strength, the normal load shall be

relieved and the specimen recentered. The normal load is then reapplied

and the specimen sheared again. The rate of shear displacement to

determine the ultimate strength shall be no greater than 0.01 in./min

(0.25 mm/min). Readings should be taken at increments of from 0.02- to

0.2-in. (0.5- to 5-mm) shear displacement as required to adequately

define the force-displacement curves.

4.3.2 In a controlled-stress test the rate of stress application

should not exceed 5 psi/min (34.47 kPa/min) for soft rock (such as

clay shale) and up to 100 psi (689.4 kPa) for the very hardest rock.
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Concurrent time, shear load, and deformation readings shall be taken at

convenient intervals (a minimum of 10 readings before reaching peak

strength). After reaching peak strength, the ultimate strength may be

determined as presented in paragraph 4.3.1.

5. Calculations

5.1 Calculate the following:

5.1.1 Initial cross-sectional area.

5.1.2 Initial water content.

5.1.3 Initial wet and dry unit weights.

5.1.4 Shear stress data.

5.1.5 Initial and final degrees of saturation, if desirable.

6. Report

6.1 The report shall include the following:

6.1.1 Description of type of shear device used in the test.

6.1.2 Identification and description of the sample.

6.1.3 Description of the shear surface.

6.1.4 Initial water content.

6.1.5 Initial wet and dry unit weights.

b.l.6 Initial and final degrees of saturation, if desirable.

6.1.7 All basic test data including normal stress, shear displace-

ment, corresponding shear resistance values, and specimen thickness

changes.

6.1.8 For each test specimen, a plot of shear and specimen thick-

ness change versus shear displacement and a plot of composite maximum

and ultimate shear stress versus normal stress.

6.1.9 Departures from the procedure outlined, such as special

loading sequences or special wetting requirements.
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STANDARD METHOD OF TEST FOR MULTISTAGE TRIAXIAL STRENGTH OF
UNDRAINED ROCK CORE SPECIMENS WITHOUT PORE PRESSURE MEASUREMENTS

1. Scope

1.1 This method covers the determination of the strength of cylin-

drical rock specimens in an undrained state under multistage triaxial

loading. The test provides data useful in delineating the strength of

joints, seams, bedding planes, etc. This method makes no provision for

pore pressure measurements. Thus, the strength values determined are in

forms of total stress, i.e. not corrected for pore pressures.

2. Apparatus

2.1 The apparatus is identical with that used in RTH 202, "Triaxial

Compressive Strength of Undrairied Rock Core Specimens Without Pore

Pressure Measurements."

3. Test Specimens

3.1 In the case of intact specimens that develop a well-defined

shear failure plane, it is possible to continue testing beyond the first

failure; that is, the confining pressure can be raised to a higher level

and another peak stress recorded. This may be done immediately

following the completion of a conventional triaxial test as conducted

according to RTH 202.

3.2 Multistage testing can also be used with cores that are intact

initially. The key factor in making these studies is the use of speci-

mens with the failure plane preestablished to cause failure along an

inherent weakness, such as seams, open joints, bedding planes, faults,

schistosity bands, or laminations. These planes of weakness, when

tested, should be oriented at 45 to 65 deg (0.79 to 1.14 radians) from the

horizontal, which will normally produce a failure in the preoriented

zone. When including these specific geologic features in an NX size

core, the specimens can be drilled from 6-in. (15-cm) or larger cores by

suitable orientation in the drilling apparatus. Care must be taken when

coring these specimens to prevent breakage. However, if the core is
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broken along a weakness plane, it may still be tested as an open joint.

Broken cores can be taped together with plastic tape, only sufficiently

to maintain the matching contact between the broken parts. The test

specimens are then prepared in the manner described in Section 3 of RTH

202.

4. Procedure

4.1 The test procedure described in Section 4 of RTH 202 shall be

used for the first stage of test. Subsequent stages should be achieved

in like manner by applying progressively higher levels of lateral fluid

pressure. This may be done as many times as desired, provided the total

strain does not cause excessive misalignment of the steel platens and an

eccentric loading. This procedure is referred to as multistage testing.

Fig. 1 illustrates this loading sequence.

NOTE:

FAILURE PLANE MAY SE A NATURAL
JOINT, SEAM. ORIENTED DEFECT, OR
A SURFACE THAT DEVELOPED DURING
THE FIRST STAGE OF LOADING. CON-
FINING PRESSURE a IS RAISED TO
SOME HIGHER VALUbFRIOR TO PRO-
CEEDING TO THE NEXT STEP IN THlE
LOADING SEQUENCE. STAGE 3

tI

w STAGE 2

0+

0 FAILURE PLANE

-.

STAGE? 1

AXIAL STRAIN, E

Fig. 1. Stress-strain curve for multistage

triaxial test.
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5. Calculations

5.1 The shear strength on the joint can be determined graphically

by constructing a Hohr circle as shown in Fig. 2. Proof of this con-

struction may be found in most soil mechanics texts.1 For a multistage

test on a given specimen, several Mohr's circles can be drawn and the

same angle used to plot the stresses on the failure plane. A strength

envelope for this condition, Fig. 3, which is the average of the results

determined for each Mohr's circle, is considered to be the joint fric-

tion angle.

5.2 There are variations of this plotting technique that may also

be employed. The multistage test described above produces a joint

friction angle from a single specimen. For a strength envelope derived

from tests of several intact specimens, plotting failure plane stresses

would yield a higher limiting strength criterion than that of open

joints. To report this type of data properly, all orientation data must

be carefully and fully stated to ensure proper interpretation of results.

5.3 Various orientations of seams may also be tested to determine

that which is most critical. Direct tension and unconfined compression

tests may be included to completely define the strength envelope as

shown in Fig. 4.

6. Report

6.1 In addition to the plots discussed in Section 5, the report

should include the following:

6.1.1 Lithologic description of the rock, including the type of

joint, seam, etc., tested.

6.1.2 Source of sample including depth and orientation, dates of

sampling and testing, and storage environment.

6.1.3 Specimen diameter and height.

1 Taylor, D., "Fundamentals of Soil Mechanics," John Wiley and Sons,

Inc., p 317, or Spangler, M., "Soil Engineering," International
Textbook Co., p 277.
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JOINT al
SEAM,OR,&
PLANE
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€[ FAILURE

VA PLANE

NORMAL STRESS, 0

Fig. 2. Mohr circle showing method of construction
for locating stresses in failure plane.

JOINT, 01
SEAMOR 4
PLANE'

JOINT
FRICTION

C FAILURE PLANE

FA

NORMAL STRESS, 0

Fig. 3. Mohr diagram for locating stresses on
failure plane in a multistage test.
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0o
JOINT SEAM, JOINT

OR PLANE - FRICTION

U1

TENSION .-. COMPRESSION
NORMAL STRESS, 0

Fig. 4. Mohr diagram for locating stresses on
failure plane, including direct tension
and unconfined compression test data.

6.1.4 Moisture content and degree of saturation at time of test.

6.1.5 Other physical data, such as specific gravity, absorption,

porosity, and permeability, citing the method of determination for each.

0
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STANDARD METHOD OF TEST FOR
CREEP OF ROCK IN COMPRESSION

1. Scope

1.1 This method covers the determination of the creep of rock cores

subjected to sustained longitudinal compressive load. It is used to

compare specimens under controlled conditions.

2. Apparatus

2.1 Loading Frame - The loading frame shall be capable of applying

and maintaining the required load on the specimen, despite any change in

the dimension of the specimen. In its simplest form the loading frame

consists of header plates bearing on the ends of the loaded specimens, a

load-maintaining element that may be either a spring of a hydraulic

capsule or ram, and threaded rods to take the reaction of the loaded

system. Bearing surfaces of the header plates shall not depart from a

plane by more than 0.001 in. (0.025 mm). In any loading frame, several

specimens may be stacked for simultaneous loading. The length between

header plates shall not exceed 70 in. (1780 mm). When a hydraulic load-

maintaining element is used, several frames may be loaded simultaneously

through a central hydraulic pressure-regulating unit consisting of an

accumulator, a regulator, indicating gages, and a source of high pres-

sure, such as a cylinder of nitrogen or a high-pressure pump. Springs

such as railroad car springs may be used to maintain the load in frames

similar to those described above; the initial compression shall be

applied by means of a portable Jack or testing machine. When springs

are used, care should be taken to provide a spherical head or ball

joint, and end plates rigid enough to ensure uniform loading of the

specimens. Means shall be provided for measuring the load to the

nearest 2 percent of total applied load. This may be a permanently

installed hydraulic pressure gage or a hydraulic jack and a load cell

inserted in the frame when the load is applied or adjusted.



RTH 205-80

2.2 Strain-Measuring Device - Suitable apparatus shall be provided

for the measurement of longitudinal strain in the specimen to the

nearest 10 millionths. The apparatus may be attached or portable. If a

portable apparatus is used, gage points shall be attached to the speci-

men in a positive manner. Attached gages relying on friction contact

are not permissible. Strains shall be measured on not less than two

gage lines spaced uniformly around the periphery of the specimen. The

gages may be instrumented so that the average strain on all gage lines

can be read directly. The effective gage length shall be at least 10

times the maximum grain size of the rock. The strain-measuring device

shall be capable of measuring strains for at least I year without change

in calibration (Note 1).

NOTE 1--Systems in which the varying strains are compared with a

constant-length standard bar are considered most reliable, but unbonded

electrical strain gages are satisfactory.

3. Test Specimens

3.1 Specimen Size - The diameter of each specimen shall be at least

2-1/8 in. (55 mm), and the length shall be at least twice the diameter.

When the ends of the specimen are in contact with steel bearing plates,

the specimen lengt, shall be at least equal to the gage length of the

strain-measuring apparatus plus the diameter of the specimen. When the

ends of the specimen are in contact with other specimens similar to the

test specimen, the specimen length shall be at least equal to the gage

length of the strain-measuring apparatus plus 1-1/2 in. (38 mm).

Between the test specimen and the steel bearing plate at each end of a

stack, a supplementary noninstrumental core whose diameter is equal to

that of the test specimen and whose length is at least half its diameter

shall be installed.

3.2 Preparation - The specimens shall be prepared in the manner

prescribed in paragraph 3.1 of RTH 111.
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4. Procedure

4.1 To prevent change of moisture condition during test, the speci-

mens should be covered or coated before loading. Load the specimens as

quickly as practical (Note 2). Take strain readings immediately before

and after loading, 2 to 6 hours later, then daily for 1 week, weekly

until the end of 1 month, and monthly until the end of 1 year. Before

taking each strain reading, measure the load. If the load varies more

than 2 percent from the correct value, it must be adjusted (Note 3).

NOTE 2--If loading is not accomplished expeditiously, some creep may

occur before the after-loading strain is observed. In placing creep

specimens in the frame, take care in aligning the specimens to avoid

eccentric loading. When specimens are stacked, it may be helpful to

apply a small preload such that the resultant stress does not exceed 200

psi (1380 kPa) and note the strain variation around each specimen, after

which the load may be removed and the specimens realigned for greater

strain uniformity.

NOTE 3-Where springs are used to maintain the load, the adjustment

can be accomplished by applying the correct load and tightening the nuts

on the threaded reaction rods.

5. Calculations

5.1 Calculate the total load-induced strain per pound per square

inch (or kilopascal) at any time as the difference between the average

strain values of the loaded and control specimens divided by the average

stress. To determine creep strain per pound per square inch (or kilo-

pascal) for any age, subtract from the total strain per pound per square

inch (or kilopascal) at that age the strain per pound per square inch

(or kilopascal) immediately after loading. Depending on the type of

relationship, plot on linear or semilog coordinate paper the creep

strain-time function and determine the creep rate (Note 4).
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NOTE 4--Treatment of creep data is not a standardized technique.

The experimenter is referred to the references in paragraph 7 for

further information.

6. Report

6.1 The report should include the following:

6.1.1 Lithologic description of the rock and direction of test with

respect to lithology.

6.1.2 Source of sample including depth and orientation and dates of

sampling and testing.

6.1.3 Storage environment and moisture content during storage and

test.

6.1.4 Specimen diameter and height.

6.1.5 Type of strain-measuring device.

6.1.6 Intensity of applied load.

6.1.7 Initial elastic strain.

6.1.8 Creep strain per pound per square inch (or kilopascal) at

designated ages up to 1 year.

6.1.9 Creep rate.

7. References

7.1 The following references contain -nformation on the treatment

of various types of rock creep:

(a) U. S. Army Engineer Waterways Experiment Station, CE, "The

Creep of Rocks" (Le Fluage des Roches), Translation No. 67-8, Sep 1967,

translated by W. W. Geddings, Jr., from Annales de L'Institut Technique

du Batement et das Travaux Publics, Vol 19, No. 217, Jan 1966, pp

89-112.

(b) Iida, K., Wada, T., Aida, Y., Shichi, R., 'Measurements of

Creep in Igneous Rocks," Journal of Earth Sciences Najoya University,

Vol 8, No. 1, Mar 1960, pp 1-16.
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(c) Lomnitz, C., "Creep Measurement in Igneous Rocks,"

Journal of Geology, Vol 64, No. 5, pp 473-479.

(d) Griggs, David, "Creep of Rocks," Journal of Geology, Vol

47, No. 3, Apr-May 1939, pp 225-251.
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METHOD OF TEST FOR
THERMAL DIFFUSIVITY OF ROCK

1. Scope

1.1 This method of test outlines a procedure for determining the

thermal diffusivity of rock. The thermal diffusivity is equal to the

thermal conductivity divided by the heat capacity per unit volume and

may be used as an index of the facility with which the material will

undergo temperature change.

2. Apparatus

2.1 The apparatus shall consist of:

2.1.1 Bath - A heating bath in which specimens can be raised to

uniform high temperature (212°F (1O0°C)).

2.1.2 Diffusion Chamber - A diffusion chamber containing running

cold water.

2.1.3 Temperature-Indicating or Recording Instrument - Consisting

of iron-constantan thermocouples, Type K potentiometer, ice bath,

standard cell, galvanometer, switch, and storage battery; or thermo-

couples and suitable recording potentiometer.

2.1.4 Timer - Timer capable of indicating minutes and seconds.

3. Procedure

3.1 Preparation of Specimen - The test specimen shall be a 6- by

12-in. (152- by 305-mm) core (for other shapes and sizes, see Section

5). A thermocouple shall be inserted in an axially drilled hole 3/8 in.

(9.5 mm) in diameter and subsequently grouted.

3.2 Heating - Each specimen shall be heated to the same temperature

by continuous immersion in boiling water until the temperature of the

center is 2120 F (100 0 C). The specimen shall then be transferred to a

bath of running cold water and suspended in the bath so that the entire

surface of the specimen is in contact with the water. The temperature

of the cold water shall be determined by means of another thermocouple.
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3.3 Cooling - The cooling history of the specimen shall be obtained

from readings of the temperature of the interior of the specimen at 1-

minute intervals from the time the temperature difference between the

center and the water is 120°F (670C) until the temperature difference

between the center and water is 80F (4 0 C). The data shall be recorded.

Two such cooling histories shall be obtained for each test specimen, and

the calculated diffusivities shall check within 40.002 ft 2/h

(0.0052 m 10-5 m2/s).

4. Calculations

4.1 The temperature difference in degrees F shall be plotted

against the time in minutes on a semilogarithmic scale. The best

possible straight line shall then be drawn through the points so obtained.

A typical graph is shown in Fig. i. The time elapsed between the temperature

differences of 80°F (440C) and 200F (llC) shall be read from the graph,

and this value inserted in the equation below, from which the thermal

diffusivity, a , shall be calculated as follows:

a M 0.812278/(t 1 - t 2 )

where a = thermal diffusivity, ft 2/hr (Note 1)

(t 1 - t 2 ) = elapsed time between temperature differences of

800F (440C) and 200F (llC), minutes

0. 812278 = numerical factor applicable to 6- by 12-in. (152-
by 305-mm) cylinder

NOTE 1--The SI equivalent of ft2/hr is m 2/s; ft 2/hr - 2.580640

E - 05 = m 2 /s.

5. Specimens of Other Sizes and Shapes

5.1 The method given above is directly applicable to a 6- by 12-in.

(152- by 305-mm) cylinder. Specimens of other sizes and shapes may be

treated in the manner described below.
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Fig. 1. Calculation of thermal diffusivity.

5.2 The thermal diffusivity of a specimen of regular shape is, to a

first approximation,

a -M/(t 2 - tI1

where a - thermal diffusivity, ft 2/hr

M - a factor depending on the size and shape of the
specimen

tit t2 a times at which the center of the specimen reaches
any specified temperature differences, minutes
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5.3 For a prism,

60 ln(T1 /T 2 )

a b 2  c 2

where ln(T1 /T 2 ) = natural logarithm of the temperature difference
ratio

T1 , T2 = temperature differences at times t 1 and t2,
deg F

a, b, c - dimensions of prism, feet

5.4 For a cylinder,

60 ln(T1 /T 2 )

H 22

where ln(TI/T2 ) 2 natural logarithm, as above

r - radius of cylinder, feet

I = length of cylinder, feet

5.5 For specimens whose minimum dimension is more than 3 in.

(76 mm), this approximate calculation will yield the required accuracy.

For smaller specimens or when more precise determinations are desired,

reference may be made to "Heat Conduction," by L. R. and A. C. Ingersoll,

and 0. J. Zebel, McGraw-Hill Book Company, Inc., 1948, pp. 183-185 and

appended tables. Charts which may be used are also found in Williamson

and Adams, Phys. Rev. XIV, p. 99 (1919) and "Heat Transmission," W. H.

McAdams, McGraw-Hill Book Company, Inc., 1942, pp. 27-44.



PART II. IN SITU TEST METHODS

A. Rock Mass Monitoring
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USE OF INCLINOMETERS FOR ROCK MASS MONITORING

1. Scope

1.1 This method describes the use of inclinometers for rock mass

monitoring, lists some available instruments, outlines operating tech-

niques and maintenance requirements, and presents data reduction methods.

2. Apparatus

2.1 An inclinometer is a device for measuring the deviation from

the vertical of a flexible casing installed in a borehole. Deviations

can be converted to displacements by trigonometric functions. Succes-

sive measurements enable the determination of the depth, magnitude, and

rate of lateral movement. Fig. 1 shows a typical inclinometer

installation.
6 . 1

2.2 Many types of inclinometers are commercially available

(Tables 1 and 2); however, the most commonly used is the probe type.

This type consists of a control box and a probe which is lowered into

the casing on a cable. In some probes a cantilevered pendulum with

resistance strain gages, vibrating wire, or inductive transducers is
6.2

used to measure cantilever deflection. Other probes use the

Wheatstone bridge principle (Slope Inclinometer Model 200 B), the

servo accelerometer principle (Slope Indicator Digitilt), or a differ-

ential transformer (Dames and Moore, EDR). The probe generally requires

a special flexible casing as indicated in Table 2. The electrical

output from the probe is measured at the control box and converted to

visual display, punched tape, or graphic form.

3. Procedure

3.1 Installation - Inclinometer casing should be installed in a

near-vertical hole that intersects the zone of suspected movement.* The

hole should extend beyond the zone of expected movement and at least

* Measurements in nonvertical holes can be made with some inclinometers;
however, before planning such holes manufacturers' specifications
should be checked to determine the limitations of the particular
instrument being used.
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Fig. 1. Typical inclinometer installation (Leach, 1976).
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15 ft (4.5 m) into soil or rock in which no movement is anticipated.

Allowance should be made for loss of the bottom 5 ft (1.5 m) of the hole

where sediment accumulation may occur. Casing should be held in place

with a sand backfill or a weak cement grout. Casings over 50 ft (15 m)

deep should be checked for twist using equipment described in paragraph

4.6 since some of the casings may be received with a built-in twist

which would cause considerable errors in observations. 6.3

3.1.1 Inclinometer casings are commonly installed in either 5- or

10-ft (1.5- or 3.0-m) lengths and are available in either plastic or

aluminum. Plastic casing joints are glued. Aluminum casings are

coupled with aluminum couplings and riveted, Fig. 2. Care should be

taken to ensure that all joints are sealed since leakage can introduce

fines into grooves and cause errors in readings. Joints can be sealed

with caulking and taped. Greater installation details can be obtained

from manufacturers' literature6 . 4' 6.5, 6.6, 6.7 or from other

sources.
6 . 3 ' 6.8

3.2 Observations - Initial observations should be made after

allowing sufficient setting time for the grout around the casing or time

for the backfill to settle where sand or gravel is used. Since all

displacements are computed based on the position of the casing when

installed, the initial position should be verified with at least three

separate sets of observations. These observations should be checked

closely to see that they agree within the accuracy of the inclinometer

being used. Observations should be repeated until satisfactory agree-

ment is obtained. When initial observations are made, the top of the

casing should be located with respect to a point outside the zone of

expected movement by conventional surveying means and its elevation

determined.

3.2.1 The frequency of observations depends upon several factors,

the most important of which is the rate of movement. It is necessary to

read inclinometers frequently just after installation and, based on
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these results, to adjust the interval of observations. Observations

should coincide with observations of other instrumentation such as

extensometers, piezometers, settlement devices, movement surveys, etc.

3.2.2 The procedure for obtaining readings with various inclinometers

may vary slightly and manufacturers' literature should be consulted for

the current procedure for a particular instrument. However, the general

procedure consists of lowering the inclinometer to the bottom of the

borehole and beginning the readings. The inclinometer is raised a

specified interval,* readings are made, and the procedure repeated until

the top of the hole is reached. The inclinometer is removed from the

casing, inserted again with the guide wheels in a different groove,

lowered to the bottom of the casing, and readings are again made to the

top of the hole. This procedure is repeated until a set of readings is

obtained for all four grooves. A field check is made by comparing the

value of the sum of each set of readings (opposite grooves) and the mean

of all sets of readings for the length of the casing. When variations

greater than specified by the manufacturer are found, the inclinometer

is relocated at that depth and an additional reading is taken. Care

should be taken to ensure that readings are obtained at the same depths

each time observations are made.

3.3 Maintenance - Maintenance that can be performed in the field on

inclinometers is very limited. On probes using 0 ring connections

between the probe and the cable, the 0 ring should be checked and

replaced as necessary. Electrical connections should be kept clean and

dry. On probes using batteries, the battery should be checked and

charged when necessary. Manufacturers' literature should be consulted

for other maintenance operations and precautions to be exercised in

operation of inclinometers.

4. Data Reduction

4.1 General - The numerical values of the readings (R) obtained

from observations with most inclinometers are equal to plus or minus an

* Greatest accuracy is obtained when the interval of observations
equals the wheel spacing of the probe.
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instrument constant (K) times the sine of the inclination angle (G).

Expressed mathematically, this is:

R = ± K sinO (1)

where the plus or minus sign indicates the direction of movement--plus

away from the groove in which the measuring wheel is located and minus

toward the groove.

4.1.1 To compute the deflection of the casing from the vertical at

any measurement point, the right triangle depicted below i.- solved:

e

Inclinometer Vertical interval

length (L) of readings

Deflection (d)

where L is the distance between measuring wheels. This results in the

following expression:

d = L sin Q (2)

The algebraic difference in readings (R1 - R3 ) in opposite grooves

(180 deg apart) can be used to minimize errors contributed by casing and

instrument irregularities.

* The formula is true for the Hall Inclinometer and the Digitilt. For

the Model 200-B, the reading is equal to a constant times the tangent
of the inclination angle; however, for the range of operation (±12 deg)

the tangent is approximately equal to the sine. Manufacturers'
literature should be consulted for applicability of this discussion to

a particular instrument.
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Difference - (R1 - R3) 3 2K sin Q (3)

Solving for sin 0

sin9 0 Differencesin G 2K

and substituting into Equation 2 we have

d = L- Difference (4)
2K

4.1.2 Because the prime interest is not the magnitude of the deflec-

tion (d) but the change in deflection or magnitude of movement since the

initial readings, the initial deflection of the casing must be sub-

tracted from the deflection at some later time.

d = d - di = L (Difference - Difference.) (5)t2K t

It is also desirable to know the deflected shape of the casing with
reference to a fixed point or length. This fixed length is normally

considered to be the bottom of the casing so that the formula now

becomes:

n n
D = (dt - d ) = E (Differencet - Difference.)

m = 0 m 0

1n
D =-2 -1  Change (6)

m 0

where m = o is at the bottom of the casing or first measuring point and

m n is at the top of the casing or last measuring point. It is

obvious from the above that the initial deflection of the casing need

not be computed. Only the Difference is needed.*

* As stated previously, several observations should be taken initially.
The Difference used above is an average of these observations.
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4.2 Hand Calculations - Hand calculations of the deflections in a

borehole can be made using the above formula (Equation 6) and the data

sheets in Figs. 3 and 4. However, the calculations would require

checking of many additions, subtractions, and multiplications for each

vertical plane in which deflection measurements were made. Where

several boreholes are observed, this would be a long and tedious opera-

tion and therefore computer reduction of data is usually performed.

4.3 Computer Data Reduction - Equation 6 is readily adaptable to

computer reduction either from data recorded by hand or with automatic

data recording devices. Computer programs are available that reduce the

data, tabulate, and plot the results. Documentation of two such pro-

grams is contained in reference 6.1.

4.4 Twist Corrections - In casings over 50 ft (15 m) in length,

accumulated twist can cause significant errors in the assumed direction

of movement. Casing should therefore be checked for twist using com-

mercially available equipment. If the twist is found to be significant,

readings can be corrected using computer programs currently

available. 6.1

5. Reporting Results

5.1 Results of inclinometer measurements are usually reported in

two ways: in tabulations of deflections with depth (Fig. 4) and in

plots (Fig. 5) showing movement versus depth in relation to the struc-

ture, tunnel, or embankment near which movement is being monitored.

6. References

6.1 Leach, Roy E., "Evaluation of Some Inclinometers, Related

Instruments, and Data Reduction Techniques," Miscellaneous Paper S-76-
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6.2 Franklin, J. A. and Denton, P. E., "The Monitoring of Rock
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1973.
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SUGGESTED METHODS FOR MONITORING ROCK
MOVEMENTS USING TILTMETERS

(International Society for Rock Mechanics)

1. (a) A tiltmeter consists of a housing containing a gravity

operated sensor which detects static or dynamic angular movements at a

point. Normally a portable tiltmeter is temporarily located on a

reference plate (Fig. 1) cemented or bolted to intact rock at the ground

surface or in a tunnel or adit1. Periodic measurement of the surface

tilt of each plate enables determination of the magnitude and rate of

angular deformation.

(b) Nonportable tiltmeters are also available which may be used

for static or dynamic angular measurement and can provide continuous
2

monitoring2. These sensors are enclosed in a waterproof housing and

cemented or bolted and grouted directly to the rock surface. Local

access for reading may be utilized or remote reading facilities may be

installed.

(c) The tiltmeter, unlike the probe or fixed-in-place

inclinometers, only measures the tilt at a discrete, normally accessible

point. It does not operate at depth along a borehole although in

certain situations it can be permanently buried.

(d) The reference plate must be anchored on a surface which

properly reflects movements of the rock mass under investigation. The

weathered initial few meters at the surface can often be avoided by

locating the reference plate on a pipe or concrete pillar founded on

intact rock 1 to 2 meters below the surface. The monument must be free

from contact with the upper 1 to 2 meters of rock. Failure to protect

the reference plate from the effects of surficial temperature and

moisture variations may result in erroneous readings.
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Fig. 1. Portable tiltmeter, reference plate and readout.

Apparatus

2. Surface preparation and drilling equipment including:

(a) Hand tools or bush hammer or Jack hammer for surface cleanup,

leveling and preparation of a fresh dust-free surface.

(b) A rock drill to give drillholes 15 to 40 mm in diameter, up to

about 300 mm deep for fixing bolts.

(c) A rock drill to give a shallow drillhole of the required

diameter for a steel anchor tube 70 to 150 mm in diameter, up to 3 m

long. Core drilling should be used, but if no core is available, a bore-

hole periscope may be used to inspect the hole.

(d) A rock drill to excavate a large diameter shallow hole for an

isolated concrete pillar. Blasting should be avoided.

3. Surface reference plates and installation equipment:

(a) The surface reference plate on which the portable tiltmeter

sensor is periodically located should be made of dimensionally stable

metal, ceramic or rock. The reference surface should be corrosion-free,

easy to wipe clean and not easily damaged. The surface of the reference

plate should incorporate a precise positioning system compatible with
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the portable sensor and which locates the sensor in two mutually perpen-

dicular directions. The positioning system must permit the sensor to be

reversed through 180 deg to enable zero errors in the portable sensor to be

eliminated. Inaccurate replacement may be the greatest source of error

with a sensitive tiltmeter.

(b) Epoxy or polyester resin cement, Portland cement or similar

grouts for fixing the reference plate directly to prepared rock surface

or steel plate.

(c) Anchor bolts where additional anchorage is needed.

(d) A steel tube 70 to 150 - in diameter, up to 3 m long to be

grouted into a shallow hole and isolated from the weathered initial 1 to

2 meters of rock at the surface. The tube should have an integral

reference plate welded in place.

(e) Materials for constructing a concrete pillar or monument

founded below the rock surface and isolated from the weathered initial 1

to 2 meters of rock at the surface.

4. Tiltmeter sensor and readout (for example, Fig. 1) including:

(a) If a portable tiltmeter sensor is to be used this should com-
3

prise a housing containing a sensing device , and with a reference

surface incorporating a precise positioning system compatible with the

fixed reference plates. The reference surface on the portable sensor

should be corrosion-free, easy to wipe clean and not easily damaged.

The electrical sensing device is connected by a cable to a compatible
4

portable readout box

(b) If a nonportable tiltmeter is to be used, this should comprise
3

an electrically operated sensor enclosed in a waterproof corrosion

resistant housing designed for direct and permanent fixing to the rock

surface. The electrical sensing device is connected by a permanently

installed cable to a compatible monitoring and readout system. The

tiltmeter housing should preferably incorporate a reference surface

suitable for a portable tiltmeter which is used periodically to check

the permanently installed tiltmeter for zero drift or other malfunction.
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(c) The measuring range, sensitivity and accuracy of the tiltmeter

with its readout system should be specified according to the require-

ments of the project. The range and resolution of tiltmeters varies

considerably; ±30 deg and 10 seconds, ±0.7 deg and 2 seconds are typical

specifications.

(d) The equipment should be designed to ensure that the specified

accuracy is maintained irrespective of normal mechanical handling, water

pressures, and corrosive environments encountered in use.

5. Calibration equipment including:

(a) A calibrating device to enable initial checking of fixed

tiltmeters or routine on-site checking of the portable sensor and

readout unit. The device should allow the sensor to be set in its

normal operating position and should be adjustable from horizontal to

the maximum operating angle of the sensor, with at least one inter-

mediate setting either side of the horizontal. The calibrator should

ideally have an independent angle measuring accuracy better than the
5

resolution of the portable tiltmeter sensor 5

Procedure

6. Preparatory investigations:

(a) The site and project characteristics should be considered in

detail in order to specify the performance requirements of equipment to

be used.

(b) Tiltmeter locations should be selected on the basis of a study

of the geotechnical features of the site, taking into consideration the

directions and magnitudes of anticipated ground movements and the nature

of other instrumentation to be installed.

(c) The amount and depth of weathering of the rock surface should

be investigated so that the tiltmeter is located on or anchored in

intact rock. Failure to eliminate the influence of localized surficial

movements or inhomogeneities may entirely invalidate the tiltmeter

measurements especially if the true subsurface movements are small. If

extensive weathering exists, subsurface location in a tunnel or adit is

desirable.
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7. Installation:

(a) If suitable fresh, hard, unweathered, sound rock exists at the

surface, minimal cleanup is required to form a dust-free, level

surface.

(b) Holes should be drilled for fixing bolts when the grout to

rock adhesion is unreliable. Alternatively, a shallow hole should be

drilled or excavated to install a tubular steel anchor or to construct a

concrete pillar, isolated from the weathered near-surface rock and

founded on fresh rock.

(c) The underside of the reference plate or of the nonportable

tiltmeter, thoroughly cleaned and abraded, is oriented to correspond

with the required direction of measurement and is then cemented or

grouted in place on the rock, anchor or pillar and leveled. The azimuth

should be recorded to an accuracy of ±3 deg.

(d) A protective cap or cov.ý.r should be installed over the exposed

reference plate or tiltmeter to prevent damage.

* 8. Readings:

(a) The nonportable tiltmeter should be calibrated prior to

installation.

(b) The portable tiltmeter should be checked on site both before

and after each day's readings. Instrument errors should be promptly

investigated and corrected and a diary of calibrations and adjustments

should be kept. Unnecessary adjustment must be avoided.

(c) Several sets of initial readings should be taken immediately

after the cement or grout has set. The-e readings are averaged to

provide a baseline for all subsequent observations. Thereafter, read-

ings should be taken at intervals specified by the project engineer on

the basis of site requirements. A set of readings with the portable

tiltmeter should comprise, as a minimum, steps 9(d) and 9(e) below.

(d) The reference plate and portable tiltmeter are wiped with a

clean dry cloth and inspected for dirt or damage. The tiltmeter is

accurately located on the reference plate and a reading taken. The

tiltmeter is removed, the contact surfaces rewiped and replaced. This

procedure is repeated three or four times until consistent readings
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are obtained. The tiltmeter is then rotated through 180 deg and the

readings repeated, rewiping the contact surfaces each time.

(e) The procedure 9(d) is repeated with the tiltmeter located at

90 deg to the initial position.

(f) A permanently installed tiltmeter may be read manually or

automatically at suitable time intervals. It should, where feasible, be

periodically checked by a portable tiltmeter as in 9(d) and 9(e).

Calculations and Data Processing

9. (a) Unless otherwise specified all data should be processed
6

within 24 hours of readings being taken

(b) The field data are scrutinized and obvious errors marked on the

field data sheet. If corrections are made, these should be clearly

noted.

(c) Pairs of opposite face readings obtained with the portable

tiltmeter are averaged to correct for face error. The direction of

angular rotation must be carefully checked and recorded.

(d) Single face readings obtained with the permanently installed

tiltmeter may be corrected for zero error, based on intermittent porta-

ble tiltmeter readings on both faces.

(e) Corrected readings are compared with initial readings at the

same location to determine the incremental change in angle or

displacement.

(f) Graphs of angular change or displacement versus time are

plotted for each reference plate location (for example, Fig. 2).
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Fig. 2. Tilt at ground surface due to longwall mining
face advance at depth.

Reporting of Results

10. Results should, unless otherwise specified, be presented in

two forms of report: an Installation Report giving basic data on the

instrumentation system at the time of installation; followed by

Monitoring Reports presenting periodically the results of routine

observations. The Monitoring Reports will generally be required at

frequent intervals to minimize delay between the detection of adverse

behavior and the implementation of any remedial measures that may be

necessary.

11. The Installation Report should include the following:

(a) A description and diagrams of the monitoring equipment used

including detailed performance specifications and manufacturers'

literature.

(b) A station location plan with details of the reference plates,

their surveyed positions and elevations.

(c) Details of methods used for tiltmeter installation, calibra-

tion, and monitoring; reference may be made to this ISRM Suggested Method

stating only departures from the recommended procedures.
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(d) For each station, a diagram showing the geotechnical charac-

teristics of the ground and the position of the reference plate. The

azimuth of reference plate guides should be reported clearly stating

conventions adopted for the sign of movement and angle directions.

(e) For each station, a tabulated list of initial tiltmeter

readings.

12. The Monitoring Reports should include the following:

(a) A set of field monitoring result tabulations; the set to cover

all observations since the preceding report.

(b) Graphs of angular change or displacement versus time, suf-

ficient to show clearly the magnitudes, rates, and directions of all

significant movements.

(c) A brief commentary drawing attention to significant movements

and to all instrument malfunctions occurring since the preceding report.

Notes

ITiltmeters may also be installed on structures founded on rock,

for example on concrete dams or turbine foundations.

21n addition, there exist very sensitive and narrow range tilt-

meters designed to resolve angles as small as 1 x 10-8 radians, used

mainly for detecting earthtides and other geodetic or seismic events.

3 The sensing device may, for example, include an electrolytic spirit

level, a pendulum actuated vibrating wire or closed loop servo-

accelerometer or alternatively a precise spirit level with a manual

mechanical-optical micrometer system, which is not suitable for auto-

matic recording.
4 The readout box may for example include a direct reading volt-

meter, a manual null-balance bridge circuit, a digital voltmeter, or an

automatic null balance bridge with digital display and an integrating

circuit to sum incremental displacements. Units are available that

allow recording on magnetic or paper tape.
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5It is recognized that this may be difficult to achieve if a narrow

range tiltmeter with a resolution of one or two seconds of arc is used,

and some compromise will be necessary.

6 Data processing may be manual or with the aid of a computer;

however, the various stages of computation must in either case be fully

supervised and checked for reading or transcribing errors and to ensure

that the significance of any anomalous behavior is fully appreciated.

For example, it is often difficult to distinguish between anomalies due

to ground behavior and those due to instrument malfunction.
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Standard Practice for

EXTENSOMETERS USED IN ROCK1

This standard is issued under the fixed designauon D 4403; the number immediately following the dsignatuon indicates the year of
original adoption or. in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval.
A superscript epsilon (t) indicates an editorial change since the last revision or rmapproval.

I. Scope judgment are required to match the proper type
I. I This practice covers the description, ap- of extensometer systems to the nature of inves-

plication, selection, installation, data collecting, tigation for a given project.
and data reduction of the various types of exten- 3. 1.1 In applications for construction in rock,
someters used in the field of rock mechanics, precise measurements will usually allow the iden-

1.2 Limitations of each type of extensometer tification of significant. possibly dangerous.
system are covered in Section 3. trends in rock movement: however, precise mea-

1.3 This standard may involve hazardous ma- surement is much less important than the overall
terials, operations, and equipment. This standard pattern of movement. Where measurements are
does not purport to address all of the safety prob- used to determine rock properties (such as in
lems associated with its use. It is the responsibil- plate-jack tests), accurate measurements involv-
itY of whoever uses this standard to consult and ing a high degree of precision are required. For
establish appropriate safety and health practices in-situ rock testing, instrument sensitivity better
and determine the applicabilitvofregulatorylimi- than 0.0012 in. (0.02 mm) is necessary for proper
tations prior to use. interpretation.

3.1.2 Most field measurements related to con-
2. Significance and Use struction in rock do not require the precision of

2.1 Extensometers are widely used in the field in-situ testing. Precision in the range of 0.001 to
of engineering and include most devices used to 0.01 in. (0.025 to 0.25 mm) is typically required
measure displacements, separation, settlements, and is readily obtainable by several instruments.
convergence, and the like. 3.1.3 As the physical size of an underground

2.2 For tunnel instrumentation, extensome- structure or slope increases, the need for highly
ters are generally used to measure roof and side- precise measurements diminishes. A precision of
wall movements and to locate the tension arch 0.01 to 0.04 in. (0.25 to 1.0 mm) is often suffi-
zone surrounding the tunnel opening. cient. This range of precision is applicable to

2.3 Extensometers are also used extensively as underground construction in soil or weak rock
safety monitoring devices in tunnels, in under- In most hard rock applications, however, an in-
ground cavities, on potentially unstable slopes. strument sensitivity on the order of 0.001 in
and in monitoring the performance of rock sup- (0.025 mm) is preferred.
port systems. 3. 1.4 The least precision is required for very

2.4 An extensometer should be selected on large excavations, such as open pit mines and
the basis of its intended use. the preciseness of large moving landslides. In such cases, the defor-
the measurement required, the anticipated range mations are large before failure and, thus, rela-
of deformation, and the details accompanying tively coarse precision is required. on the order
installation. No single instrument is suitable for
all applications. I rhis practice is under the junsdiction of ASTM Committee

D-18 on Soil and Rock and is the direct responsibility of
3. Apparatus Subcommittee DIS 12 on Rock Mechanics.

Current edition approved Aug 31 1984 Published Novem-
3.1 General-Experience and engineering ber 1984
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of I % of the range where the range may be 3 ft. ters allow the user to measure much greater
(0 m) or more. distances, such as found in large tunnels or pow-

3.1.5 For long-term monitoring, displace- erhouse openirgs. Tape extensometers consist of
ments are typically smaller than those that occur a steel tape (preferably invar steel), a tensioning
during construction. Therefore, greater precision device to maintain constant tension, and a read-
may be required for the long-term measure- out head. Lengths of tape may be pulled out from
ments. the tape spool according to the need. The readout

3.2 Extensometers: may be a dial gage or a vernier, and the tensioning
3.2.1 Rod Extensometers-A large variety of mechanism may be a spring-loading device or a

rod extensometers are manufactured. They range dead-weight (as shown in Figs. 3 and 4). The tape
from simple single-point units to complicated and readout head are fastened, or stretched in
multipoint systems with electrical readout. The tension, between the points to be measured. Ac-
single-point extensometer is generally used to curacies of 0.010 to 0.002 in. (0.25 to 0.05 mm)
detect support system failures. The rod can also can be expected, depending on the length of the
serve as a safety warning device in hazardous tape and the ability to tension the tape to the
areas. Generally, the rod extensometer is read same value on subsequent readings, and provided
with a depth-measuring instrument such as a dial that temperature corrections are made when nec-
gage or depth micrometer, however, various elec- essary.
trical transducers such as LVDTs (linear variable 3.2.4 Joint Meters-Normally, joint meters
differential transformers), linear potentiometers, consist of an extensometer fixed across the ex-
and microswitches have been used where remote posed surface of a joint (as demonstrated in Fig.
or continuous readings are required (as shown in 5), and are used to measure displacements along
Fig. I). Another type of readout recently devel- or across joints. The joint movements to be
oped is a noncontact removable sonic probe dig- measured may be the opening or closing of the
ital readout system which is interchangeable with joint or slippage along the joint. Rod-type exten-
the depth micrometer type. Multipoint rod ex- someters are generally used as joint meters with
tensometers have up to eight measuring points, both ends fixed across the joint. Preset limit
Reduced rod diameters are required for multi- switches are often mounted on the joint meter to
point instruments and have been used effectively serve as a warning device in problem areas such
to depths of at least 150 ft (45 in). The rod acts as slopes and foundations.
as a rigid member and must react in both tension 3.2.5 Wire Exiensomeiers-Such devices uti-
and compression. When used in deep applica- lize a thin stainless steel wire to connect the
tions, friction caused by drill hole misalignment reference point and the measuring point of the
and rod interference can cause erroneous read- instrument (as shown in Fig. 6). This allows a
ings. greater number of measuring points to be placed

3.2.2 Bar Extensometers-Bar extensometers in a single drill hole. The wire or wires are
are generally used to measure diametric changes tensioned by springs or weights. The wire is ex-
in tunnels. Most bar extensometers consist of tended over a roller shiv and connected to a
spring-loaded, telescopic tubes that have fixed hanging weight. Wire extensometers tensioned
adjustment points to cover a range of several feet. by springs have the advantage of variable spring
The fixed points are generally spaced at I to 4- tension caused by anchor movements. This error
in. (25 to 100-mm) increments. A dial gage is must be accounted for when reducing the data.
used to measure the displacements between the Wire-tensioned extensometers have been used to
anchor points in the rock (as shown in Fig. 2). If measure large displacements at drill hole depths
the device is not constructed from invar steel, up to approximately 500 ft (I150 m). The instru-
ambient temperature should be recorded and the ments used for deep measurements generally re-
necessary corrections applied to the results. Bar quire much heavier wire and greater spring ten-
extensometers are primarily used for safety mon- sions. Although wire extensometers are often
itoring devices in mines and tunnels, used in open drill holes for short-term measure-

3.2.3 Tape Extensometers-Such devices are ments. in areas of poor ground or unstable holes
designed to be used in much the same manner it is necessary to run a protective sleeve or tube
as bar extensometers, however, tape extensome- over the measuring wires between the anchors.

2



RTH 303-89

SD 4403

3.3 Anchor Systems: someters convert displacements occurring in in-
3.3.1 Groutable Anchors-These were one of situ materials between two anchored points to

the first anchoring systems used to secure wire mechanical movements that can be measured
extensometer measuring points in the drill hole. with conventional measuring devices such as dial
Groutable anchors are also used for rod type gages, LVDTs, strain gages, and the like.
extensometers. Initially PVC (poly(vinyl chlo- 3.4.1 Depth-Measuring Instruments-A dial
ride)) pipes clamped between the anchor points gage, or a depth micrometer are the simplest and
were employed to isolate the measuring wires most commonly used mechanical measuring in-
from the grout column (as shown in Fig. 7), struments. Used in conjunction with extensom-
however, this arrangement was unreliable at eters, they provide the cheapest and surest meth-
depths greater than 25 ft (7.5 m) because the ods of making accurate measurements. When
hydrostatic head pressure of the grout column using the dial gage or depth micrometer, the
often collapsed the PVC tubing, To counteract operator is required to take readings at the in-
this condition, oil-filled PVC tubes were tried. strument head, however, local readings may not
The use of oil enabled this method to be used to be practical or possible due to the instrument
depths of over 50 ft ( 15 in). As an alternative to location or area conditions.
this system, liquid-tight flexible steel conduit is 3.4.2 Electrical Transducer,-[or remote or
used to replace the PVC pipe. This alternative continuous readings, electncal transducers are
system seems to work well and can be used in used rather than dial gages. LVDTs are often
most applications. Resin anchors fall in this cat- used because of their accuracy, small size, and
egory and are very successful. availability. LVDTs require electrical readout

3.3.2 Wedge-Type Anchors-These consist of equipment consisting of an a-c regulated voltage
a mechanical anchor that has been widely used source and an accurate voltmeter, such as a dig-
for short-term anchoring applications in hard ital voltmeter or bridge circuit. The use of linear
rock. Fig. 8 shows the two basic types of wedge potentiometers or strain gages is often desirable
anchors: (1) the self-locking spring-loaded an- because of the simplicity of the circuitry in-
chor, and (2) the mechanical-locking anchor. volved. The disadvantage of using linear poten-
Self-locking anchors, when used in areas subject tiometers is their inherently poor lineanty and
to shock load vibrations caused by blasting or resolution.
other construction disturbances, may tend to slip 3.4.3 When very accurate measurements are
in the drill holes or become more deeply-seated, dictated by certain excavations. for example, the
causing the center wedge to move. Another dis- determination of the tension arch zone around a
advantage of the wedge anchor is that no protec- tunnel opening, extensometers which can be cal-
tion is offered, if using wires, to the measuring ibrated in the field after installation shall be used.
wires in the drill hole against damage that might In all cases, the accuracy of extensometers. either
be caused by water or loose rock. determined through calibration or estimation,

3.3.3 Hydraulic Anchors-These anchors should be given in addition to the sensitivity of
have proven to be successful in most types of the transducers. rhe strain-gaged cantilever ex-
rock and soil conditions. Fig. 9 shows the two tensometer (shown in Fig. 10) has been used
basic types of hydraulic anchors manufactured successfully for many years. The strain-gaged
for use with extensometer systems: (1) the un- cantilever operates on the pnnciples of the linear
coiling Bourdon tube anchor, and (2) the hy- strain produced across a given area of a spring
draulic piston of grappling hook anchor, which material when flexed. This t'pe of extensometer
is limited to soft rock and soils. Both anchors readout is normally used when rock movements
have the disadvantage ofbeing rather costly. The of 0.5 in. (12.5 mm) or less are expected. Strain
Bourdon tube anchor works well in most rock gages produce a linear change in resistance of I
and soil conditions and the complete anchor to 3% of their initial resistance. over their total
system can be fabricated before installing it in measurement range. Because of this small change
the drill hole. There have been other specialized in resistance. it is absolutelv necessary to provide
anchor systems developed, however, these sys- extremely good electrical connections and cable

mtes have proven to be too costly and unsuoces- insulation when using this type of transducer.
ful for most applications. Standard strain-gage readout equipment can be3.4 Extensometer Transducers-These exten- used with this type of extensometer, however.
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care must be taken to protect this equipment usually available and is the least costly. Conng
from the hostile environments found in most methods, like those used for subsurface explora-
field applications. Vibrating wire and sonic read- tion. are usually more expensive but provide
outs are also reliable and are becoming more important information on the presence and na-
common than strain-gage readouts. Provision ture of rock discontinuities. On large projects.
should always be made for mechanical readout coring or close observation of the percussion hole
capability, is usually justified to better define the geology.

In addition, coring affords the opportunity to
4. Procedure position extensometers accurately in the vicinity

4.1 Preparatory Invesligalions: of major discontinuties.
4.1.1 Select the location. orientation. length. 4.2.3 Immediately prior to drilling, verify the

and number of anchors for each extensometer location and orientation of the drill hole.
on the basis of a thorough review of both the 4.2.4 For percussion-drilled holes. maintain
construction and geotechnical features of the visual inspection of the drilling operation from
project. Among the items to be considered are: start to completion of the hole. At all times, the
direction and magnitude of anticipated rock operation shall be under the direct supervision of
movements, location and nature of other instru- an individual familiar with drilling and knowl-
ments to be installed, and the procedures and edgeable in the peculiarities and intended use of
timing of construction activities before. during, the extensometer. For later use in summanzing
and after installation of the instrument. If the the installation, keep notes on drilling rates. use
instrument is installed where rock bolts are used of casing, soft zones, hole caving, plugging of
for support, the deepest extensometer anchor drilling equipment, and any other drilling diffi-
shall be located beyond the end of the rock bolt. culties.
The length of the extensometer shall depend 4.2.5 For cored holes, similar inspection and
upon the anticipated depth of rock influenced by observation as that for percussion-drilled holes
excavation, expressed for example in terms of shall be recorded, giving particular attention to
tunnel diameter or slope height. As a general drilling techniques that may affect the quality of
rule, the deepest anchor (reference point for all the rock core obtained. The core shall be logged.
subsequent anchors) shall be placed at least 21/2 including rock lithology. joint orientation. joint
tunnel diameters beyond the perimeter of the roughness. and degree of weathering. For both
tunnel. percussion-drilled and cored holes. note the Io-

4.1.2 Displacement measurements are most cation of water bearing seams or joints and water
valuable when extensometers are installed at. or flows.
before, the beginning of excavation, and when 4.2.6 Immediately prior to installing the an-
measurements have been taken regularly chor assembly, thoroughly clean the completed
throughout the entire excavation period at sev- borehole by washing with a pressure water hose.
eral locations so that a complete history of move- Holes in which instruments are not installed for
ments is recorded. Documentation of the geo- a lengthy time after drilling (a day or more) shall
logic conditions and construction events in the be carefully cleaned immediately prior to install-
vicinity of the measurements is essential to the ing the anchor. If hole caving or other blocking
proper interpretation of the field data. in zones of poor rock is suspected, verify the

4.2 Drilling.: openness of the hole by inserting a pipe or
4.2.1 The size of borehole required for exten- wooden dowel the full length of the hole. In very

someters depends on the type, character, and poor ground conditions. special procedures in-
number of anchors. The borehole size shall con- volving grouting and temporary casing may be
form to the recommendations of the extensom- required to keep the borehole open sufficiently
eter manufacturer. long to allow installation.

4.2.2 The method of drilling used depends 4.3 Installation:
upon the nature of the rock, the available equip- 4.3.1 Installation of the anchor assembly and
ment, the cost of each method, and the need for connection of the displacement sensor to the
supplemental geologic data. Percussion drilling anchor assembly shall be performed by a suitably
equipment of the type used for blast holes is qualified instrumentation specialist. This special-

4
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ist may be the manufacturer's representative or ducer is moved or reset to change its zero point.
an individual who, through previous experience 4.3.6 Completion of installation of the sensing
and training, is qualified to perform the task- unit requires a thorough check for electrical or

4.3.2 Whenever possible, adjust the position mechanical malfunctions. For future reference,
of the anchors to maximize the information ob- keep notes of any measurements, in-situ calibra-
tained by the extensometer. For instance, it is tions, or settings performed during this final
desirable to have one anchor to each side of a checkout.
shear zone or filled joint. If not determined from 4.4 Readings:
rock cores, discontinuties can be located by bore- 4.4.1 Readings shall be taken by a person
hole television or borehole periscope surveys familiar with the equipment and trained to rec-
(Fig. I I illustrates a typical extensometer instal- ognize critical measurements and their relevance
lation in a tunnel), to the particular project.

4.3.3 For grouted anchor assemblies, allow 4.4.2 The mechanical or electrical device used
sufficient time for setting and hardening of the to read an extensometer shall be checked on site
grout before installation of the extensometer sen- both before and after each day's use. For instance,
sor unit. During this time, keep notes on any verify zero settings on dial gages, and compare
blasting or other construction activities in the readouts for resistance or vibrating-wire gages to
vicinity of the instrument. The strength and com- standards.
pressibility of the grout should somewhat match 4.4.3 Electrical readout equipment shall un-
the surrounding soil or rock. dergo full-range calibration by the manufacturer,

4.3.4 Install a protective cover if the instru- or an appropriately qualified commercial calibra-
ment does not have an inherently rugged protec- tion service, on a routine basis. This calibration
tive cover or is not recessed within a borehole. shall take place before and after times of critical
The protective cover must provide full protection measurejment, or periodically for long-term mea-
from damage due to workmen, equipment, and surements.
fly rock from blasting. For installations in blast- 4.4.4 For those instruments having such a fea-
damaged areas, it is preferable to initially install ture, a periodic in-situ calibration shall be per-
the instrument with a mechanical sensor only. formed to determine changes in the behavior of
After the risks of damage have been reduced, an the instrument. The calibration may be done at
electrical, remotely read sensor can be installed, times of critical measurements or during regular
If an instrument is an electrical, remotely read maintenance.
type, suitably protect the electrical cable (such as 4.4.5 After reading the extensometer, record
by armored cable or steel pipe) to prevent damage the data in a field notebook or data sheet that
during the intended period of use. Instruments contains a record of previous readings. When a
installed at the ground surface shall be installed reading is taken, check it immediately with the
below the depth of frost penetration. Manholes previous reading to determine if any significant
shall be watertight in cold climates to prevent displacements have taken place since the last
icing. reading, or to determine if the reading is in error.

4.3.5 Verify zero readings of each extensom- If a reading is in question (that is, unanticipated
eter at least two times prior to the start of con- displacements are indicated), the observer shall
struction, or at the time of installation or reset- take additional readings. The observer shall also
ting if construction is in progress. Instruments check to see if the extensometer is dirty or has
installed several weeks or months in advance of been damaged, or if any construction events have
construction should be monitored to detect taken place that would explain the change in the
equipment malfunctions and reading variations readings. For all readings, record construction
due to temperature or operation. Two calibra- conditions and temperature.
tions are required per extensometer, one follow- 4.4.6 Several observations will aid the inter-
ing installation and one following the conclusion pretation of displacement measured by borehole
of the test series. Additional calibrations are re- extensometers and shall be noted in a "remarks"
quired only where: (1) a transducer is replaced column on the data sheet or field book. Examples
or rewired, (2) the power supply is changed, (3) of these observations are as follows:
the instrument head is damaged, or (4) a trans- 4.4.6.1 Opening of joints or movement of

5
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rock blocks. Rate of displacement is equal to the slope of the
4.4.6.2 Mapping of joints, shear zones, and displacement curve.

other geologic features that could be related to 5.6 Periodically, prepare displacement-depth
movement. Observations of overbreak and rock plots, as illustrated for a tunnel in Figs. I I and
loosening along the joints and shear zones will 13. The deepest anchor (No. 6) has been assumed
aid in evaluating the significance of these fea- a fixed point of reference for all anchors. The
tures. rock movements can be correlated with the po-

4.4.6.3 Crack surveys in shotcrete. The width, sition of supports.
length, and relative movement of the crack shall
be measured with time, and the thickness of the 6. Report
shotcrete in the vicinity of the crack determined. 6.1 General-Present results, unless otherwise

4.4.6.4 In tunnels, evidence of distress or dis- specified, in two forms: (1) an installation report
placement of steel ribs and timber blocking, giving basic data on the instrumentation system

4.4.6.5 Evidence of distress or loosening of at the time of installation, and (2) a monitoring
rock bolts. report that presents periodically the results of

4.4.6.6 The increase of waterflow in the drain- routine observations. The monitoring reports will
age system of dams that can reflect the opening generally be required at frequent intervals to
of joints in the upstream part of a rock founda- minimize delay between the detection of adverse
tion. This is also helpful in tunnels to indicate behavior and the implementation of any reme-
loosening and opening of rock mass. dial measures that may be necessary.
5. Calculation 6.2 Installation reports shall include the fol-

lowing:
5.1 Unless otherwise specified, process all data 6.2.1 A description, with diagrams, of all com-

as soon as possible, but within 24 h of the reading. ponents of the extensometer (anchor assembly,
5.2 Again scrutinize the field data in the office displacement-sensing unit, readout equipment),

and clearly mark obvious errors in the field book. including detailed performance specifications.
Supposedly erroneous readings shall be replaced 6.2.2 Type and details of drilling equipment
by additional readings and shall not be discarded used.
or obliterated from the field records. 6.2.3 Log of drilling-For cored holes, a sum-

5.3 If not entered on a special data sheet at mary log including the log of drilling and a log
the time of the reading, the field data shall be of the core. Also include summaries of borehole
transferred to a computation and data summary television or periscope investigations when un-
sheet, such as shown in Fig. 12. dertaken.

5.4 The method of calculating displacements 6.2.4 Details and methods of installation, cal-
from the field data depends on the particular ibration. and monitoring; reference may be made
instrument. The procedure recommended by the to this practice. stating only departures from the
manufacturer shall be followed unless an alter- recommended procedures.
native method is proven acceptable. Thermal 6.2.5 A borehole location diagram that relates
displacement corrections to extensometer output the specific instrument to the entire project and
are made by interpolating the change in measur- other instrumentation. This diagram shall in-
ing rod or wire temperature between the depths clude (/) the station or coordinates and elevation
where thermocouples are able to directly measure of the head of instrument. (2) depth, orientation.
temperature change, integrating the interpolation and diameter of borehole, (3) distances between
function (a cubic spine) over each length and anchors and the reference head, and (4) the rel-
multiplying this quantity by the thermal expan- ative position of the instrument to present and
sion coefficient of the wire or rod. future structures and other construction.

5.5 A plot of displacement versus time is the 6.2.6 A plan and section of the installation
best means of summarizing current data and that illustrates present and anticipated construc-
should be kept up to date. Interpretation of the tion and geology.
measurements is facilitated by considering not 6.3 Monitoring reports shall include the fol-
only displacement, but the rate of displacement lowing:
and the rate of change of displacement with time. 6.3.1 A set of tabulated field monitonng re-

6
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suits (containing information in the manner 6.3.4 A brief summary of the most significant
shown in Fig. 12), including all observations displacements and all instrument malfunctions
since the preceding report. since the preceding report.

6.3.2 Updated diagrams of displacement of all
individual sensing points with respect to time. 7. Precision and Bias

6.3.3 For selected instruments and locations,
a diagram of displacement versus depth for var- 7.1 The precision and bias of any extensom-
ious times. The reading times shall be correlated eter system are limited to the type of extensom-
to the construction activity and shall emphasize eter, transducer, and data acquisition system.
the development or progressive nature of dis- The situation dictates the degree of precision and
placements that might be taking place. bias required.

•.-ROCK JOINT

REFERENCE

SURFACE

FOL L Red RODemmier

0

REFERENC



RTH 303-89
D04403

FIXED ADJUSTMENT GAGE

POINTS

"/ REFERENCE POINTS

FIG. 2 Ow Exkmsnw

ROO BOLT. AND E:X__ _PANSION SHIELD • SCALEE'EOT'-I

LLEPULLEY STRAPREEL• !BRACKET

WEGH SAFETY

SCHAIN

NIG, 3 Top tEbammi with Vww Mmdkm- g DDd

8



RTH 303-89
0 D4403

FITAP DIA TasE.m uwwt h a.sdTis G AGE

00

CALL ANCHOR

G IALGAG

PPOINT

T P EG 
-T N IC 

M s

TAE0RI
TAE 0SRN



RTH 303-89

D D4403

TRANSDUCER
OR DIAL GAGE. ANCHO

REERNC RE ACO

POINT - N •w I

COMPRESSION
SPRINGICE•

SPRING TENSIONED WIRE EXTENSOMETER

TRANSDUCER / ACO
OR DIAL GAGE L

ROLLER SHIV * "IR OR-TAPE'' ( I ..

WEIGHT

FIG. 6 Wift Extemomeme

TMAUING WIRES• • o

FLEXIBLE STEEL
CONDUIT

FIG. 7 G hmlu •c Sý~e

10

WEIGHT



RTH 303-89

leD 4403

WEDGE COMPRESSION

MEASURING WIRE-. 
SPRING

SELF-LOCKING WEDGE ANCHOR

~~ W EDGE " "-

MEASURING WIRES -)

LOCKING BOLT• JE

MECHANICAL-LOCKING WEDGE ANCHOR

FIG. 8 Wedp A

BOURDON TUBE

MEASURING WIRES,-NCHOR ANHO

HYDRAULIC LINE

BOURDON TUBE HYDRAULIC ANCHOR SECTION A-A

HYDRAULIC LINE ý_•GRAPPLING HOOK

MEASURING WIRE INSIDE
OF HYDRAULIC LINE

INTERNAL HYDRAULIC PISTON FORCES
GRAPPLING HOOKS OUT INTO DRILL
HOLE SIDE WALLS

PISTON OR GRAPPLING HOOK HYDRAULIC ANCHOR

FIG. 9 Hy*auok AbmK

|1



RTH 303-89
D 4403

STRAIN GAGE--- S~~MEASURING WIRES /

SPRING CANTILEVER- SO rmE=

FIG. I0 Extemmieuser Using Shraim-rapgd Sprift Caatilemes

NO.6 (ASSUMED FIXED)

INO. 5

NO. 4

LLNO. 3NI TENSION

- / " ARCH ZONE
C- NO.2

/ 0 NO. I

, MPBX- 0.2• ,

TUNNEL

STATION 110
NoTE-Include such features as shear zones, rock boats, and de like.
FIG. II Typical Exte•sm c uutalemiforo a Tmul lJUal Th l P•O Extuomonmet wit Amcbn Speid a•ilf

12



RTH 303-89
D 4403

0~i

o +
+ LO)

F- ~+ + +Luj+ ++ + +++ +
Z 4 'n ko toW W Wto W to
w LaJ (o o ko o w w w W Wz C I I I I* I I I I I Il

- in + 4.

Uf- F.- -

Zn V)J "n2 n nL L n
Z:

F- 0 9090 00 00 0

w& 0 z + ++ + ++ +++ + + +

4--

z ~

z5 z o -

0 z

pU * C OD1. cm00 -O-t %J~t 0 0

0 L 0 0--7

. + + + + ++ ++

C IL

uo w ~ J U) -- 0, o , .jc~

(nj 4-Cj ~ e

(nJ w C'j C'~j m ~ ~C% 'i ~ j C'jc .J %jJ ec'J c

ww~ 0 0 o00 cu0 00 0 000

4 l 000)0

0 c

13



RTH 303-89
* 04M0

MPBX DATA PLOT

STATION 110

01 0.004- I5I~ ~ A 5  0 A5 IT

0

= I-

110 115 120 125 130 135 140 145 150 155 160 165 1r0

STTO LOCATIO OF TUNLHAIN NFE
LEGEND----

X INSRUEN HEAD2
o ANHO NO' OE H ISRMN ED N L NHR

aL0 ANHRN.
W ANHRN05R EEECE OTEN. NHR2 ANHOnN.

W ANCHOR- NO 5
FIG 33Hpteka xesmte aaP

Th 1meica So1e5 for Tesin and Maera5 take no5 post0o rese5in the 165dt 1ia aen ihsasetdi 0c o
wiha'ieJ eioe nti tnad sr fti tnadaeepes'avsdta eemnto itevldt iaysc

C3en rihs a 0.h00k4 fif- gmnto uhrgts r nteh hi w rsosblt

Thi stnadi ujc orvsna n aeb h epnil ehia omte n uth eiwdeeylv er nifntrvsd ihrrapoe rwtdan orcm et r nie ihrfr revsio f ahi tn ar or 0radtoa
stnad and shold0e adrse oAT edure. orcmet al eev aeu osdrto tameigo h
r Xpnil ehia omtewihyumyatn.I o elta orcmet aentrcie arhaa~iusol
m zk 0orveskont h SMCmiteo tndrs 6Rc t hldlha a 90

z1



RTH 303-89

EXTENSOGETER SUPPLIERS AND MANUFACTURERS

Earth Science Research, Inc., 133 Mt. Auburn St., Cambridge, Massachusetts,

02138, USA.

Geonor, Norway, U. S. supplier, Slope Indicator Co.

Interfels International, Germany, North American supplier, Rocktest Ltd.

Irad Gage, 14 Parkhurst St., Lebanon, New Hampshire, 03766, USA.

Rocktest Ltd, 1485 Desaulneirs, Longeuil (Montreal), Quebec, Canada.

Peter Smith Instrumentation, England, North American supplier, Rocktest
LTD.

Slope Indicator Co., 3668 Albion Place North, Seattle, Washington,
98103, USA.

Soil and Rock Instrumentation Inc., 30 Tower Road, Tower Office Park,
Newton Upper Falls, Massachusetts 02164, USA.

Soil Test Inc., 2205 Lee St., Evanston, Illinois 60222, USA.

Terrametrics Inc., 16027 West 5th Avenue, Golden, Colorado 80401, USA.
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LOAD CELLS

1. Scope

1.1 This method deals with load cells and their application in the

field of rock mechanics and includes descriptions of various types,

their construction, readout procedure, and data reduction.

2. Apparatus

2.1 Load cells have been utilized for a wide variety of engineering

applications. Such uses include tunnel support, rock bolt, and tieback

load monitoring. The data obtainable from load cells can be used for

safety monitoring and as an engineering aid for support design. Some of

the more common types of load cells used in rock mechanics applications

utilize one of four basic types of measurement systems: (1) hydraulic,

(2) mechanical, (3) strain gage (this includes bonded foil, vibrating

wire, and unbonded wire gages), and (4) photoelastic. Although the

strain gage type load cell is the most commonly used, all types of load

cells have certain advantages depending on their application.

2.1.1 Hydraulic Load Cells - Hydraulic load cells are basically a

fluid-filled deformable chamber connected to a pressure gage or an

electric pressure transducer. The load is transferred to the fluid by

means of a piston, or in the case of the flat Jack, deformation of the

fluid confinement chamber (Fig. 1). Hydraulic load cells allow the user

to preload the load member, such as rock bolt tiebacks, by applying an

initial pressure to the fluid. It is often desirable to posttension

rock bolts and tiebacks due to anchor slippage or shifting load dis-

tributions. Although most hydraulic load cells are of rugged construc-

tion, their application has been limited due to their physical size,

poor load resolution, and temperature sensitivity. Hydraulic flat jacks

have had the greatest application as earth pressure cells and concrete

stress cells. Flat jacks have also been used in conjunction with other

apparatus on radial jacking tests and in situ stress measurements.
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2.1.2 Mechanical Load Cells - The proving ring is the most common

type of mechanical load cell but, due to its construction, has had very

little application to field uses. The most commonly used mechanical

load cells consist of an elastic disk element sandwiched between two

plates. The disk deflects under load, changing the distance between the

plates. The deflection is measured with a dial gage or suitable elec-

tronic transducer (Fig. 2). Although this type of load cell is rela-

tively inexpensive to manufacture, it has had limited use because of its

nonlinear calibration curve and restricted application. (This type of

cell is generally designed to be used on rock bolts or tieback tendons.)

2.1.3 Strain-Gaged Load Cell

2.1.3.1 The strain-gaged load cell is by far the most commonly used

for both field and laboratory applications. This type of cell is

manufactured by a large number of geotechnical instrumentation sup-

pliers. Most strain-gaged load cells consist of a metal cylindrical

column. The column is loaded axially and the axial strain is measured

with a suitable strain gage (Fig. 3). Bonded foil strain gages are used

by most cell manufacturers because of their simplicity and availability,

but the vibrating-wire and unbonded gages have also been proved to have

distinct advantages. The bonded strain gage is a resistive element that

undergoes a change in resistance when subjected to an axial strain. The

gages are generally bonded to the load cell's cylindrical wall and

connected together to form a Wheatstone bridge. The bonded gages are

oriented in such a way as to cause a linear resistive imbalance propor-

tional to the strain in the load cell. The unbalanced signal is ampli-

fied and observed on a galvanometer. Most strain gage readout equipment

contain resistive balancing circuits that allow the operator to null the

unbalanced signal with a potentiometer connected to a digital indicator.

The load cells are calibrated to read load in pounds per readout digit

(Fig. 4). The main advantages of the bonded strain-gaged load cells are

simplicity of construction, relatively small physical size to load

capacity ratio, direct reading requiring no summing, averaging or
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correction factors to obtain true load readings, and good temperature

stability over a wide temperature range, thus allowing the load cells to

be used in changing environmental conditions. The readout equipment is

small, compact, and generally suitable for field use. The disadvantages

of the bonded strain-gaged load cells are the extreme care required in

waterproofing to prevent electrical leakage in the gaged circuit, the

gage bonding technique required to assure long-term stability of the

load cell, and the recalibration required when changing cable lengths

due to lead wire load resistance changes and parasitic electrical

signals.

2.1.3.2 The vibrating-wire load cell is generally constructed

similar to the bonded strain gage cell. The load cells differ in the

method of measuring the axial strain of the cell body. The vibrating-

wire strain gage consists of a length of steel wire stretched between

two posts extending from the cylinder wall (Fig. 5). The wire is pre-

tensioned below its elastic limits when installed on the cell body. An

electromagnet is placed near the wire, providing a method of plucking

the wire when an electrical pulse excites the magnet. This pulse causes

the wire to vibrate over the magnetic coil. The vibrating wire induces

an electrical current in the electromagnet coil with a frequency equal

to the frequency of the vibrating wire. The signal is then amplified by

the readout unit and the frequency is determined by a frequency counter.

As the load cell is subjected to load, the strain in the cylinder body

reduces the tension on the vibrating wire, changing its frequency. This

change in frequency per unit load is used to calibrate the load cell.

Most load cells contain at least three vibrating-wire transducers placed

at 120 deg around the periphery of the cell body. The vibrating wires

are read separately and the readings averaged. This method of reading

reduces errors caused by eccentric loading of the load cell. Some

advantages of the vibrating-wire load cell are that the loads are read

as a frequency, thus reducing the problems caused by ground leakage and
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poor signal cable condition. Long signal cables should not effect the

frequency readings as long as the signal is not attenuated beyond the

sensitivity of the readout equipment. The vibrating-wire load cell

could also be read through radio telemetry systems, eliminating the need

for an analog to frequency converter. Some of the disadvantages of the

vibrating-wire load cells are their physical size, cost of manufac-

turing, poor temperature compensation, expensive and complicated readout

equipment, and vulnerability to shock damage, causing zero shifts in

load cell readings.

2.1.3.3 Load cells utilizing the unbonded strain gage have not

found wide usage in load cell manufacturing. The unbonded strain gage

employs the same principle as the bonded gage in that it consists of a

wire made of a resistive material that, when strained, changes its

resistance in proportion to the strain. The unbonded strain gage has

more commonly been used in soil and concrete stress meters such as

manufactured by the Carlson Company. The gages are mounted similar to

the vibrating-wire gage and are generally employed in a bridge utilizing

the same readout principles as the bonded gage (Fig. 6).

2.1.4 Photoelastic Load Cell - The photoelastic load cell consists

of a cylindrical steel column with a hole drilled through its center

diameter. A photoelastic element (optical glass) is inserted in this

hole and locked in place. When polarized light passes through the optic

glass, interference fringes can be observed if viewed through a polar-

izing filter. The number of fringes observed depends on the amount of

stress in the optic glass. The load cell is calibrated by counting the

interference fringes produced by a given load. Although this type of

load cell is quite rugged and is a comparatively simple device, limited

use has been made of it due to its coarse calibration and inability to

be read from a remote location.

2.1.5 Manufacturers - Although there are a large number of com-

panies manufacturing load cells for various applications, most of this

equipment is not suitable for rock mechanics instrumentation. 0
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The following is a partial list of geotechnical instrumentation sup-

pliers that deal with the various types of load cells previously

described:

Hydraulic load cells

Terrametrics, PJJ Machine Co., Interfels

Mechanical load -ells

Terrametrics, Interfels, Norseman, Proccp, Doboku Sokki, Strain

sert

Strain-gaged load cells

Terrametrics, Soil Test, Telamac, Maihok, Geonor, Remote Systems

Photoelastic load cells

Terrametrics, Stress Engineering

3. Procedure

3.1 Although load cells have been employed for many diversified

applications, the primary function in the field of rock mechanics has

been for tunnel support load monitoring and rock bolt tension measure-

ments. The following uses and methods of installation are typical for

most applications.

3.1.1 Steel Arch Tunnel Support Instrumentation - The structural

steel arch support set is the most commonly used tunnel support system.

Measurements of the compressive loads actually being supported Uy the

arch support provide a direct means of comparing actual loads with

assumed support design loads. Load cells are generally installed inder

the base plates of arch-type sets; however, at times, it is desirable to

.nclude a crown load cell. In areas of squeezing or swelling ground

invert struts may be used with load cells placed in them to measure the

side loads. Close attention to the placement of blocking should be

observed to assure proper load distribution on the arch supports

(Fig. 7). The load cells should be installed on the set at the time of

the set placement. It is desirable to place the instrumented sets as

close to the blasting face as praztical to measure the entire load

history. Care must be taken to afford blast protection for the load
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cells and signal cables when used near the blast face. This can be

accomplished by running the signal cable inside the set flange facing

away from the tunnel face. Steel shrouds can be welded to the sets to

protect the load cells from fly rock (Fig. 8). The load cells selected

should have a capacity greater than the yield strength of the arch

supports. It is generally desirable to instrument at least three

consecutive sets to reduce errors caused by anisotropy of the rock mass

or nonuniform blocking on individual sets. Provisions should be made

for the removal of the load cells after their portion of the tunnel has

stabilized. This allows the load cells to be reused in a leap frog

fashion, resulting in considerable instrumentation savings. Methods for

removal of load cells on arch and circular sets are shown in Figs. 9 and

10. The load values obtained during a systematic instrumentation

program provide a quantitative basis for reviewing the structural tunnel

lining requirements for the final tunnel bore.

3.1.2 Rock Bolts and Tieback System Instrumentation - Rock bolts

and tiebacks are often used to stabilize subsurface and surface excava-

tions. In either case, the system usually incorporates steel rods or

cables anchored at the base of a drill hole and tensioned to produce a

compressive load along the axis of the drill hole. The actual loads

acting on the bolt can be monitored (Fig. 11) by using a hollow core load

cell acting as a washer at the collar of the bolt assembly. Calibrated

torque wrenches have been widely used in rock bolting to produce the

desired tension in the anchor tendon. Extensive tests have proven that

such torque measurements can produce errors in the bolt tension as much

as one to two times the indicated load. This variation can be caused by

the condition of the threads on the bolt or anchor, dirt, rust, bending

of the bolt, or anchor misalignment. Hydraulic jacks are often used in

place of the torque wrench, especially in bolts or cables requiring high

tensile loads. This system, where applicable, is far superior to the

torque wrench but requires the use of specialized equipment for its

adaptation. Actual loads can be monitored, using load cells, at the
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time of installation and thereafter to plot the load history of the bolt

system. It is desirable to use a number of load cells over a tunnel

length equivalent to 2-1/2 tunnel diameters to obtain the average load

being supported by the rock bolts. The load cell capacity should be

greater than the yield strength of the rock bolts because the strain

induced into the bolts at the time of blasting often exceeds their yield

point. After tunnel stabilization the load cells can be removed and

reused as the tunnel advances. The cells should be removed one at a

time and the bolt retensioned to maintain stability of the tunnel

section.

ROCK BOLT

ANCHM

Fig. 11. Rock bolt load cell installation.

4. Data Reduction

4.1 Steel Arch Supports - As the tunnel excavation advances, the

load normally being supported by the rock or soil removed in the

excavated section is redistributed into the side walls and support

system. At some point in time, depending on the tunnel advancement

rate, material strength, and support system, the tunnel reaches a point

of equilibrium. Support loads should be monitored during this stabili-

zation period to determine support adequacy and future requirements.
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Fig. 12 is a typical plot of load versus tunnel advancement. Note the

decreasing frequency of readings as tunnel heading advances away from

the load cells. The load is generally highest two to three diameters

behind the tunnel face because the load has not stabilized or shifted to

the side walls at this time. In this example the peak loading occurred

when the tunnel heading was at station 130 (20 ft (6 m) or 2 tunnel

diameters beyond the instrumental set) and equilibrium at station 110

was essentially achieved when the tunnel heading reached heading 148. A

blocking diagram is often included with the data plot to help explain

the stress distribution on the support member. A load versus time plot

may also be used in some instances where varying time lags exist

between tunnel heading advancements.

4.2 Rock Bolts - Rock bolt load data may be plotted in the same

manner as the data for the arch support load cells; however, the

indicated load should not decrease with time or tunnel advancement. By

the use of the load plot the engineer can readily recognize anchor

slippage, i.e., load loss or overload. A certain amount of anchor

slippage is generally observed with bolts located near the blast face.

When this occurs, the bolts should be retorqued to design specifica-

tions. The load plot will indicate stabilization versus tunnel advance-

ment and can be used to determine a bolt torquing program for noninstru-

mented tunnel sections.
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SUGGESTED METHOD OF DETERMINING ROCK BOLT TENSION
USING A TORQUE WRENCH

1. Scope

1.1 This method can be used to apply a specified tension during

rock bolt installation or to estimate loss of tension in a previously

installed bolt. It can also be used to verify that anchor strength is

greater than a specified value consistent with the maximum tension that

can be applied with the wrench.

2. Apparatus

2.1 A torque wrench, preferably with a maximum applied torque indi-

cator, capable of giving readings that are repeatable to 5 percent

throughout the range of torques to be measured. It should be provided

with sockets suitable for the nuts or bolt heads to be tested, should be

used only for testing, and should be stored, together with its most

recent calibration chart, in a dry place so as to preserve its accuracy

of reading.

2.2 Equipment for calibrating the torque wrench (Fig. 1) including

a rigidly fixed bolt head, a weight pan and weights, and a measuring

tape.

L.

/w

/0

a. b.

S~Fig. 1. Calibration of torque wrench.
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2.3 Equipment for determining the relationship between tension and

torque (Fig. 2), typically an installed rock bolt and faceplate assembly

identical with that to be used in practice, and a hydraulic ram with

handpump and pressure gage (to be used for tension measurement) or

alternatively a rock bolt load cell. Tension should be measured with an

accuracy better than 2 percent of the maximum reached in the test.

PRESSURE GAGE

--. ~sA NOAR PLATrE
HYDRAULICND NUT ASSEML

JACK 2
w V

I- C-

TORQUE
a. ~b.

Fig. 2. Determination of ratio tension/torque.

3. Procedure

3.1 Calibration of the torque wrench should be accomplished as

follows:

(a) With the wrench horizontal, the wrench socket is posi-

tioned on a rigid bolt head. A weight pan is suspended from the center

of the wench handle (Fig. 1) and weights are added. The torque reading

is noted, also the weight of the pan together with the weights it con-

tains. The procedure is repeated with increasing weights to obtain at

least five torque readings covering the range of torques for which the

wrench is to be used. The distance L between the center of the wench

handle and that of the bolt head is recorded.
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(b) Correct torque values are calculated by multiplying the

distance L by the applied weights. A graph is plotted of correct torque

values against torque readings, and a straight line is fitted to the

data points (Fig. Ib). The gradient of this line is measured, equal to

the ratio R of correct torque divided by torque reading. Torque read-

ings later obtained when using this wrench should be multiplied by the

ratio R to obtain corrected values.

(c) Torque wrenches should be recalibrated at intervals not

exceeding six months.

3.2 Determination of the ratio C of tension to torque is as

follows:

(a) The load cell, or alternatively a hydraulic ram with the

ram extended to 3/4 travel, is positioned concentrically and coaxially

over the bolt to be tested, and the face nut is tightened to take up

slack in the assembly (Fig. 2). Ram pressure should be increased to a

nominally small value before the start of the test, and the pump valve

firmly closed.

(b) The bolt diameter, state of lubrication, thread pitch,

faceplate, and washers should be identical with the conditions expected

in the actual rock bolt installation.

(c) Torque is applied in increasing increments to the nut,

taking readings of torque and bolt tension. Torque application should

be smooth and force should be applied through the center of the wrench

handle only. At least five pairs of readings are required, covering the

complete range of torques for which the wrench is to be used.

(d) A graph of tension versus torque is plotted, showing data

points and a straight line fitted to these points. The gradient C of

this line, the ratio of tension to torque, is measured (Fig. 2b).

(e) The ratio C is determined separately for each change in

bolt diameter, thread pitch, and state of lubrication of for any other

variation in the bolt/anchor/faceplace assembly that may result in a

* change in the tension/torque ratio.
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3.3 Determination of bolt tension using the torque wrench is done

as follows:

(a) If a torque wrench of the type that applies a preset

torque is used, the torque setting should be increased in small incre-

ments until just sufficient to cause the face nut to rotate. The torque

setting, the bolt identification, and the date are recorded.

(b) If a torque wrench with a maximum applied torque indicator

is used, the torque may be applied steadily rather than in increments.

Both types of torque wrench should be used with care to ensure that

loading is smooth and that force is applied through the center of the

wrench handle.

(c) Bolt tension is calculated using the correction R and a

value of tension/torque ratio C determined for the identical bolt and

faceplate assembly conditions using the method described in paragraph

3.2 above.

(d) An approximate check on minimum anchor strength may be

obtained by applying an increasing torque, recording this torque as a

function of number of rotations until no further torque can be applied,

or until the anchor shows signs of failing.

4. Reporting of Results

4.1 The report should include diagrams and graphs as illustrated in

Figs. 1 and 2, together with full details of:

(a) Torque wrench calibration; type of torque wrench, methods

used for calibration, and results.

(b) Determination of the tension/torque ratio C; methods used

and results obtained.

(c) The rock bolts tested; types, locations, dates installed,

rock characteristics, methods used for drilling and installation,

appearance, and condition of the faceplate assembly at time of testing.

(d) The method used for tension determination; tabulated

values of bolt identification, applied torque to cause rotation of the

0
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nut, corresponding bolt tension, and any other ob-ervations pertinent to

the test results.

4.2 If the method is used as a check on minimum anchor strengths,

data should be included in the form of graphs of torque versus nut

rotation, with scales converted to show bolt tension versus displace-

ment. The report may compare these results with an arbitrary acceptable

performance established by previous extensive testing. The complete

bolt tension versus displacement curve should be considered when making

such a comparison.
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SUGGESTED METHOD FOR MONITORING
ROCK BOLT TENSION USING LOAD CELLS

1. Scope

1.1 This method is for monitoring changes in tension that occur in

a rock bolt over an extended period of time following installation

(Note 1).

NOTE 1-Tension may fall below that applied at the time of rock bolt

installation due to loosening and slip either of the anchor or of the

faceplate assembly, for example as a result of rock creep, anchor cor-

rosion, fretting of rock from beneath the faceplate, or blasting vibra-

tion. Tension may also either rise or fall as a result of bulk rock

dilation or contraction associated with the progress of nearby excavation.

2. Apparatus

2.1 Rock bolt load cells should be used to monitor tension in

approximately one bolt in ten of the support system to be studied

(special considerations may require the instrumentation of a greater or

lesser percentage of bolts). The load cells may, for example, be of

mechanical, photoelastic, hydraulic, or electric type, depending on

requirements of cost and accuracy. The cells should have reversible and

preferably linear calibrations (see paragraph 3) and should incorporate

a spherical seating or other provision to ensure that load transfer and

measurement are reproducible. They should be capable of withstanding

the effects of nearby blasting, water, and dust over long periods of

time.

3. Procedure

3.1 Calibration of load cells should be accomplished as follows:

(a) Calibration is required when selecting a suitable type of

load cell, and each load cell to be installed should be individually

calibrated before use.
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(b) Short-term calibration of each cell is performed in a

testing laboratory by increasing the load in increments, taking readings

of 'observed' and 'true' load values (Note 2). Tension is released and

incremental readings are taken during unloading. A further cycle of

loading and unloading is made, and a graph plotted showing data points

and curves fitted to these points (Fig. I).

NOTE 2-Details of the calibrating devices and their precision

should be included in the report.

0

0/

TRUE LOAD

Fig. 1. Load cell calibration

(c) A check should also be made on the stability of readings

over extended periods of time. Tension is increased to a value approxi-

mately equal to that to be measured on site, and is maintained at this

value for as long a time as is practical. Any 'drift' in reading is

noted. The effect of water on the cell should be observed, also the

effect of coupling and uncoupling any electrical connections.

3.2 Installation and monitoring shall be as follows:

(a) Load cells are installed on selected rock bolts at the time

of installation of the support system. Care should be taken to ensure

that spherical seatings are correctly positioned and lubricated. Bolts

that have been instrumented should be clearly and permanently numbered,
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and may be painted for ease of recognition. Bolt length, diameter, and

type of anchor should also be noted.

(b) Tension readings should be taken immediately following

installation and again a few hours later. Further readings may be taken

at intervals depending on the rate at which readings are changing. In

the vicinity of an advancing face, for example, intervals between

readings should be of the order of hours, whereas if steady values are

recorded for bolts in inactive areas the intervals between readings may

be increased to days or weeks. Each reading should be accompanied by a

record of bolt number, location, and the date and time of observation.

4. Calculations

4.1 Bolt tension readings are corrected using the calibration

charts. Graphs of bolt tension versus time are plotted for cach bolt

(Fig. 2). For comparison, the loss or gain of tension may be reduced to

a percentage of the initial installed value.

SSBOL T NO. 213

z
0
V)
z
I-
IL

0

0-J

SOL T NO. 152

10 20 30 40 50

TIME, WEEKS

Fig. 2. Graph of bolt tension loss.

5. Reporting of Results

5.1 The report should Laclude:

(a) Details of the load cells used, calibration methods, and

results.

(b) Locations of the rock bolts monitored.
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(c) Details of rock characteristics, bolt and anchor typts and

dimensions, and dates and methods of installation and grouting.

(d) Monitoring results in the form of tabulated values and a

graph of bolt tension versus time for each bolt monitored.



PART II. IN SITU STRENGTH METHODS

B. In Situ Strength Tests
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SUGGESTED METHOD FOR IN SITU
DETERMINATION OF DIRECT SHEAR STRENGTH

(International Society for Rock Mechanics)

I. Scope

1.1 This test measures peak and residual direct shear strengths as

a function of stress normal to the sheared plane. Results are usually

employed in limiting equilibrium analysis of slope stability problems or

for the stability analysis of dam foundations (Notes 1-3).

NOTE I-Direct shear strength can be determined in the laboratory

(using the method described in RTH 203) if the plane to be tested is

smooth and flat in comparison with the size of specimen, and if the

specimen can be cut and transported without disturbance.

NOTE 2-Definitions (clarified in Figs. 5 and 6):

Peak shear strength - the maximum shear stress in the complete

shear stress displacement curve.

Residual shear strength - the shear stress at which no further

rise or fall in shear strength is observed with increasing shear

displacement. A true residual strength may only be reached after

considerably greater shear displacement than can be achieved in testing.

The test value should be regarded as approximate and should be assessed

in relation to the complete shear stress-displacement curve.

Shear strength parameters c and 6 - respectively, the intercept

and angle to the normal stress axis of a tangent to the shear strength-

normal stress curve at a normal stress that is relevant to design (see

Fig. 6).

NOTE 3-The measured peak strength can be applied directly to full-

scale stability calculations only if the same type and size of roughness

irregularities are present on the tested plane as on a larger scale. If

this is not the case, the true peak strength should be obtained from the

test data using appropriate calculations (for example, Patton, F. D.,

1966, Proc. ist Int. Cong. Rock Mech. ISRM, Lisbon, Vol 1, pp. 509-512;
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Ladanyi, B. and Archambault, G., 1970. In "Rock Mechanics - Theory and

Practice," (W.II. Somerton, ed.), AIME, New York, pp. 105-125; Barton,

N. R., 1971, Proc. Symp. ISRM, Nancy, Paper 1-8).

1.2 The inclination of the test block and system of applied loads

are usually selected so that the sheared plane coincides with a plane of

weakness in the rock (e.g., a joint, plane of bedding, schistosity, or

cleavage), or with the interface between soil and rock or concrete and

rock (Note 4).

NOTE 4-Tests on intact rock (free from planes of weakness) are

usually accomplished using laboratory triaxial testing. Intact rock

can, however, be tested in direct shear if the rock is weak and if the

specimen block encapsulation is sufficiently strong.

1.3 A shear strength determination should preferably comprise at

least five tests on the same test horizon with each specimen tested at a

different but constant normal stress,

1.4 In applying the results of the test, the pore water pressure

conditions and the possibility of progressive failure must be assessed

tor the design case as they may differ from the test conditions.

2. Apparatus

2.1 Equipment for cutting and encaps,,wating the test block, rock

saws, drills, hammer and chisels, formwork of appropriate dimensions and

rigidity, expanded polystyrene sheeting or weak filler, and materials

for reinforced concrete encapsulation.

2.2 Equipment for applying the normal load (e.g., Fig. 1) including:

(a) Flat jacks, hydraulic rams, or dead load of sufficient

capacity to apply the required normal loads (Note 5).

NOTE 5-If a dead load is used for normal loading, precautions

are required to ensure accurate centering and stability. If two or more

hydraulic rams are used for either normal or shear loading, care is

needed to ensure that they are identically matched and are in exact
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parallel alignment. Each ram should be provided with a spherical seat.

The travel of rams and particularly of flat jacks should be sufficient

to accommodate the full anticipated specimen displacement. A normal

displacement of ±5-10 mm may be expected, depending on the clay content

and roughness of the shear surface.

Fig.1.Typica arrOangement f eu i1 mep . 1

(ialeof mainteaining
fi a

normal load to within 2 percent of a selected value throughout the test.

(c) A reaction system to transfer normal loads uniformly to

the test block, including rollers or a similar low friction device t•o
ensure that at any given normal load, the resistance to shear displace-

ment is less than 1 percent of the maximum shear force applied in the
(cO ecinsse otase omllasuiomyt
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test. Rock anchors, wire ties, and turnbuckles are usually required to

install and secure the equipment.

2.3 Equipment for applying the shear force (e.g. Fig. 1) including:

(a) One or more hydraulic rams (see Note 5) jacks of adequate

total capacity with at least 70-mm travel.

(b) A hydraulic pump to pressurize the shear force system.

(c) A reaction system to transmit the shear force to the test

block. The shear force should be distributed uniformly along one face

of the specimen. The resultant line of applied shear forces should pass

through the center of the base of the shear plane (Note 6) with an

angular tolerance of ±5 deg.

NOTE 6--The applied shear force may act in the plane of shearing

so that the angle a is 0 (Fig. 1). This requires a cantilever bearing

member to carry the thrust from the shear jacks to the specimen. If a

method is used where the shear force acts at some distance above the

shear plane, the line of action of the shear jacks should be inclined to

pass through the center of area of the shear plane. The angle for

a specimen 700 by 700 by 350 mm approximates to 15 deg depending on the

thickness of encapsulation. Tests where both shear and normal forces

are provided by a single set of jacks inclined at greater angles to the

shear plane are not recommended, as it is then impossible to control

shear and normal stresses independently.

2.4 Equipment for measuring the applied forces including one

system for measuring normal force and another for measuring applied

shearing force with an accuracy better than ±2 percent of the maximum

furces reached in the test. Load cells (dynamometers) or flat jack

pressure measurements may be used. Recent calibration data applicable

to the range of testing should be appended to the test report. If

possible, the gages should be calibrated both before and after testing.
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2.5 Equipment for measuring shear normal, and lateral displacements:

(a) Displacements should be measured (e.g., using micrometer

dial gages (Note 7)) at eight locations on the specimen block or

encapsulating material, as shown in Fig. 2.

NOTE 7-The surface of encapsulating material is usually

insufficiently smooth and flat to provide adequate reference for

displacement gages, and glass plates may be cemented to the specimen

block for this purpose. These plates should be of adequate size to

accommodate movement of the specimen. Alternatively, a tensioned wire

and pulley system with gages remote from the specimen can be used. The

system as a whole must be reliable and conform with specified accuracy

requirements. Particular care is needed in this respect when employing

electric transducers or automatic recording equipment.

N 3 N 4

L2 
N

Fig. 2. Arrangement of displacement gages
(Si and S2 for shear displacement Ll and L2
for lateral displacement, Nl-N4 for normal

displacement.
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(b) The shear displacement measuring system should have a

travel of at least 70 mm and an accuracy better than 0.1 mm. The normal

and lateral displacement measuring systems should have a travel of at

least 20 mm and an accuracy better than 0.05 mm. The measuring reftr-

ence system (beams, anchors, and clamps) should, when assembled, be

sufficiently rigid to meet these requirements. Resetting of gages

during the test should be avoided if possible.

3. Procedure

3.1 Preparation:

(a) The test block is cut to the required dimensions (usually

700 x 700 x 350 mm) using methods that avoid disturbance or loosening of

the block (Notes 8 and 9). The base of the test block should coincide

with the plane to be sheared and the direction of shearing should

correspond if possible to the direction of anticipated shearing in the

full-scale structure to be analyzed using the test results. The block

and particularly the shear plane should, unless otherwise specified, be

retained as close as possible to its natural in situ water content

during preparation and testing, e.g., by covering with saturated

cloth. A channel approximately 20 mm deep by 80 mm wide should be cut

around the base of the block to allow freedom of shear and lateral

displacements.

NOTE 8--A test block size of 700 x 700 x 350 mm is suggested as

standard for in situ testing. Smaller blocks may be permissible, for

example if the surface to be tested is relatively smooth; larger blocks

may be needed when testing very irregular surfaces. The size and shape

of test block may for convenience be adjusted so that faces of the block

coincide with natural joints or fissures; this minimizes block disturb-

ance during preparation. Irregularities that would limit the thickness

or emplacement of encap.ulation material or reinforcement should be

removed.
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NOTE 9--It is advisable, particularly if the test horizon is

inclined at more than 10-20 deg to the horizontal, to apply a small normal

load to the upper face of the test specimen while the sides are cut, to

prevent premature sliding and also to inhibit relaxation and swelling.

The load, approximately 5-10 percent of that to be applied in the test,

may for example be provided by screw props or a system of rock bolts and

crossbeams and should be maintained until the test equipment is in

position.

(b) A layer at least 20 mm thick of weak material (e.g. foamed

polystyrene) is applied around the base of the test block, and the

remainder of the block is then encapsulated in reinforced concrete or

similar material of sufficient strength and rigidity to prevent collapse

or significant distortion of the block during testing. The encapsula-

tion formwork should be designed to ensure that the load bearing faces

of the encapsulated block are flat (tolerance ±1 mm) and at the correct

inclination to the shear plane (tolerance ±2 deg).

(c) Reaction pads, anchors, etc., if required to carry the

thrust from normal and shear load systems to adjacent sound rock, must

be carefully positioned and aligned. All concrete must be allowed time

to gain adequate strength prior to testing.

3.2 Consolidation:

(a) The consolidation stage of testing is to allow pore water

pressures in the rock and filling material adjacent to the shear plane

to dissipate under full normal stress before shearing. Behavior of the

specimen during consolidation may also impose a limit on permissible

rate of shearing (see paragraph 3.3(c)).

(b) All displacement gages are checked for rigidity, adequate

travel, and freedom of movement, and a preliminary set of load and

displacement readings is recorded.

0
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(c) Normal load is then raised to the full value specified for

the test, recording the consequent normal displacements (consolidation)

of the test block as a function of time and applied loads (Figs. 3

and 4).

DIRECT SHEAR TEST DATA SHIEE

Chlwt Proljet. Ce-erete Dim Lollon: AlcJlntar. I-. No. :Dlok No.
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Per.cn$tsee.; Speinlg of *0,1; Surge d-easlo•:s 0.70 x 0.70 InMial rt- A: 0.490 m1 . * tonohm cslt

Applied noralt Wore* Normal dispbicemt A n Appled shear force Shear dilolac elt A. Co . AT:_ Pht P, r.l A P.• P •

e~ped1 I(-rr re d 1

Ret d.cg Fo-c a1.14Ae~ Readmit j oc I . 602.~ r M
kON) 1- 4 ('cot 16 12 2 ;- 1t

10 I9 0.100D 0.070 0.130 0.070 0 0 0 - 0.490 1%, G

M33 0, 10 O.0.b5 0.140 3 090 137 0.051 0.00 0.0 0 142

.1 270 0.050 0.065 0.285 0.210 273 0.5S 0.30 0.45 204

64 3$06 -0. i00 0.0I0 0.435 0 495 41a| 1. 35 1.101 1. 22 4262I

1r 343 .0. o10 .0.205 0.600 0.720 049 2.551 2.30 2.42 568

,o, .. , 445 0,882 . o141 3.901 0 3.70 210

7It,17 .1.675 -0.615 0.710 0.90 824 5.1"51 4.G°1 4.88 1-853
1" 1 _ _ 403 1.965 -0 745010720 1. OO0 __ _ 61 6.0 . 01 .00 __9___

170 4D0 -2,0 .-0.440 0.720 1.105 1008 .20 6.10 6.10
Ito 527 - 1 055 0692 1. Is$ 1235 '20 7o.40 129

!2! _o4 -_ -. o 0.1o I 504 1 -2.750 21 - 4061_4__41_ 95 .W 1
234 0.1 48 .0Ti I10 0000 0,,60, . os-I .so O.,S I.,, to 151 11o.00 to.o 10.50 156

2807 -53.00 -I 873 I 0.210 0.-10 5 : 147T 40 40 II 01I00

264  -74 - 670 12 1 I 0.001 0 7 20_ 116.4 1400 12% 1 13.40 11

278 711 .4 000 1-2 881 1-0 2960 j 4 I 0ý .122 10.05114. 40 14.0 98 : - . .

2898 748 1.4. 0421 -0. 125 .0.090 10 -0.020 LO !00 11.60116.45 001 213.,
20704 .4.975 -3.3-,S -1.250 .02 0  2 4 20.011.5,0

Ca~tTest-o b.1 Data..

Call*--d ata Checked bU: Date:

Fig. 3. Example layout of direct shear test data sheet.
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Fig. 4. Consolidation curves for a three-stage
direct shear test, shoving the ' onstruction used to

estimatetl0

e (d) The consolidation stage may be 'onsidered complete when

the rate of change of normal displacement recorded at each of the four

gages is less than 0.05 mm in 10 minutes. Shear loading may then be

applied.

3.3 Shearing:

(a) The purpose of shearing is to establish values for the

peak and residual direct shear strengths of the test horizon. Correc-

tions to the applied normal load may be required to hold the normal

stress constant; these are defined in paragraph 4.5.

(b) The shear force is applied either in increments or

continuously in such a way as to control the rate of shear displacement.

(c) Approximately 10 sets of readings should be taken before

reaching peak strength (Figs. 3 and 5). The rate of shear displacement

should be less than 0.1 nm/mmn in the 10-minute period before taking a

set of readings. This rate may be increased to not more than 0.5 mm/min

between sets of readings provided that the peak strength itself is

RV
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adequately recorded. For a 'drained' test, particularly when testing

clay-filled discontinuities, the total time to reach peak strength

should exceed 6 t100 as determined from the consolidation curve (see

paragraph 4.1 and Fig. 4) (Note 10). If necessary, the rate of shear

should be reduced on the application of later shear force increments

delayed to meet this requirement.

NOTE 10-The requirement that total time to reach peak strength

should exceed 6 t1 00 is derived from conventional soil mechanics con-

selidation theory (for example Gibson and Henke], Geotechnique 4, p 10-11,

1954) assuming a requirement of 90 percent pore water pressure dissipa-

tion. This requirement is most important when testing a clay-filled

discontinuity. In other cases it may be difficult to define tlO0 with

any precision because a significant proportion of the observed "consoli-

dation" may be due to rock creep and other mechanisms unrelated to pore

pressure dissipation. Provided the rates of shear specified in the text

are followed, the shear strength parameters may be regarded as having

been measured under conditions of effective stress ("drained conditions").

(d) After reaching peak strength, readings should be taken at

increments of from 0.5-5 mm shear displacement as required to adequately

define the force-displacement curves (Fig. 5). The rate of shear

displ•'-ement should be 0.02-0.2 mm/min tn the 10-minute period before a

set of readings is taken and may be increased to not more than 1 mm/min

between sets of readings.

(e) It may be possible to establish a residual strength value

when the specimen is sheared at coinstant normal stress and at least four

consecutive sets of readings are obtained which show not more than 5

percent variation in shear stress over a shear displacement of 1 cm

(Note 11).
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Fig. 5. Shear stress - displacement graphs.

NOTE ll-An independent check on the residual friction angle

should be made by testing in the laboratory two prepared flat surfaces

of the representative rock. The prepared surfaces should be saw-cut and

then ground flat with No. 80 silicon carbile grit.

(f) Having established a residual strength, the normal stress

may be increased or reduced (Note 12) and shearing continued to obtain

additional residual strength values. The specimen should be reconsoli-

dated under each new normal stress (see paragraph 3.2(d)) and shearing

continued according to criteria given in 3.3(c) to 3.3(e).

0
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NOTE 12--The normal load should when possible be applied in

increasing rather than decreasing stages. Reversals of shear direction

or resetting of the specimen block between normal load stages, sometimes

used to allow a greater total shear displacement than would otherwise be

possible, are not recommended because the shear surface is likely to be

disturbed and subsequent results may be misleading. It is generally

advisable, although more expensive, to use a different specimen block

(g) After the test, the block should be inverted, photographed

in color, and fully described (see paragraph 5.1). Measurements of the

area, roughness, dip, and dip direction of the sheared surface are

required, and samples of rock, infilling, and shear debris should be

taken for index testing.

4. Calculations

4.1 A consolidation curve (Fig. 4) is plotted during the consolida-

tion stage of testing. The time t10 0 for completion of "primary con-

solidation" is determined by constructing tangents to the curve as

shown. The time to reach peak strength from the start of shear loading

should be greater than 6 t 1 0 0 to allow pore pressure dissipation (see

Note 10).

4.2 Displacement readings are averaged to obtain values of mean

shear and normal displacements A and Ai . Lateral displacements are
5 n

recorded only to evaluate specimen behavior during the test, although if

appreciable they should be taken into account when computing corrected

contact area.

4.3 Shear and normal stresses are computed as follows:
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Ps _Psa cosat
Shear stress -= A- A

A A

Pn Pna + Psa sinaNormal stress a = - ________

n A A

where Ps = total shear force; Pn = total normal force

Psa - applied shear force; Pna = applied normal force

a = inclination of the applied shear force to the shear plane
(if a = 0, cosa = 1 and sina = 0).

A = area of shear surface overlap
(corrected to account for shear displacement)

If a is greater than zero, the applied normal force should be reduced

after each increase in shear force by an amount Psa sin a in order to

maintain the normal stress approximately constant. The applied normal

force may be further reduced during the test by an amount

As (rmm) • Pn

700

to compensate for area changes.

4.4 For each test specimen graphs of shear stress (or shear force)

and normal displacement versus shear displacement are plotted (Fig. 5),

annotated to show the nominal normal stress and any changes in normal

stress during shearing. Values of peak and residual shear strengths and

the normal stresses and shear and normal displacements at which these

occur are abstracted from these graphs (Note 2).

4.5 Graphs of peak and residual shear strengths versus normal

stress are plotted from the combined results for all test specimens.

Shear strength parameters a a b' 9r' c' and c are abstracted from

these graphs as shown in Fig. 6.
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•r residual friction angle
=apparent friction angle below stress a " point A is a

•a

break in the peak shear strength curve resulting from the

shearing off of major irregualarities on the shear surface.

Between points 0 and A, • will vary somewhat; measure at
a

stress level of interest. Note also that 6 = 6 + 1,
a u

where 1u is the friction angle obtained for smooth

surfaces of rock on rock and angle i is the inclination

of surface asperities.

Fig. 6. Shear strength - normal stress graph.

i IAI@
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= apparent friction angle above stress level a (Point A);

note that a will usually be equal to or slightly greater

than r and will vary somewhat with stress level; measure
r

at the stress level of interest

c = cohesion intercept of peak shear strength curve; it may be

zero.

c = apparent cohesion at a stress level corresponding to jb"

5. Reporting of Results

5.1 The report should include the following:

(a) A diagram, photograph, and detailed description of test

equipment and a description of methods used for specimen preparation and

testing. (Reference may be made to this "suggested method," stating

only departures from the prescribed techniques).

(b) For each specimen, a full geological description of the

intact rock, sheared surface, filling, and debris preferably accompanied

by relevant index test data (e.g., roughness profiles and Atterberg

limits, water content, and grain-size distribution of filling materials).

(c) Photographs of each sheared surface together with diagrams

giving the location, dimensions, area, dip, and dip direction and

showing the directions of shearing and any peculiarities of the blocks.

(d) For each test block, a set of data tables, a consolidation

graph, and graphs of shear stress and normal displacement versus shear

displacement (e.g. Figs. 3, 4, and 5). Abstracted values of peak and

residual shear strengths should be tabulated with the corresponding

values of normal stress and shear and normal displacement.

(e) For the shear strength determination as a whole, graphs

and tabulated values of peak and residual shear strengths versus normal

stress, together with derived values for the shear strength parameters

(e.g. Fig. 6).
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SUGGESTED METHOD FOR DETERMINING THE
STRENGTH OF A ROCK BOLT ANCHOR (PULL TEST)

(International Society for Rock Mechanics)

1. Scope

1.1 This test is intended to measure the short-term strength of a

rock bolt anchor installed under field conditions (Note I). Strength is

measured by a pull test in which bolt head displacement is measured as a

function of the applied bolt load to give a load-displacement curve.

The test is usually employed for selection of bolts and also for control

on the quality of materials and installation methods (Note 2).

NOTE 1-It is essential to test anchors under realistic field

conditions. It is, however, permissible to select safe and convenient

test locations provided that the rock and the installation methods are

identical with those encountered in full-scale utilization of the bolts.

If the rock is schistose for example, test holes should be drilled at

the same angle to the schistosity as anticipated for bolt utilization.

If rock conditions are variable, the rock should be classified and tests

conducted in rock of each class.

NOTE 2-The test is intended to measure anchor performance and this

is possible only if the bolt, threads, nuts, and other components are

stronger than the anchor. In some circumstances it may be desirable to

reinforce the bolt or thread for purposes of anchor evaluation. Other-

wise, if the bolt is consistently weaker than the anchor, it may be

preferable to replace the field test with quality control of bolts and

other components in a testing laboratory. Laboratory control testing

may also be required as a supplement to field testing for evaluation of

components, e.g. for their corrosion resistance, quality of materials,

and consistency of dimensions.
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1.2 At least five tests are required to evaluate an anchor in a

given set of rock and installation conditions. The tests ace destruc-

tive and should not in general be made on bolts that form part of the

actual rock support system.

2. Apparatus

2.1 Equipment for installing the test anchors, including:

(a) Equipment for drilling and cleaning the drillhole, con-

forming to the manufacturers' specifications for optimum performance of

the anchor provided that these are compatible with field conditions

(Note 3).

NOTE 3--Manufacturers' specifications for hole dimensions and

method of installation should be checked for compatibility with site

operational limitations before testing and if compatible should be

closely followed in the tests.

(b) Equipment for inspection and measurement of the drillhole,

anchors, and bolts, e.g.,a lamp, steel tape, internal and external

calipers, and equipment for measuring the quantity of grout if used.

(c) Standard rock bolt assemblies as supplied by manufacturers

of the bolts including anchors to be tested, grout and materials for

grout injection if required, and equipment for installing the bolts in

the manner recommended by the manufacturers (Note 3).

2.2 Equipment for applying the bolt load, e.g. as in Fig. 1, in-

cluding:

(a) A hydraulic jack with hand pump and pressure hose capable

of applying a load greater than the strength of both the anchor and the

bolt to be tested and with travel of at least 50 mm.

(b) Equipment for transferring the load from the jack to the

bolt (Note 4). A spherical seating, bevelled washers, and/or wedges

under the jack are required to ensure that the applied load is coaxial

with the bolt.
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NOTE 4--Some types of anchors must essentially be tensioned

during their installation, and these must be tested using a suitable

coupling unit and bridging framework to carry load from the jack to the

bolt (Fig. la). Whenever possible, however, anchors should be tested

without pretensioning of the bolt, in which case a center-hole jack

installed over the bolt may be used (Fig. lb). The arrangement shown in

Fig. la may also be used to test selected anchors in an operational

support system at some time after their installation, provided this does

not endanger the support as a whole. The percentage of initially

applied bolt tension remaining at the time of test may be estimated from

the load required to just loosen the faceplate and washers.

LEGEND

A ANCHORED ROCKBOLT

E B COUPLING AND SPHERICAL SEAT
C REACTION FRAME

D HYDRAULIL JACK, PUMP AND
PRESSURE GAGE

E DIAL GAGE ASSEMBLY
D

II Ii

C

A A

a. b.

Fig. 1. Rock bolt testing equipment.
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2.3 Equipment for measuring load and displacement, including:

(a) A load measuring device, e.g., a load cell or a hydraulic

pressure gage connected to the pump and calibrated in load units.

Measurement should be accurate to 2 percent of the maximum load reached

in the test. The device should include a maximum load indicator.

(b) Equipment for measuring the axial displacement of the bolt

head (travel at least 50 nun and accurate to 0.05 mm (Note 5)). For

example, a single dial gage measuring directly onto the bolt head may be

used; alternatively, the displacement may be obtained as an average from

two or three gages spaced equidistant from the bolt as shown in Fig. lb.

NOTE 5--When testing anchors that in operation are intended to

provide a reaction for external loads (e.g. holding anchors for cranes,

suspension cables), the test equipment should be designed so that no

test reaction forces are applied closer than one bolt length from the

anchor drillhole.

3. Procedure

3.1 Site Preparation:

(a) The test site or sites are selected to ensure that rock

conditions are representative of those in which the bolts are to operate

(see Note 1).

(b) Holes are drilled as specified and at locations convenient

for testing (Notes I and 3). The rock face surrounding each hole should

be firm and flat and the hole should be perpendicular to the face (±5 deg).

(c) Drillholes and anchor materials are inspected before

installation to ensure that they conform to specifications. Preliminary

data, e.g., the measured dimensions of the drillhole, bolt, and anchor

and the type and condition of rock at the test location, are recorded on

a data sheet (e.g. Fig. 2).

(d) Bolts are installed in the specified manner (Note 3), re-

cording essential details such as the installation torque (if any) (Note

4) and the date and time of installation.
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ROCK ANCHOR TEST RESULT SHEET TEST No.

Date of installation: Date of test

PROJECT: Location: _

ANCHOR: Type Length: installation Torque:

ROCK: Classification Fracture spacing: Strength

BOLT: Diameter:__ Strength: Length: Untensioned length:

HOLE: Diameter: - Length: Orientation & roughness:

Displacement readings
Pump Pressure Bolt tension REMARKS

Reading Displacement Reading Displacement Average

*...._____

TEST RESULTS: Maximum pull force:

Displacement at maximum pull force: Max. displacement in test:

Nature of failure or yield:

G1ier remarks:

TESTED BY: CHECKED BY:

Fig. 2. Rock bolt test data sheet.
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3.2 Testing:

(a) The loading equipment is assembled, taking care to ensure

that the direction of pull is axial to the bolt, that the equipment sits

firmly on the rock, and that no part of the bolt or grout column will

interfere with the application or measurement of load during the test

(Note 5).

(b) An initial arbitrary load not greater than 5 kN (500 kgf)

is applied to take up slack in the equipment. The displacement equip-

ment is assembled and checked (Note 6).

NOTE 6--The displacement measuring system should be securely

mounted and dial gages should be located on firm flat rock; glass or

metal plates can, if necessary, be cemented to the rock to provide

smooth measuring surfaces perpendicular to the bolt. All measuring

equipment must be checked and calibrated at regular intervals to ensure

that the standards of accuracy required by this "suggested method" are

maintained.

(c) The anchor is tested by increasing the load until a total

displacement greater than 40 mm has been recorded, or until the bolt

yields or fractures if this occurs first.

(d) Readings of load and displacement are taken at increments

of approximately 5-kN (500-kgf) load or 5-mm displacement, whichever

occurs first. The rate of load application should be in the range 5-

10 kN/min. Readings are taken only after both load and displacement

have stabilized. The times required for stabilization should be

recorded.

4. Calculations

4.1 Total displacement values are computed as the test progresses

by subtracting initial readings from the incremental readings, taking

averages if more than one gage is used.
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4.2 The test data are plotted graphically as shown in Fig. 3.

Anchor strength, defined as the maximlm load reached in the test pro-

vided that the bolt it-elf does not yield or fail, is recorded on this

graph. If the bolt yields or fails, the load 'X' at which this occurs

is recorded, and the -'nchor strength is specified as "unknown but greater

than 'X'".

It 4- -

I 4 - t -J 7 17 1

T0 1

0 iT+ -t i•-

totoo • •

Dolt Iliad D*l1--tt

Fig. 3. Example of anchor test
results graph.

4.3 The elastic elongation of the bolt at a given applied load may

be calculated as

P.L
Elongation at load P is equal to AP

where L is the tensioned ungrouted length of bolt + 1/3 the grouted

length + length of extension bar used; A is the cross-sectional area of

the bolt; and E is the modulus of elasticity of the bolt steel.
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A straight line X-X is constructed to pass through this point and the

origin of the load-displacement graph (Fig. 3). Straight lines Y-Y and

Z-Z are constructed at the specified yield and ultimate loads of the

bolt. Comparison of the actual test curve with these three lines allows

independent assessment of anchor and bolt behavior.

4.4 For the evaluation of grouted anchors, the results of several

tests should be abstracted and presented graphically to show the influ-

ence of grout cure time and bonded length on anchor strength (e.g.

Fig. 4).

S" • •' L•, + :• t,'4~ , I

I-rl

120 .0I 20 .10±1

1 .nd. LFng + r4

Fig. 4. Graph showing influence of bond
length and cure time on the strength of

anchors.

5. Reporting of PR.sults

5.1 The report should include the data sheets and graphs illus-

trated in Figs. 2-4 together with full details of:

(a) Rock in which the anchors were tested.

(b) The anchors and associated equipment.

(c) The drillholes, including length, diameter, method of

drilling, straightness, cleanness and dryness, and orientation.

800
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(d) The method and time of installation.

(e) The method and time of testing.

(f) The nature of failure and other observations pertinent to

the test results.

5.2 If required, the report may also compare performance of the

anchors tested with an arbitrary acceptable performance established by

previous extensive testing. Anchor strength, total displacements, and

displacement per increment of load should be considered when making this

comparison.

0

0
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SUGGESTED METHOD FOR DEFORMABILITY AND STRENGTH
DETERMINATION USING AN IN SITU UNIAXIAL COMPRESSIVE TEST

1. Scope

1.1 This method of test is intended to measure the strength and

deformability of large in situ specimens of weak rock such as coal. The

test results take into account the effect of both intact material

behavior and the behavior of discontinuities contained within the

specimen block.

1.2 Since the strength of rock is dependent on the size of the test

specimen, it is necessary to test specimens by increasing size until an

asymptotically constant strength value is found (Note 1). This value is

taken to represent the strength of the rock mass. It can, for example,

be applied to the design of mine pillars provided that the constraining

effect of the roof and floor is taken into consideration.

NOTE I-Bieniawski, Z. T. and Van Heerden, W. L., "The Significance

of Large-Scale In Situ Tests," Int. J. Rock Mech. Min. Sci., Vol 1,

1975.

2. Apparatus

2.1 Preparation equipment, including:

(a) Equipment for cutting rectangular specimen blocks from

existing underground mine pillars or exposed faces, e.g., a coal cutting

machine, pneumatic chisel, and other hand tools. No explosives are

permitted.

2.2 A loading system consisting of:

(a) Hydraulic jacks or flat jacks to apply a uniformly dis-

tributed load to the complete upper face of the specimen. The loading

system should be of sufficient capacity and travel to load the specimen

to failure.

(b) A hydraulic pumping system to supply oil at the required

pressure to the jacks, the pressure being controlled to give a constant
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rate of displacement or strain rather than a constant rate of stress

increase (Note 2).

NOTE 2-Experience has shown that deformation-controlled load-

ing is preferable to stress-controlled loading because it results in a

more stable and thus safer test. One way to achieve uniform deformation

of the specimen is to use a separate pump for each jack and to set the

oil delivery rate of each pump to the same value. Standard diesel fuel

injection pumps have been found suitable and are capable of supplying

pressures up to 100 MPa. The delivery rate of these pumps can be set

very accurately.

2.3 Equipment to measure applied load and strain in the specimen,

including:

(a) Load measuring equipment, e.g., electric, hydraulic, or

mechanical load cells, to permit the applied load to be measured with an

accuracy better than ±5 percent of the maximum in the test.

(b) Dial gage or similar displacement measuring devices with

robust fittings to enable the instruments to be mounted so that the

strain In the central third of each specimen face is measured with an

accuracy better than ±10-5. Strain is to be measured in the direction

of applied load, also in a perpendicular direction if Poisson's ratio

values are to be determined.

2.4 Equipment to calibrate the loading and displacement measuring

systems, the accuracy of calibration to be better than the accuracies of

test measurement specified above.

3. Procedure

3.1 Preparation:

(a) Specimens Gf the required dimensions (Note 3) are cut

either from the corners of existing pillars or from exposed rock faces

(Fig. 1). Loose and damaged rock is first removed. Vertical cuts are

then made, e.g. as shown in Fig. 1, to form the vertical faces of

0
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SECOND CUT FOURTHCUT

THIRD cuT

SI ,, SPECIMEN'

CORNER OF

a. SEQUENCE OF VERTICAL CUTS TO SEPARATE
A SPECIMEN FROM THE CORNER OF A PILLAR

FOURT rNcuT THIRD CUT

SECOND CUT 00 FIRST CUT

S• SPECIMEN

/\

/ ¢

ROCK FACE

NOTE: ROCK IN THE SHADED REGIONS TO BE REMOVED
BEFORE MAKING THIRD AND FOURTH CUTS.

b. SEQUENCE OF VERTICAL CUTS TO SEPARATE

A SPECIMEN FROM A ROCK FACE

Fig. 1. Vertical cuts to separate specimen from the corner
of a pillar and from a rock face.



RTH 324-80

the specimen. A horizontal cut is made to form the top face of the

specimen. Loose rock is removed and the specimen trimmed to final size

using hand tools.

NOTE 3-Specimen dimensions cannot be specified because these

depend very much on the rock properties, e.g., the thickness of strata

and the ease with which specimens can be prepared. It is recommended

that a number of tests should be done with a specimen size of about

0.5 m and that the size of subsequent specimens should be increased

until an asymptotically constant strength value is reached.

(b) The specimen is cleaned and inspected, recording in detail

the geological structure of the block and of the reaction faces above

and below. Specimen geometry, including the geometry of defects in the

block, should be measured and recorded with an accuracy better than

5 mm. Photographs and drawings should be prepared to illustrate both

geological and geometric characteristics.

(c) A concrete block, suitably reinforced, is cast to cover

the top face of the specimen (Fig. 2). The thickness of this block

should be sufficient to give adequate strength under the full applied

load. The top face of the block should be flat to within ±5 mm and

parallel to within ±5 deg with the basal plane of the block.

(d) Rock is removed from above the specimen to make space for

the loading jacks, the rock being cut back to a stratum of sufficient

strength to provide safe reaction. Generally, a concrete reaction pad

must be cast to distribute the load on the roof and to prevent undue

deformation and movement of the jacks during the test (Note 4). The

lower face of the reaction block should be flat to within ±5 mm and

parallel to within ±5 deg with the upper face of the specimen block. All

concrete should be left to harden for a period of not less than 7 days.

NOTE 4--If a suitably designed concrete cap to the specimen is

not employed, the corners and sides of the specimen will often fail

before the central portion. The corner Jacks will then cease to operate,

0
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and the test results will be suspect.. The concrete cap should if possi-

ble be designed to ensure that the stress distributions in the top and

bottom thirds of the specimen are nearly identical.

(e) The loading jacks and pumps are installed and checked to

ensure that they operate as intended. Load and displacement measuring

equipment is installed and checked. All measuring instruments should be

calibrated both before and after each test series.

ROOF

O 

•~~ ~ C O N C R E T E R E A C T IO N P A DR 
U I J A S

~-HYDRAULIC JACKS

CONCRETE PLATEN

ROCK SPECIMEN

FLOOR

Fig. 2. Testing arrangement.
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3.2 Testing:

(a) An initial load of approximately one-tenth of the estimated

full test load is applied, and the jacks are checked to ensure that each

is in firm contact with the specimen block. Displacement measuring

equipment is again checked to ensure that it is rigidly mounted and is

functioning correctly. Zero readings of load and displacement are

taken.

(b) The specimen load is then increased by applying the same

slow and constant oil delivery to each jack. The rate of specimen

strain should be such that a displacement rate of between 5 and 15 mm

per hour is recorded at each of the four faces of the specimen block.

(c) Readings of applied load and displacements are recorded at

intervals such that the load-displacement or stress-strain curve can be

adequately defined. There should be not less than ten points on this

curve, evenly spaced from zero to the failure load.

(d) Unless otherwise specified, the test is to be terminated

when the specimen fails. Specimen failure is indicated by a drop in hy-

draulic pressure to less than one-half the maximum applied, or by

disintegration ot the specimen to an extent that the loading system

becomes inoperative or the test dangerous to continue. The mode of

specimen failure is recorded, and a sketch is made of all failure cracks.

4. Calculations

4.1 The unia-ial compressive strength of the specimen shall be

calculated by dividing the maximum load carried by the specimen during

the test by the original cross-sectional area of the specimen.

4.2 Young's modulus for the specimen shall, unless otherwise speci-

fied, be calculated as the tangent modulus E t50 at one-half the uniaxial

compressive strength. This modulus is found by drawing a tangent to the

stress-strain curve at 50 percent maximum load, the gradient of this

tangent being measured as Et50. The construction and calculations used

in deriving this and any other modulus values should be shown on the

stress-strain curve.
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4.3 If a number of specimens of different shape and/or size are

tested, the trends in strength values due to shape and size effects

should be plotted graphically, e.g., as shown in Fig. 3.

5. Reporting of Results

5.1 The report should include the following information:

(a) A diagram showing details of the locations of specimens

tested, the specimen numbering system used, and the situation of each

specimen with respect to the geology and geometry of the site.

(b) Photographs, drawings, and tabulations giving full details

of the geological and geometrical characteristics of each specimen,

preferably including index test data to characterize the rock. Particu-

lar attention should be given to a detailed description of the pattern

of joints, bedding planes, and other discontinuities in the specimen

block.

(c) A description, with diagrams, of the test equipment and

method used. Reference may be made to this "suggested method," noting

only the departures from recommended procedures.

(d) Tabulated test results, including recorded values of load

and displacements together with all derived data, calibration results,

and details of all corrections applied.

(e) Graphs showing load versus displacement or stress versus

strain, including points representing all recorded data and a curve

fitted to these points. The uniaxial compressive strength value should

be shown, together with all constructions used in determining Young's

modulus and other elastic parameters. The mode of specimen failure

should be shown diagrammatically and described.

Mf) Summary tables and graphs giving the values of uniaxial

compressive strength and Young's modulus, and showing how these values

vary as a function of specimen shape and size and the character of the

rock tested.

0
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Suggested Method for Determining
Point Load Strength

SCOPE

L(a) The Point Load Strength test is intended as an
index test tor the strength classitication of rock materi-
als. It may also be used to predict other strength
parameters with which it is correlated. for example
unmaxial tensile and compressive strength.'*

(b) The test measures the Point Load Strength Index
(I,,) of rock specimens, and their Strength Anisotropy
Index l•o) which is the ratio of Point Load Strengths
in directions which give the greatest and least values.

(c Rock specimens in the form of either core (the Fig. I. Photograph of portable point load test machine
diametral and axial tests), cut blocks (the block test). or
irregular lumps (the irregular lump test) are broken by
application of concentrated load through a pair of cone and 5mm radius spherical platen tip should meetLittleor no tangentially.4 The platens should be of hard material
spherically truncated, conical platens.- Little or no speci- such as tungsten carbide or hardened steel so that they
men preparation is needed.

(d) The test can be performed with portable equip- remain undamaged during testing.
ment or using a laboratory testing machine, and so may
be conducted either in the field or the laboratory. Load measuring svstem

4(a) The load measuring system, for example a load

cell or a hydraulic pressure gauge or transducer con-
nected to the ram. should permit determination of the

2. The testing machine (Fig. I) consists of a loading failure load P required to break the specimen and should
system (for the portable version typically comprising a conform to the requirements (b) through (d) below.
loading frame, pump. ram and platens), a system for (b) Measurements of P should be to an accuracy
measuring the load P required to break the specimen, of -_- 5",,P or better, irrespective of the size and strength
and a system for measuring the distance D between the of specimen that is tested."
two platen contact points (but see 5(e) below). (c) The system is to be resistant to hydraulic shock and

vibration so that the accuracy of readings is not ad-
Loading system versely affected by repeated testing.

3.(a) The loading system should have a platen-to- (d) Failure is often sudden and a maximum load
platen clearance that allows testing of rock specimens in indicating device is essential so that the failure load is
the required size range. Typically this range is retained and can be recorded after each test.
15-100 mm so that an adjustable clearance is needed to
accommodate both small and large specimens.

(b) The loading capacity should be sufficient to break 5•
the largest and strongest specimens to be tested.' -,

(c) The test machine should be designed and construc-
ted so that it does not permanently distort during 6o° "
repeated applications of the maximum test load, and so
that the platens remain co-axial within - 0.2 mm
throughout the testing. No spherical seat or othur non-
rigid component is permitted in the loadmig system. -. . ...
Loading system rigidity is essential to avoid problems oft
slippage "shen specimens of irreeular ecometrv are

tLcd

id) Spherically-truncated. conical platens of the stan-
dard gecometry shown in lii 2 are to he ucd lhc ie0

' ",per,,crp rumbers reter i(, -,,i,, .ii the ',,, o ,!, .,! I . ' .cn .W p r. ,
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54 ISRM. POINT LOAD TEST

Distance measuring sistemn and shape requirements for diametral. axial, block or

5(a) The distance measuring system. for example a irregular lump testing as specified below.

direct reading scale or displacement transducer, .s to (c) For routine testing and classification. specimens

permit measurement of the distance D between should be tested either fully water-saturated or at their

,pecimen-nlamen contact points and should conform with natural water content.'

requirements (b) through (d) below/t
(b) Measurements of D should be to an accuracy of
2",,D or better irrespective of the size of specimen I The test equipment should be periodically cali-

tested. brated using an independently certified load cell and set

(c) The ssstem is to be resistant to hydraulic shock and of displacement blocks, checking the P and D readings

vibration so that the accuracy of readings is not ad- over the full range of loads and displacements pertinent

versely affected by repeated testing. to testing.

(dl The measuring system should allow a check of the I-lie diamnetral test'
"zero displacement" value when the two platens are in

contact. and should preferably include a zero adjust- 8.(a) Core specimens with length diameter ratio

ment. greater than 1.0 are suitable for diametral testing.

le) An instrument such as calipers or a steel rule is (b) There should preferably be at least 10 tests per

required. to measure the width W of specimens for all sample, more if the sample is heterogeneous or aniso-

but the diametral test. tropic.
tc) The specimen is inserted in the test machine and

PROCEDURE the platens closed to make contact along a core di-
ameter. ensuring that the distance L between the contact

Specimen selection and preparation points and the nearest free end is at least 0.5 times the

6. a) A test sample is defined as a set of rock specimens core diameter (Fig. 3a).
of similar strength for which a single Point Load (d) The distance D is recorded -_+ 2-°
Strength value is to be determined. (e) The load is steadily increased such that failure

(b) The test sample of rock core or fragments is to occurs within 10-60 sec. and the failure load P is
contain sufficient specimens conforming with the size recorded. The test should be rejected as invalid if the

(a) (b)

>0 5D

-quioier- t core

C)

0- J_ T

(d) 1

- A0

..--- " :~~'A :
4,:.. •p'. .'

Ielf

fli",,l
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(a)

(b)

(d) (el

Fig. 4 Typical modes of failure for valid and invalid lests. (a) Valid diametral tests. (h) valid axial tests. cI valid block tests.
Id) invalid core test. Il) invalid axial test.

fracture surface passes through only one loading point dicular to the core end faces (in the case of isotropic
(Fig. 4d). rock. the core axis, but see paragraph II and Fig. S)

(f) The procedure (c) through (e) above is repeated for (d) The distance D between platen contact points is

the remaining specimens in the sample. recorded + 2". The specimen width Wperpendicular to
the loading direction is recorded -_ 5"-,'

The axial test` (e) The load is steadily increased such that failure

9.(a) Core specimens with length/diameter ratio of occurs within 10-60 sec. and the failure load P is
0.3-1.0 are suitable for axial testing (Fig. 3b). Long recorded. The test should be rejected as invalid if the
pieces of core can be tested diametrally to produce fracture surface passes through only one loading point
suitable lengths for subsequent axia! testing (provided (Fig. 4e).
that they are not weakend by this initial testing). alterna- (f) The procedures (c) through (e) above are repeated
tively. suitable specimens can be obtained by saw-cutting for the remaining tests in the sample.
or chisel-splitting.

Jb) There should preferably be at least 10 tests per The block and i.rregular lump tests

sample, more if the sample is heterogeneous or aniso- 10.(a) Rock blocks or lumps of size SO -t 15 mm and
tropic.' of the shape shown in Fig. 3(c) and Id) are suitable for

(c) The specimen is inserted in the test machine and the block and the irregular lump tests. The ratio 1) iH
the platens closed to make contact along a line perpen- should be between 0 3 and 1.0. preferably close to I O0

(a) (b)

oonr

I ig. 5 L~oading dli-cction% ior test% on anisoiropiL rock
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The distance L (Fig 3c and d) should be at least 0. 5W is given by:
Specimens of this size and shape may be selected if D2 = D` for diametral tests;
available or may be prepared by trimming larger pieces
by saw-or chisel-cutting. = 4A,'n for axial. block and lump testsm

(b) There should preferably be at least 10 tests per and
sample. more if the rock is hxerogeneous or aniso-
tropic. A = WD = minimum cross sectional area of a

(c) The specimen is inserted in the testing machine and plane through the platen contact points.'
the platens closed to make contact with the smallest
dimension of the lump or block, away from edges and Size correction

corners (Fig. 3c and d). 13.(a) 1, varies as a function of D in the diametral test.
(d) The distance D between platen contact points is and as a function of D, iii ixial. block and irregular lump

recorded + "''. The smallest specimen width W perpen- tests, so that a size correction] must be applied to obtain
dicular to the loading direction is recorded + 5%. If the a unique Point Load Strength value for the rock sample.
sides are not parallel, then W is calculated as and one that can be used for purposes of rock strength
(W, + WK) 2 as shk wn in Fig. 3d.' This smallest width classification.
WVis used irrespective cf the actual mode of failure (Figs (b) The size-corrected Point Load Strength Index l,),
3 and 4) of a rock specimen or sample is defined as the value of

(e) The load is steadily increased such that failure 1, that would have been measured by a diametral test
occurs within 10-60sec, and the failure load P is ,,ith D = 50 mm.
recorded. The test should be rejected as invalid it' the (c) The most reliable method of obtaining I,, pre-
fracture surface passes through only one loading point ferred when a precise rock classification is essential, is to
(see examples for other shapes in Fig. 4d or e). conduct diametral tests at or close to D = 50 mm. Size

(f) The procedure (c) through (e) above is repeated for correction is then either unnecessary (D = 50mm) or
the remaining tests in the sample. introduces a minimum of error. The latter is the case. for

example, for diametral tests on NX core. D = 54 mm.
A4nisotropic roch This procedure is not mandatory. Most point load

I1. (a) When a rock sample is shaly, bedded, schistose strength testing is in fact done using other sizes or shapes
or otherwise observably anisotropic it should be tested of specimen. In such cases, the size correction (d) or (e)
in directions which give the greatest and least strength below must be applied.
values, which are in general parallel and normal to the (d) The most reliable method of size correction is to
planes of anisotropy. test the sample over a range of D or D, values and to plot

(b) If the sample consists of core drilled through the graphically the relation between P and D2. If a log-log
weakness planes, a set of diametral tests may be com- plot is used the relation is generally a straight line (Fig.
pleted first, spaced at intervals which will yield pieces 6). Points that deviate substantially from the straight line
which can then be tested axially. may be disregarded (although they should not be de-

•c) Best results are obtained when the core axis is leted). The value of P, corresponding to D" = 2500 mm-
perpendicular to the planes of weakness, so that when (D, 50 mm) can then be obtained by interpolation, if
possible the core should be drilled in this direction. The
angle between the core axis and the normal to the
weakness planes should preferably not exceed 30 . .. , I Is._o000 2 ,p

(d) For measurement of the 1, value in the directions o0 1 1o "W

of least strergth. care should be taken to ensure that load
is applied along a single weakness plane. Similarly when 3,
testing for the 1, ,alue in the direction of greatest 20• 5° CP
strength, care should be taken to ensure that the load is

applied perpendicularly to the weakness planes (Fig. 5) .
(e) If the sample consists of blocks or irregular lumps, ,

it should be tested as two sub-samples, with load applied ,
firstly perpendicular to, then along the observable planes
of weakness."' Again. the required minimum strength
value is obtained when the platens make contact along ,
a single plane of weakness.

( A ILC U L A T IO N S . ,)o , lo o ,-. )o 2 5 0 0 ", :o

Uncorrected point load strength,,e P
12. The Uncorrected Point Load Strength I, is calcu- Fig t. Procedure for graphical determination ot 1,,,, irorn a et ol

lated as P D D where D. the "equivalent core diameter". results ah D. %alues other than ýOt mri



RTH 325-89
ISRM POINT LOAD TEST 57

to least Point Load Strength Indices , assumes values
close to 1.0 for quasi-isotropic rocks and higher values
when the rock is anisotropic.

REPORTING OF RESULTS

16. Results for diametral tests, axial tests, block tests
and irregular lump tests, and for tests I rpendicular and

So8- parallel to planes of weakness should be tabulated
separately (see typical results form. Fig. 81. The report
should contain calibration data for the test machine and
at least the following information for each sample tested:

o0 4 (a) The sample number, source location and rock type.
and the nature and in sttu orientation of any planes of

02 anistropy or weakness.
I [(b) Information on the water content of the rock at the

0 20 40 60 80 100 120 140 time of testing.
De, (equivolent core diometer (mm) (c) Information on which specimens were loaded

parallel (./). perpendicular ( L). or at unknown or
Fig. 7 Size correction factor chart, random directions with respect to planes of weakness.

(d) A tabulation of the values of P. D. (II. D- and D,

necessary by extrapolation, and the size-corrected Point if required), I,. (Fif required) and 1I.... for each specimen

Load Strength Index calculated as P,,/502 . in the sample.
(e) When neither (c) nor (d) is practical. for example (e) For all isotropic samples. a summary tabulation of

when testing single sized core at a diameter other than an FIor values.
50 mm or if only a few small pieces are available, size () For all anisotropic samples. a sumrar\ tabulatonof men1,ovausorsbamlstsepepniur
correction may be accomplished by using the formula: o an 1

v, values for sub-samples tested perpendicular
and parallel to the planes of weakness. and of the

1,• 50 = F x 1, corresponding I ,,,, values.

The "'Size Correction Factor F" can be obtained from
the chart in Fig. 7," or from the expression: NOTES

F = (DA/50)"45

I. When first introduced, the point load strength test
For tests near the standard 50 mm size, very little error 1. us ed t pointaload strength

is itrouce byusin th aproxmateexpesson: was used mainly to predict untaxial compressive strengthis introduced by using the approximate expression: which was then the established test for general-purpose

F=, (Di 50) rock strength classification. Point load strength nov
often replaces uniaxial compressive strength in this role

pf) The size correction procedures specified in this since when properly conducted it is as reliable and much
paragraph have been found to be applicable irrespectinve quicker to measure. 1,,), should be used directly for rock
of the degree of anisotropy of and the direction of classification, since correlations with uniaxial com-
loading with respect to planes of weakness, a result that pressive strength are only approximate. On average.
greatly enhances the usefulness of this test. uniaxial compressive strength is 20-25 times point load

strength. as shown in Fig. 9. Hovecr. in tests on many
Mean value calculation different rock types the ratio can %ary between 15 and

14(a) Mean values of %,, as defined in (b) below are 50 especially for anisotropic rocks. so that errors of up
to be used when classifying samples with regard to their to 100% are possible in using an arbitrary ratio value to
Point Load Strength and Point Load Strength Aniso- predict compressive strength from point load strength.
tropy Indices. The point load strength test is a form of "indirect

(b) The mean value of 1,,, is to be calculated by tensile" test. but this is largely irrelevant to its pnmary
deleting the two highest and lowest values from the 10 role in rock classification and strength characterization.
or more valid tests, and calculating the mean of the l,,, is approximately 0.80 times the uniaxial tensile or
remaining values. If significantly fewer specimens are Brazilian tensile strength.
tested, only the highest and lowest values are to be 2. Of the four alternative forms of this test. the
deleted and the mean calculated from those remaining.: diametral test and the axial test with saw-cut faces are

the most accurate if performed near the standard 50 mm
Point load strength antsotropy index size. and are preferred for strength classification when

15. The Strength Anistropy Index i ,s defined as the core is available. Axial test specimens with saw-cut laces
ratio of mean I,, values measured perpendicular and can easily be obtained from arge hloc,, samples by
parallel to planes of weakness, i.e. the r'stio of greatest coring in the laboratory. Specimens in this form are
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Sample Details Point Load Test Date 17/ff/83

I block sample from Gamblethorpe Opencast site.

Fine grained pale grey Coal Measures sandstone
with numerous coal' streaks along horizontal
bedding planes.

Specimens 1-6 chisel cut blocks, air-dried 2 weeks;
7-10 ýawn blocks, air-dried 2 weeks;

11-15 cores, air-dried 2 weeks;
16-20 cores, air-dried 2 weeks;

- tested in laboratory.

No. Type W (mrm) D (mm) P (kN) D 2 (m2 D (rmm) Fe e . 5

1 1 1. 30.4 17.2 2.687 b66 25.8 4.03 0.75 "•.-

2 i 1 16 8 0.977 163 12.8 5.99 0.54 3.24

3 i 1 19.7 15.6 1.962 391 19.8 5.02 0.66 3.31

4 i 1 35.8 18.1 3.641 825 28.7 4.41 0.765 3.46

5 i . 42.5 29 6.119 1569 39.6 3.90 0.875 3.49

6 i 1 42 35 7.391 1872 43.3 3.95 0.935 -- 4,

7 b 1 44 21 4.600 1176 34.3 3.91 0.84 3.29

8 b 1 40 30 5.940 1528 3Q.1 3.88 0.89 3.46

9 b 1 19.5 15 2.040 372 19.3 5.48 0.655

10 b 1 33 16 2.87 672 25.9 4.27 0.75

11 d // - 49.93 5.107 - - - - 2.05

12 d // - 49.88 4.615 - - - - 1.85

13 d// - 49.82 5.682 - - - -

14 d// - 49.82 4.139 - - - -

15 d // - 49.86 4.546 - - - - 1.83

16 d 1/ 25.23 1.837 - - 2.89 0.74 2.14

17 d // - 25.00 1.891 - - 3.02 0.735 2.22

18 d // 25.07 2.118 - - 3.37 0.735 ?,4&_

19 d // 25.06 1.454 - - 2.32 0.735 -rv;4_

20 d// 25.04 1.540 2.46 0.735 1.81

d = diametral; Mean I 3.38
a axial;
b block; Mean I
i = irregular lump test; s (50) // 1.98

.L = perpendicular;
/= parallel to planes of weakness. a (50) 1.71

Fig. 8. Typical results form.

particularly suitable when the rock is amsotropic and the sensitivity of the equipment are adequate. It may be
direction of weakness planes must be noted. necessary to change the load measunng gauge or load

3. Loads of up to 50 kN are commonly required for cell, or to test smaller or larger specimens to conform
the larger hard rock specimens. The maximum specimen with the capacity of available equipment or with the
size that can be tested by a given machine is determined accuracy specifications for this test.
by the machines load capacity, and the smallest by the 4. The conical platen design is intended to give
machine's load and distance measuring sensitivity. Tests ,tandardized penetration of softer specimens. When
on specimens smaller than D = 25 mm require particular testing is confined to hard rocks and small (less than
precautions to ensure that the measuring sensitivity is 2 mm) penetrations the conical design is unimportant
sufficient. The range of required test loads should be provided that the tip radius remains at the standard
estimated before testing, from approximate assumed 5 mm. For such testing the platen can be manufactured
strength values, to ensure that the load capacity and by embedding a hard steel or tungsten carbide ball in a



RTH 325-89

ISRM: POINT LOAD TEST

It is often better to obtain strength values of limited
250 0-o0 reliability than none at all. For example. rock is often

too broken or slabby to provide specimens of the ideal

200 - sizes and shapes. or may be available in limited quan-
tities such as when the test is used to log the strength of
drill core. In core logging applications, the concept of a

,•o / ° sample" has little meaning and tests are often conduc-

,ed at an arbitrary depth interval, say one test every I m
l,1oo -oor 3 m depending on the apparent variability or uni-

formity of strength in the core and on the total length

C, c 2 * s51ocr ob strength-logged.

o" 8. As for all strength tests on rocks. point load
strength varies with the water content of the specimens.

0 12 14 The variations are particularly pronounced for water

Iesaturations low 25%,. Oven dried specimens. for exam-
t,, 1,(MP) pie, are usually very much stronger than moist ones. At

Fig. 9 Example of correlation between point load and uniaxial water saturations above 50'. the strength is less
compressive strength results, influenced by small changes in water content, so that

tests in this water content range are recommended unless
tests on dry rock are specifically required.

softer metal base of any geometry that will ensure that All specimens in a sample should be tested at a similar
only the platen tip is in contact with the rock. and well-defined water content, and one that is appropri-

5. If a quick-retracting ram is used to reduce the delay ate to the project for which the test data are required.
between tests, either the ram return spring force and ram Field testing of chisel-cut samples, not affected by dril-
friction should together be less than about 5% of the ling fluids, offers a method for testing at the in situ water
smallest load to be measured during testing, or an content. If possible, numerical values should be given for
independent load cell rather than an oil pressure gauge both water content and degree of saturation at the time
should be used for load determination. These forces can of testing. The ISRM Suggested Method for Water
be significant when testing weaker and smaller speci- Content Determination should be employed. Whether or
mens. not water content measurements can be made. the

6. If significant platen penetration occurs, the dimen- sample storage conditions and delay between sampling

sion D to be used in calculating point load strength and testing should be reported.
should be the value D' measured at the instant of failure. 9. Some researchers argue in favour of measuring IV
which will be smaller than the initial value suggested in as the minimum dimension of the failure surface after
paragraphs 8(d), 9(d) and 10(d). The error in assuming testing rather than of the specimen before failure (the
D to be its initial value is negligible when the specimen German standard for this test is an example). Point load
is large or strong. The failure value may always be used strengths computed using the two alternative t4
as an alternative to the initial value and is preferred if definitions may differ slightly. The minimum specimen
the equipment allows it to be measured (for example by dimension alternative has been adopted in this Suggested
electrical maximum-indicating load and displacement Method mainly because it is quicker and easier to
measurement). When testing specimens that are smaller measure, particularly in the field when fragments of
than 25 mm. such as rock aggregate particles, equipment broken specimens are easily lost.
with electrical readout is usually necessary to obtain the 10. Commonly the shortest dimension of naturally
required measuring accuracy, and should be designed to occurring anisotropic rock lumps is perpendicular to the

record D' at failure. Measurements of W or D made weakness planes.
perpendicular to the line joining the platens are not I1. The size correction factor chart (Fig. 7) is derived

affected and are retained at their original values. The from data on cores tested diametrally and axially and
value of D, for strength calculation can then be found from tests on blocks and irregular lumps, for rocks of
from: various strengths. and gives an averaged factor. Some

rocks do not conform to this behaviour, and size cor-
rection should therefore be considered an approximate

4 method, although sufficient for most practical rock
D; = ( W x D') for other shapes classification applications. When a large number of tests

are to be run on the same type of rock it ma% be
7. Because this test is intended primarily as a simple advantageous to first perform a series of tests at different

and practical one for field classification of rock materi- sizes to obtain a graph of load vs l)ý as in Fig h If the
als. the requirements relating to sample size, shape. slope of such a log- log graph is determined as "'n . he0numbers of tests etc. can when necessary be relaxed to size correction factor is then (D, 50)-" •here
overcome practical limitations. Such modifications to rn = 211 - 'ti This can either be calculated directl\ or a
procedure should however be clearly stated in the report chart constructed.
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PART II. IN SITU STRENGTH METHODS

C. Determination of In Situ Stress
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DETERMINATION OF IN SITU STRESS BY
THE OVERCORING TECHNIQUE

1. Scope

1.1 The equipment required to perform in situ stress tests using

the U. S. Bureau of Mines' three-component borehole deformation gage is

described.

1.2 The test procedure and method of data reduction are described,

including the theoretical basis and assumptions involved in the

calculations. A section on troubleshooting equipment malfunctions is

included.

1.3 The procedure herein described was taken from the Bureau of
8.1

Mines Information Circular No. 8618 dated 1974 as were many of the

figures. Some modifications based on field experience are incorporated.

This test method can be used from the surface or from underground openings.

Good results can be expected using this technique in massive or competent

rock. Difficulties will be encountered if tests are attempted in fissile

or fractured rock.

2. Test Equipment

2.1 Instrumentation

2.1.1 The three-component borehole deformation gage (BDG) is

shown in Pig. 1. It is designed to measure diametral deformations

during overcoring along three diameters 60 deg apart in a plane perpen-

dicular to the walls of a l-l/2-in.-diameter borehole. The measure-

ments are made along axes referred to as the UI, U2 , and U3 axes.

Accessories required with the gage are special pliers, 0.005- and

O.015-in.-thick brass piston washers, and silicone grease (Fig. 1).

2.1.2 Three Vishay P350A or equal strain indicators are

required. (Alternatively, one indicator with a switching unit may be

used or one unit may be used in conjunction with manual wire changing to

obtain readings from the three axes.) These units have a full range

digital readout limit of 40,000 indicator units. A calibration factor0
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must be obtained for each axis to relate indicator units to microinches

deflection. The calibration factor for each axis will change propor-

tionally with the gage factor used. Normally, a gage factor of 0.40

gives a good balance between range and sensitivity. Figure 2 shows a

strain indicator, calibration jig, and a switching unit.

2.1.3 The shielded eight-wire conductor cable transmits the

strain measurements from the gage to the strain indicators. The length

of cable required is the depth to the test position from the surface

plus about 30 ft to reach the strain indicators.

2.1.4 The orientation and placement tools consist of:

(a) The placement tool or "J slot" shown in Fig. 3.

(b) Placement rod extensions as shown in Fig. 3.

(c) The orientation tool or "' handle," also shown in

Fig. 3.

(d) The scribing tool is used to orient the core for

later biaxial testing. It consists of a bullet-shaped stainless steel

head attached to a 3-ft rod extension. Projecting perpendicular from

the stainless steel head is a diamond stud. The stud is adjusted out-

ward until a snug fit is achieved in the EX hole so that a line is

scratched along the borehole wall as the scribing tool is pushed in.

(e) The Pajari alignment device is inserted into the

hole to determine the inclination. It consists of a floating compass

and an automatic locking device which locks the compass in position

before retrieving it.

2.1.5 The calibration jig (Fig. 2) is used to calibrate the

BDG before and after each test.

2.1.6 The biaxial chamber is used to determine Young's Modulus

of the retrieved rock core. A schematic of the apparatus is shown in

Fig. 4.8.2
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Scale. inches

Fig. 1. Special pliers, the Bureau of Mines' three-component borehole gage,
a piston, disassembled piston and washer, and a transducer with nut.

•4 5

•+ •i, " • Scolk inches

Fig. 2. The calibration device (left side) and a
switching unit (right side).
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Fig. 3. Placement and retrieval tool.
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2.2 Drilling Equipment

2.2.1 A drill with a chuck speed ranging down to 50 rpm should

be used. Achievement of this lower end speed will usually require a

gear reduction.

2.2.2 An EWX single-tube core barrel, 2 ft long, is required

(Fig. 5).

2.2.3 An EX diamond bit is required (Fig. 5).

2.2.4 A reamer is used with the EX bit for the 1-1/2-in.-

diameter pilot gage hole (Fig. 5).

2.2.5 Two stabilizers are required. One should be 5-1/2 in.

OD by 4 in. long and one should be 2-3/4 in. OD by 4 in. long. Each

should have an inner concentric hole slightly larger than the OD of AX

casing. Grooves should be cut into the stabilizers to allow water to

pass through. The stabilizers are slipped over opposite ends of a 6 ft

length of AX flush joint casing and secured with set screws. The

stabilizer can be made from hard plastic stock. This assembly fits

inside the 5-ft-long, 6-in.-diameter core barrel with the larger

stabilizer at the bottom and the smaller stabilizer projecting into the

NW casing. As overcoring proceeds, the stabilizer assembly is pushed

upward into the NW casing.

2.2.6 An EWX rod stabilizer should be made that will slide

over the EWX rod and fit inside the NW casing to align the EX bit with

the hole in the center of the stabilizer in the 6-in. core barrel. Cut

grooves along the outer edges of the stabilizer to allow water to flow

through.

2.2.7 EW drill rods are used with the EX bit. The required

length is dependent on the test depth.

2.2.8 NW casing is used with the 6-in. core barrel and bit.

The required length will depend on test depth. An adapter is required

to couple the NW casing to the 6-in. core barrel.

0
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0 2.2.9 A water swivel (Fig. 6) is required with a 1/2-in. hole

for the conductor cable to pass through and a plug is required to fit

the hole when the gage is not being used.

2.2.10 A 6-in.-diameter starter barrel I ft long with a

detachable l-I/2-in.-diameter pilot shaft in the center (Fig. 7) is

required. The pilot shaft should extend about 5 in. beyond the diamonds

of the starter barrel. This barrel is used to center the 6-in.-diameter

hole over an initial l-i/2-in.-diameter hole at the face. The barrel

and pilot shaft are not needed for vertical or near vertical holes.

2.2.11 An EW core barrel to replace the pilot shaft should be

cut to extend I in. beyond the starter barrel. When the bit and reamer

are attached, the unit is used to drill a l-i/2-in.-diameter starter

hole 4 in. deep at the end of a 6-in. horizontal hole. This piece of

equipment is not needed in vertical holes.

2.2.12 A standard 6-in. diamond drill bit or a 6-in. thin wall

masonry bit is used for overcoring.

2.2.13 A core breaker, at least 2-1/2 in. wide and hardened,

to fit the EW rod (Fig. 8) is required.

2.2.14 A 6-in. core shovel (Fig. 8) to fit an EW rod is needed

for retrieving core from horizontal holes.

2.2.15 A 6-in. core puller (Fig. 8) approximately 18 in. long

to fit an EW drill rod is sometimes needed for retrieving core from

vertical holes. The core puller is made from a used 6-in. core barrel.

A 5/8-in.-thick steel plate is welded to the end of the barrel with an

EW rod welded in the center. Three l-I/2-in.-diameter holes on 120-deg

centers are drilled into the plate to allow water to pass through. Four

U cuts 90 deg apart are made on the front of the barrel. The rectangu-

lar pieces of metal inside the U cuts are pushed in slightly to grip the

core. This is an optional piece of equipment. Normally, the core can

be retrieved inside the 5-ft barrel.

2.2.16 A 6-in.-dlameter core barrel 5 ft long is required.

2.2.17 A high-capacity water pump and hose are required.

0
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Fig. 5. EX size bit with core spring, reamer, and 2-ft EWX core barrel.

C0
!5

SScale,.inches.

Fig. 6. Water swivel with solid plug. Plug at right used during overcoring.

0
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Fig. 7. Six-inch-diameter starter barrel with pilot and expander htead
adapted for EW drill, rod.

Fig. 3. Core breaker (lower right), core shovel (lower left), and
core puller (center).
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2.2.18 One clothesline pulley is required. i

2.3 Miscellaneous Equipment - This field operation requires a good

set of assorted hand tools which should include a soldering iron,

solder and flux, pliers, pipe wrenches, adjustable wrenches, end

wrenches, screwdrivers, allen wrenches, a hammer, electrical tape, a

yardstick and carpenter's rule, chalk, and a stopwatch.

3. Overcoring Test Procedure

3.1 The procedure for determining in situ stress can be divided

into three phases: (a) strain relief measurements in situ, (b) determi-

nation of Young's Modulus of the rock by recompression in a biaxial

chamber, and (c) computation of stress.

3.2 Reliable information on subsurface rock conditions is essential

for good test results. For this reason it is advisable to drill an

exploratory NX size hole within a few feet of the desired test location.

3.3 Horizontal holes should be started 5 deg upward from horizontal

to facilitate removal of water and cuttings. An EX pilot hole is first

drilled about 4 in. into the rock. Attach the 6-in. starter barrel and

pilot shaft and start the 6-in. hole. Remove the starter barrel, attach

the regular 6-in. bit and barrel, and extend the 6-in. hole to within

12 in. of the desired test depth. Proceed to step 3.6.

3.4 When testing in vertical holes, first wash bore through the

overburden and core about 5 ft into bedrock. Case the hole with 8-in.

casing and grout in place.

3.5 Drill a 6-in.-diameter hole to within 12 in. of the desired

test depth. Retrieve the core and go back down the hole with the

stabilizers in place in the core barrel.

3.6 Insert the EX bit and reamer coupled to the 2-ft EX core barrel

and EWX rods with the EWX stabilizer in place. Drill 2 ft of EX hole.

3.7 Retrieve the EX core and inspect. Insert the scribing tool

coupled to the rod extensions. When the scribing tool reaches the

stabiliz~rs, it will have to be shoved through. It will then be at the

top of the EK hole. Attach the orientation handle and orient the scribe
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mark as desired. Shove the scribe straight down the hole. (Note: If

the scribe cannot be pushed down the hole, the diamond stud is pro-

jecting too far; adjust it inward. If the scribe feels loose the stud

must be adjusted to project further.) When the scribe hits the bottom

of the EX hole, slowly pull it back up along the same scribe mark. If

joints or fractures intersect the borehole walls, they can often be

detected by a subtle vibration as the diamond stud crosses them. If

joints or fractures are detected, extend the hole and try again.

3.8 When the EX hole has been scribed, remove the scribing tool.

3.9 The BDG must now be calibrated. It should be calibrated before

and after each test.

3.9.1 Grease all gage pistons with a light coat of silicone

grease and install them in gage.

3.9.2 Place the gage in the calibration jig as shown in

Fig. 2 with the pistons of the U axis visible through the micrometer

holes of the jig. Tighten the wing nuts.

3.9.3 Install the two micrometer heads and lightly tighten the

set screws.

3.9.4 Set the strain indicators on "Full Bridge", center the

balance knob, and set the gage factor to correspond to the anticipated

in situ range and sensitivity requirements. (If high stress conditions

are anticipated, sensitivity will have to be compromised to gain the

required range.) A lower gage factor results in higher sensitivity.

The gage factor used should be the same for calibration, in situ

testing, and modulus tests.

3.9.5 Wire the gage to the indicators as shown in Fig. 9 or to

a switching and balance unit and one indicator.

3.9.6 Balance the indicator using the "Balance" knob.

3.9.7 Turn one micrometer in until the needle of the indicator

just starts to move. The micrometer is now in contact with the piston.

Repeat with the other micrometer.

3.9.8 Rebalance the indicator.
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3.9.9 Record this no load indicator reading for the U1 axis.

3.9.10 Turn in each micrometer 0.0160 in. (a total of

0.0320-in. displacement).

3.9.11 Balance the indicator and record the reading and the

deflection.

3.9.12 Wait two minutes to check the combined creep of the two

transducers. Creep should not exceed 20 " in./in. in two minutes.

3.9.13 Record the new reading.

3.9.14 Back out each micrometer 0.0040 in. (a total of

0.0080 in.).

3.9.15 Balance and record.

3.9.16 Continue this procedure with the same increments until

the initial point on the micrometer is reached. This zero displacement

reading will be the zero displacement reading for the second run.

3.9.17 Repeat steps 3.9.10 through 3.9.16.

3.9.18 Loosen the wing nuts and rotate the gage to align the

pistons of the U2 axis with the micrometer holes.

3.9.19 Retighten the wing nuts.

3.9.20 Repeat steps 3.9.6 through 3.9.17.

3.9.21 Loosen wing nuts and align pistons of U3 axis with

micrometer holes. Repeat the calibration procedure followed for the U1

and U2 axes.

3.9.22 To determine the calibration factor for each axis:

(a) Subtract the zero displacement strain indicator

readings (last reading of each run) from the indicator readings for each

deflection to establish the differences.

(b) Subtract the difference in indicator units at

0.0080-in. deflection from the difference in indicator units at

0.0320-in. deflection.

(c) Divide the difference in deflections (0.0240 in.)

by the corresponding difference in indicator units just calculated to

obtain the calibration factor for that axis.
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(d) Repeat for the second cycle and take the average

as the calibration factor.

(e) The following is an example of the calibration for

one axis, calibrated at a gage factor of 0.40.

CALIBRATION OF AXIS U

Displacement Indicator Difference
in. Reading P in./in.

Run 1 0 -693 --

0.0320 +30,140 Wait 2 minutes

0.0320 30,055 30,535

0.0240 21,920 22,400

0.0160 14,040 14,520

0.0080 6,380 6,860

0 -480

Run 2 0 -480

0.0320 +30,034 Wait 2 minutes

0.0320 29,980 30,430

0.0240 21,914 22,364

0.0160 13,975 14,425

0.0080 6,335 6,785

0 -450 --

Calibration Factor = K1 - Displacement
Indicator Units

For Run 1, K . 32,000 - 8,000 . 24,000 . 1.014
1 30,535 - 6,860 23,675

- 32,000 - 8,000 - 24,000 . 1.015
For Run 2, Ki 30,430 - 6,785 23,645

Use K, M 1.01 jLinches per indicator unit

10
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3.10 Remove the BDG from the calibration jig and disconnect the

wires from the strain indicators. Tape the ends of the wires together.

3.11 Thread the conductor cable through the chuck and water swivel

and over the clothesline pulley attached to the top of the derrick if

testing from ground surface. Reconnect the wires to the strain indi-

cators exactly as during calibration.

3.12 Take zero deformation readings for each axis and record on the

Field Data Sheet (Fig. 10) in the row labeled "zero" and in the three

columns labeled U1 , U2 , and U . If just one indicator is being used,

use a switching unit. If a switching unit is not available, the wires

must he changed for each axis. Check each axis by applying slight

finger pressure to opposing pistons and releasing. The balance needle

should deflect, then return to the balanced position. Make sure the

correct axis is connected to the correct strain indicator.

3.13 Engage the orientation pins of the BDG with the placement tool

using a clockwise motion. Secure the conductor cable with the wire

retainer clip on the placement tool. Make sure the orientation pins of

the BDG are aligned with the U1 axis. Push the gage through the

stabilizer tube and about 9 in. into the EX hole. With the gage at test
depth, orient the U1 axis along the scribe mark by turning clockwise. If

the BDG feels too loose or too tight in the EX hole, it must be removed.

If too tight, remove one washer from one piston of each axis and try

again. If too loose, add one washer to one piston of each axis. To add

or remove washers, pull the piston out with the special pliers, unscrew

the two piston halves with two pairs of special pliers, add or remove

washers, and screw piston halves back together. Be careful not to

damage the 0 ring. Regrease 0 ring and reinstall piston in gage. Do

this to only one piston in each diametral pair initially. If gage is

still too tight or loose, repeat with remaining pistons.

3.14 With the gage installed at test depth and correctly oriented,

check the bias of the gage on the strain indicators. The bias set on

each component should be between 10,000 and 15,000 indicator units
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Hole No. Date Orientation: UI

Gage No. Calibration Factor U,

Gage factor U 2

True Bearing of Hole U3

DEPTH DEFORMATION TIME TEMP.

Gage Hale INDICATOR READING Oes* Overcoro Deformation Roc It REMARKS
U I UZ 3 Set Start Raod

_ Zero

9" Face Dige
I',

* -

8"

Pltons 9 -

0"

13 _ _ _ _ _ _

14"

15"

16 _"

17-

17

Note. Next relief would start at 18 Inches and go to 36inches
and gage would be orientated at a depth of 27 Inches.

Fig. 10. Field data sheett.
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with a gage factor of 0.40 for overcoring strain relief tests. For

recompression tests in the biaxial chamber, the bias should be between

4,000 and 8,000 indizator units with a gage factor of 0.40. With a gage

factor of 1.50, the bias should be between 2300 and 3400 indicator units

for overcoring tests and between 900 and 1800 indicator units for

recompression tests. Care must be taken to avoid overloading the

transducers. Maximum load on any component should not exceed 20,000

indicator units with a gage factor of 0.40 and 4560 units with a gage

factor of 1.50.

3.15 Turn the placement tool counterclockwise approximately 60 deg

to disengage it from the BDG and remove the tool. (When retrieving the

BDG, the tool is lowered onto the orientation pins and turned 60 deg

clockwise.)

3.16 Pull the slack conductor cable through the chuck and over the

clothesline pulley. Avoid excess tension in the cable or the gage may

be pulled out of the EX hole. Tie off the cable and close the drill.

Couple the NW casing to the chuck adaptor.

3.17 Turn on water. Allow approximately 10 minutes for gage,

water, and rock to reach temperature equilibrium. Obtain new zero

readings for each axis.

3.18 With the 6-in. bit resting on the bottom of the hole, tape a

yardstick to the drill stand with the end flush with the bottom of the

truck bed. As overcoring proceeds, check the advance rate by timing the

descent of the yardstick with a stopwatch. Alternatively, the exposed

casing may be marked at 1/2-in. increments to regulate the advance rate.

3.19 Start overcoring at a penetration rate of 1/2 in. per 40

seconds and a chuck speed of 50 rpm. The stopwatch is used to calibrate

the drill to this rate. Each 1/2-in. penetration should be signaled to

the recorder who records the indicator readings for each axis on the

field data sheet. Overcore approximately 12 to 18 in. at this rate. If

the core breaks during overcoring, the needles on the strain indicators

will fluctuate erratically or the cable will twist. If either happens,
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stop overcoring immediately and retrieve the gage and core. If over-

coring is successfully completed, stop the drill and continue to take

periodic readings, with the water still running, until no appreciable

changes in readings are occurring. This may take only a few minutes or

it may take 2 or 3 hours depending on the rock.

3.20 Disconnect the wires from the strain indicators and tape the

end of the cable so the drill can be uncoupled and raised without

applying excess tension to the cable.

3.21 Pull the cable end back through the water swivel and chuck.

3.22 Secure the cable to the placement tool with the retainer clip

and insert the tool over the BDG. When the placement tool engages the

pins on the BDG, turn the tool 60 deg clockwise to secure the BDG. Pull

the BDG and cable out of the hole.

3.23 Remove the core barrel and NW casing.

3.24 Retrieve the core (if it was not brought up inside the barrel)

using the core breaker and core puller (or shovel in horizontal holes).

3.25 Plot the change in indicator units versus inches overcored for
8.2

each test as shown in Fig. 11. Compare this plot with the plot of an

idealized overcore test (Fig. 12 8.2) to determine if the test was

successful.

3.26 Repeat this procedure for each additional test.

4. Procedure for Determining Young's Modulus of Elasticity of the

Rock Core

4.1 The retrieved rock core should be tested in a biaxial chamber

(Fig. 4) as soon as conveniently possible after recovery to determine

the modulus of elasticity.

4.2 Place 'the calibrated BDG in the EX hole in the core at the same

point and orientation where the in situ test was performed (align the U1

axis of the BDG with tha scribe mark).

4.3 Slide the rubber membrane over the rock core and place in the

biaxial chamber.

4.4 Record initial or zero readings for all axes.
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4.5 Increase hydraulic pressure in increments up to the measured

in situ strain level and unload in identical increments.

4.6 Record deformation readings for each axis at each loading and

unloading increment.

4.7 Repeat steps 4.4 through 4.6 for a second cycle.

4.8 Plot the applied pressure versus diametral deformations for

each axis as shown in Fig. 13.8.2 To calculate the average modulus value,

E, obtain the differences in deflections corresponding to the differ-

ences in applied pressures on the second unloading cycle and use

Equation 5 in the calculations section (see paragraph 6).

4.9 This test procedure requires an intact piece of core at least

10-1/2 in. long.

4.10 Alternatively, the modulus may be obtained by testing the NX

core from the same depth in the nearby exploratory NX hole in uniaxial

compression using standard procedures described in ASTM Standard Method

of Test for Elastic Moduli of Rock Core Specimens in Uniaxial Compres-

sion, ASTM Designation D3148-72. This test method is described in

Section 201-80 of this handbook.

5. Troubleshooting Equipment Malfunctions

5.1 If balance on one or more indicators cannot be achieved.

5.1.1 Check wiring hookup against wiring diagram (Fig. 9).

Make sure all connections are tight.

5.1.2 Check cable connector plug in BDG. Remove screws from

placement end of gage, slide the end off, unscrew the knurled retaining

cap, and check the plug connection. Push in firmly if loose.

5.1.3 Nonbalance may occur when too much tension has been

applied to the conductor cable during gage retrieval. Sometimes in a

vertical hole, cuttings or rock fragments drop into the 1-1/2-in, hole

on top of the gage, making it impossible to hook the placement and

retrieval tool onto the gage pins. A tendency always exists to try to

retrieve the gage by pulling on the cable. Do this only as a last

resort. Instead, snap the core off and bring it up with the gage inside

if overcoring has been successfully completed.
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5.2 If core breaks during overcoring:

5.2.1 If the indicators suddenly start to fluctuate errat-

ically or the needles indicate maximum deflection, the core has probably

broken. This situation may also be indicated by twisting of the

conductor cable. If this situation occurs, stop the test immediately.

5.2.2 Disconnect the NW casing from the chuck and insert the

retrieval tool, but leave the 6-in. bit on the bottom. If retrieval

tool will slide over BDG pins, retrieve the BDG. If the retrieval tool

will not slide over the pins a piece of rock has probably fallen in on

top of it.

5.2.3 If overcoring has proceeded past the end of the gage,

snap the core off below the gage and bring core and gage up inside the

core barrel. Keep light tension on conductor cable as gage is brought

up. If the core does not come up with the barrel, use the core puller.

5.2.4 If overcoring has not proceeded past the end of the

S~gage, try gently tugging on the cable to free the BDG. If this fails,

tug sharply on the cable. It will snap off, usually at the connector

plug. Retrieve the cable and resume overcoring several inches past the

gage (Note 3).

NOTE 3--Snapping the cable off is a drastic measure but is a

necessary trade-off to retrieve the gage in working conditiott. Never

raise the 6-1n. bit until you are certain that the bit has overcored

past the gage. Then snap off core and bring the bit, core, and gage up.

5.3 If one or more elements become insensitive on indicators:

5.3.1 If elements become insensitive to deflection of the

pistons or unresponsive to turning of the indicator dial. or the nee'!es

drift, water has probably caused a short at the strain gage connections

or at the cable connector plug.

5.3.2 Remove the pistons with the special pliers and check for

moisture. If moisture is present, dry area thoroughly, check O rings

for damage, and replace them if necessary. Apply thin coat of silicone

S~grease to O rings before reinserting pistons.
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5.3.3 Check the cable connector plug by removing the upper

gage case. Unscrew the retaining cap and check for moisture on plug.

Dry plug and surrounding area and grease cable where it passes through

retainer cap and rubber grommet. Reassembie gage.

5.4 If one component does not balance anywhere on the indicator

dial or balances intermittently:

5.4.1 This situation indicates a disconnected wire or a cold

solder joint. Remove the borehole gage case and check all wires and

connections, including the cable connector plug. Solder where needed

and reassemble gage.

5.5 If indicators are sensitive to touch:

5.5.1 If indicator needles deflect when the units are touched,

it is usually a result of prolonged use in a damp environment. Use

plastic or other insulating material underneath the indicators as a

moisture barrier. Store indicators in a dry place when not in use to

allow them to dry out.

6. Calculations

6.1 To determine the secondary principal stress magnitudes and

directions it is usually convenient to assume the rock is a linearly

elastic isotropic material.

6.2 The diametric deflections are obtained for each of the three

axes of measurement by multiplying the indicator reading differences by

the appropriate calibration factor. These values, U1, U2 , and U3 ,

along with the calculated modulus of elasticity, form the basis for

evaluating the maximum and minimum stresses acting in a plane perpen-

dicular to the borehole walls. These stresses are principal stresses

only when the borehole is parallel to the third principal stress, which

is not always the case for vertical boreholes. However, under the

conditions of more or less homogeneous, gently dipping rocks of low

relief, it can be assumed that the third principal stress is vertical

and equal to the overburden stress and that the maximum and minimum

stresses perpendicular to the borehole walls are in fact principal

stresses. For other conditions and different borehole orientations this
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assumption would be invalid, so consideration must be given to the

special features and conditions appropriate to the individual site.
8.3

Fairhurst presents a solution for the state of stress in a

transversely isotropic medium, that is, one for which the elastic

properties are constant in any direction in a given plane but change in

directions that intersect the plane. Fairhurst states that the assump-

tion of elastic isotropy can result in errors in the computed stresses

of as much as 50 percent in cases where the rock is anisotropic or

"transversely isotropic" (typical of rocks such as shale and gneiss).

6.3 The overburden stress, a, is equal to the average density of

the overlying material, Y, multiplied by the depth of overburden, H, or

- YH (1)v

6.4 The secondary principal stresses are calculated as shown below,

Susing equations based on a plane stress analysis of an elastic,

isotropic thick-walled cylinder as discussed by Obert and Duvall. 8 4

P = uE U+ U + U + /2(u u)2+ (u _U3)2+
cU 112 3 2UI1)2 2 33

(U 3 - u1 ) 2ý1/2j (2)

E [U + U + U) - 2 {(Ul - U2) 2 + (U2 - U3 )
2 +

(U 3- u 1) 211/ 2] (3)
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where UI, U29 U3 are measurements of diametral deformations along

three axes 60 deg apart. Deformation is positive for increasing diameter

during overcoring.

P is the maximum normal stress, psi.*
c

Q is the minimum normal stress, psi.*
C

E is the modulus of elasticity, psi, and d is the "EX" hole

diameter.

6.5 The orientation of the principal stress axis is given by

ep = 1/2 arc tan -U 2  3 U (4)

where ep is the angle from the U1 axis (positive in a counterclockwise

direction) to the major principal stress.
UI, U29 U3 are the diametral deformations.

The angle e could have two values 90 deg apart. The correct angle can be
p

determined using the following rules. For a 60 deg rosette (angular

measurements positive in the counterclockwise direction and all angles

measured from U1 to P ):

6.5.1 If U , U ,8 lies between 00 and +900 or -900 and -1800.
2 39 p

6.5.2 If U2 < U, 8 p lies between 0 and -900.

6.5.3 If U2 - U3 , and if: (a) U1 > U2 - U3' Op -O*

(b) U1 < U2 - U3 ' Op = ±900-

6.6 The modulus of elasticity is calculated using the biaxial test

results in the equation

E. =(4ab2 ) (Api)
2_ 2 2

(b - a ) AUi

* Positive values of P and Q indicate compressive stresses.
c c
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where E is the modulus of elasticity, psi

a is the diameter of the "EX" hole, inches

b is the radius of the core, inches

WPi is the change ir applied pressure, psi

AUi is the diametral deformation, in inci'es corresponding to the

change in applied pressure

i is the direction of the axis

7. Reporting Results

7.1 The report shall include:

7.1.1 A description of the test site, including a general area

map, characteristic features, and the type and depth of rock at which

tests were performed.

7.1.2 The test procedure and apparatus used in the field

should be described, including any innovations in procedure or apparatus.

The assumptions and equations used in calculating stresses should be

* presented.

7.1.3 For each test the sample should be described, including

depth and rock type and description of joints present. Young's Modulus

should be tabulated and a plot of the biaxial test should be presented,

as in Fig. 13, along with a plot of the overcoring test results, as in

Fig. 11. Calibration factors should be tabulated for each test. The

maximum and minimum secondary principal stresses and the orientation

should be tabulated for each test.

7.1.4 Any difficulties or unusual circumstances encountered

should be noted.
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SUGGESTED METHOD FOR DETERMINING STRESS

BY OVERCORING A PHOTOELASTIC INCLUSION

Scope

1. (a) This test determines in situ stress by sensing strain transmit-

ted during overcoring from the rock to a stiff inclusion coupled in a drill
1

hole. The translation of strain to stress is accomplished by calibration of

the inclusion at known stresses. The hard inclusion is sometimes described as

a stressmeter.

(b) Maximum and minimum stresses are measured in the plane normal to

the drill hole axis. At least three tests in separate drill holes will gener-

ally be needed to estimate directions and magnitudes of principal stresses.

(c) The method is relatively inexpensive.

(d) Rock anisotropy and fine dependent deformations complicate

interpretation, and may lead to serious errors if ignored.

(e) Another overcoring method measures strain of the drillhole rather

than the reslonse of a hard inclusion, See RTH-341.

Apparatus

2. Equipment for drilling a 3-in. emplacement hole in any direction. 2

3. Equipment for overcoring in any direction at the diameter of 9-in.

Included is in axial stabilizer or other device for maintaining concentricity

with the sma'ler center hole.

4. Optical transducer assembly (Figure 1) consisting of:

(a) Hard disk inclusion of glass or other photoelastic material,

with axial hcle.

(b) Waterproof light source positioned beyond the inclusion, powered

by an outside source. Leads from the outside source pass axially through the

inclusion.

(c) Means of mechanically or chemically bonding the inclusion to the. hole wall.
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(d) Analyzing and polarizing plates supplemented with telescope for

distant viewing.

5. Tools for positioning and wedging or bonding the inclusion.

6. Calibrating equipment consisting of:

(a) Block of material having modulus like rock of interest and con-

taining a 3-in. hole.

(b) Loading machine and recorder.

Procedure

7. Preparation

(a) The inclusion is calibrated by mounting the complete assembly in

the test block and subjecting the block to known loads. Calibration curves

are prepared (Figure 2).

(b) The site is selected emphasizing hard, homogeneous rock with no

fractures in the volume to be overcored.

(c) If testing will be below the water table, the test volume should

be dewatered and kept dry during testing. 3

(d) The 3-in. hole should be cored to the full depth for all testing

and the core should be logged and inspected to confirm suitability of the test

intervals.

(e) The optical transducer assembly is emplaced in the 3-in. hole

and the hard inclusion is bonded to the side wall. There should be at least

9-in. of open hole between collar and inclusion and inclusion and far end.

8. Testing:

(a) The assembly is checked, a pretest observation of birefringence

is made and documented, and lead lines are temporarily disconnected from the

outside.

(b) The 9-in. overccre hole is drilled precisely along the same axis

to a depth 9-in. beyond the hard Inclusion. The drill is withdrawn.
5

(c) Lead lines are reconnected.

(d) Birefringence is observed (Figure 3 and 4) and is recorded pho-

tographicallv and/or bv accurate drawing. A vertical reference should be

established. Retrievable portions of the assembly are withdrawn.

(e) The Inclusion and polarizing plate are usually not retrieved.
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(f) Where another test is needed at greater depth, the overcored

rock stub is broken and removed to reopen the 3-in. hole.

Calculations

9. The glass inclusion with hole along its axis forms a biaxial gage

displaying birefringence patterns which identify strain in the glass and, by

calibration, stress in the rock. The following characteristics are diagnostic

(Figures 3 and 4):

(a) The axes of symmetry of the signal identify the principal stress

directions.

(b) The direction in which the signal moves with increase of stress,

and the presence of isotropic points in biaxial fields, identifies the major

principal stress direction.

(c) The fringe order at a selected point of reference on the pattern

is measured to give the major principal stress directly in terms of a calibra-

tion factor for any particular principal stress ratio (Figure 1).

(d) The ratio between major and minor principal stresses is indi-

cated approximately by the shape of the signal and precisely by the measured

distance between two isotropic points on the major axis.

(e) The manner in which the optical pattern changes, when the ana-

lvzer of the polariscope is operated in the process of taking the measurement,

identifies whether the measured stress is tensile or compressive.

10. Calculations based on elastic theory are unnecessary in following the

procedure presented in paragraph 9. However, the calibration must be well

founded in theory. Fortunately, the effects are similar for all materials of

great stiffness and even metal mav be substituted for site rock during

calibration.

Reporting

11. The report should include the fo11owini:

(a) Position and orientation of test.

(b) Kogs and other Peolo~ical descriptiens (f rock near the test.

(_eolrica! •tructure and elastic properties are particularly imPortnwt.

(c Record on test ;ictlvftten.
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(d) Accurate drawings or photographs of birefringence patterns

including that prior to overcoring.

(e) Biaxial stresses indicated from calibration curves.

(f) Description of calibration investigations and resultant curves.

Where several inclusions are calibrated at once, a reference to description

elsewhere may be sufficient.

Notes

IThe stress induced in a stiff inclusion will be about 1.5 times the com-

parable stress in the host rock provided the elastic modulus of the inclusion

exceeds that of host by a factor of 5 or more (Roberts 1968).
2 Diamond core drilling is recommended for obtaining the necessary close

tolerance between wall and inclusion.
3 The test is most commonly conducted in tunnel walls where water is usu-

ally not a major problem.
4The 9-in. hole is sometime started first and advanced beyond any dis-

turbed zone along the excavated surface.
5 If the light is retrievable, it is withdrawn temporarily for overcoring.

References

1. Roberts, A., "The Measurement of Strain and Stress in Rock Masses,"

Chapter 6 in Rock Mechanics in Engineering Practice, John Wiley & Sons,

New York, 1968.
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SUGGESTED METHOD FOR DETERMINING

ROCK MASS DEFORMABILITY USING A
PRESSURE CHAMBER

Scope

I. (a) This test determines the deformability of a rock mass by subjecting the

cylindrical wall of a tunnel or chamber to hydraulic pressure and measuring the resultant

rock displacements. Elastic or deformation moduli are calculated in turn.

(b) The test loads a large volume of rock so that the results may be used to

represent the true properties of the rock mass, taking into account the influence of joints

and fissures. The anisotropic deformability of the rock can also be measured.

(c) The results are usually employed in the design of dam foundations and for the

proportioning of pressure shaft and tunnel linings.

(d) Two other methods are available for tunnel-scale deformability. See RTH-366

and RTH-367 to compare details. Potentially large impacts, especially in terms of cost,

of variations at this scale justify the separation of methods.

(e) This method reflects practice described in the references listed at the end.

Apparatus

2. Equipment for excavating and lining the test chamber including:

(a) Drilling and blasting materials or mechanical excavation equipment. I*

(b) Materials and equipment for lining the tunnel with concrete or flexible

membrane.

3. A reaction block (Figure I) usually comprising c t,-jnnel bulkhead of sufficient

strength and rigidity to resist the force applied by the pressurizing fluid.' The bulkhead

must also be waterproof. Reusable bulkheads are possible where several site! are to be

investigated.

4. Loading equipment to apply the hydraulic pressure to the inner face of the

lining including:

NtlNumbers refer to NOTES at end of the text.
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(a) A hydraulic pump capable of applying the required pressure and of holding this

pressure constant within 5% over a period of at least 24 hr. together with all necessary

hoses, connectors and fluid. 2

(b) Water seals to contain the pressurized water behind the bulkhead and along any

vulnerable seams and boundaries of the membrane. Special water seals are also required

to allow the passage of extensometer rods through the lining and instrumentation lines

through the bulkhead. Pressurized water should not be allowed to escape into the rock

since this may greatly affect the test results.

5. Load measuring equipment comprising one or more hydraulic pressure gages or

transducers of suitable range and capable of measuring the applied pressure with an

accuracy better than ±2%.

6. (a) Dispiacement measuring equipment to monitor rock movements radial to

the tunnel with a precision better than 0.01 mm. Equipment may be extensometers,

vibrating wire dcflectometers, joint meters, or multipurpose strain meters. Changes in

tunnel diameter have been measured with spring-loaded invar wires using LVDT's to

"sense. All measuring systems must be waterproof and designed to stand the pressure to

which they are to be subjected.

Procedure

7. Preparation

(W) The test chamber location is selected taking into account the rock conditions,

particularly the orientation of the rock fabric elements such as joints, bedding, and

foliation in relation to the orientation of the proposed tunnel or opening for which results

are required.

(b) The test chamber is excavated to the required dimensions. 1,3 Where possible,

the dead end of the tunnel serves as one end of the test chamber, thus eliminating the

need for a seconm bulkhead.

(c) The geology of the chamber is recorded and specimens taken for index testing

as required.

(d) Extensometer holes are accurately marked and drilled, ensuring no inter-

ference between loading and measuring systems. Directions of measurement should be

chosen with regard to the rock fabric and any other anisotropy.

(e) The bulkhead is installed.
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(f) The chamber is lined with flexible, impermeable membrane. To protect this

lining from sharp irregularities, the wallrock is first covered with thin reinforced

concrete walling, gypsum board, or plaster. Rubber membrane may be stapled and

vacuumed into place and the whole sprayed with rubber.

(g) Measuring equipment is installed and the equipment is checked. For multiple

position extensometers the deepest anchor may be used as a reference provided it is

situated at least 2 chamber diameters from the lining. Alternatively the measurements

may be related to a rigid reference beam passing along the axis of the chamber and

anchored of not less than I chamber diameter from either end of the chamber.

(h) Check water seals for leakage, if necessary by filling and pressurizing the

chamber. Leaks are manifested as anomalous pressure decay and visible seepage through

the bulkhead.

8. Testing

(a) The test is carried out in at least three loading and unloading cycles, a higher

maximum pressure being applied at each cycle.2

(b) For each cycle the pressure is increased at an average rate of 0.05 MPa/min to

the maximum for the cycle, taking not less than 3 intermediate sets of load-displacement

readings in order to define a set of pressure-displacement curves.

(c) On reaching the maximum pressure for the cycle the pressure is held constant
( ±2% of maximum test pressure) recording displacements as a function of time until

approximately 80% of the estimated long-term displacement has been recorded. Each

cycle is completed by reducing the pressure to near-zero at the same average rate,

taking a further three sets of pressure-displacement readings.

(d) For the final cycle the maximum pressure is held constant until no further

displacements are observed. The cycle is completed by unloading in stages taking

readings of pressure and corresponding displacements.

(e) The test equipment is then dismantled. 3

Calculations

9. (a) The value of E is calculated from

Er(Ur +v)
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where:

E = modulus of elasticity,

Pi = internal pressure,

a radius to rock face - assuming circular chamber,

r radius to point here deflection is measured,

Ur = change in radius due to pressure, and

v = Poisson's ratio

and rock is regarded as linearly elastic.

(b) Where only surface deflections are measured, the equation is reduced to:

EIT•- (I +v)

Reporting

10. The report should include the following:

(a) Drawings, photographs, and detailed description of the test equipment,

chamber preparation, lining, and testing.

(b) Geological plans and section of the test chamber showing features that may

affect the test results.

(c) Tabulated test observations together with graphs of displacement versus

applied pressure and displacement versus time at constant pressure for each of the

displacement measuring locations.

(d) Transverse section of the test chamber showing the total and plastic dis-

placements resulting from the maximum pressure. The orientations of significant

geological fabrics should be shown on this figure for comparison with any anisotropy of

test results. Calculated moduli should be shown also.
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NOTES

IThe recommended diameter is 2 m., with a loaded length about 5 m. The chamber

should be excavated with as little disturbance as possible. Materiul disturbed by blasting

may need to be removed since it tends to produce moduli lower than found at depth.

However, blast effects are representative if the test results are applied directly as a
"model" test to the case of a blasted full-scale tunnel.

2 Maximum test pressure varies from 1.5 to 4.0 MPa.
3 To assess the effectiveness of grouting, a second, adjacent chamber may be

prepared. Grouting is carried out after completion of testing in the ungrouted chamber,

and the equipment is then transferred to the grout chamber.
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HRESSUREHETER TESTS IN SOFT ROCK

I. Scope

The pressuremeter test consists of lowering an inflatable cylindrical

probe into a predrilled borehole, expanding the probe laterally against

the borehole wall, and recording the increase in size of the probe and

associated pressure within the probe. This method covers the procedure

for testing in soft rocks.

2. Principle of the Method

The pressuremeter probe is placed in the ground by lowering it into

a predrilled hole. Once the probe is placed at the desired depth, the

pressure in the probe is increased in equal increments and the associated

increase on probe volume is recorded. The test is terminated if yielding

in the rock becomes large. This procedure is repeated at the desired

depth intervals but not closer than the length of the probe to the

previously tested zone. A pressure-volume curve is plotted and a pres-

suremeter modulus is calculated.

3. Apparatus

3.1 The pressuremeter consists of two basic components: the probe

and the pressure regulator-volumeter. Various sizes of probes are avail-

able to accommodate different borehole diameters. The probe consists of

a light, flexible inner sheath and heavy, durable outer sheath, as shown

schematically in Fig. 1. The inner sheath is pressurized with a liquid

(water) through ports in the brass cylinder. The outer sheath is pres-

surized with a gas (normally dry nitrogen) through ports at each end of

the cylinder. During testing, the outer sheath is kept at a pressure

slightly less than that within the inner sheath. Normally, a pressure

differential of 30 to 45 psi is maintained between sheaths since dif-

ferences greater than 45 psi could possibly cause a rupture of the inner
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sheath. The bursting strength of the outer sheath depends on the deformability

of the material being tested, but pressures in the range of 1000 to 1500 psi can

often be obtained unless the surrounding medium has deformed excessively.

3.2 The purpose of the double-sheath arrangement is to simulate plane

strain conditions. All volume change measurements are made within the inner

sheath, although pressure is distributed along the entire length of the outer

sheath; thus, end effects are greatly reduced.

3.3 The probe pressure is controlled by the pressure regulator-volumeter.

The change of volume of the probe caused by the applied probe pressure is also

monitored by this device. The probe is connected to the pressure

regulator-volumeter by means of a coaxial tube, the inner tube being filled with

liquid and the outer tube with gas.

4. Calibration

4.1 The probe must be calibrated to correct for its compressibility and

inertia (Fig. 2). The compressibility of the sheaths, the fluid, and the co-

axial tubing is determined by placing the probe into a rigid container, such as

a pipe, and measuring the pressure-volumeter relationship. During a field test,

the volume increase caused by the compressibility (V p) of the probe system is

deducted from that recorded by the volumeter at the corresponding field test

pressure.

4.2 The inertia of the system is determined by inflating the instrument

with no confining pressure and again determining the pressure-volume relation-

ship. The pressure (P p) required to inflate the probe to a given volume under

no confinement can then be deducted from the (field) recorded pressure (plus

pressure due to the head of water), which results in the true pressure exerted

on the borehole wall during a field test.

4.3 Corrections for temperature changes and head losses due to circulating

fluid are usually small and may be disregarded in routine tests.
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4.4 Hydrostatic pressure (Pr) existing in the probe due to the column of

fluid in the testing equipment must be determined before each test. This is

accomplished by measuring the test depth (H) and multiplying the unit weight of

the test fluid by the distance from the probe to the pressure gauge. This

pressure must be added to the pressure readings obtained on the readout device.

5. Procedure

5.1 Drilling of the borehole must be performed in such a manner as to

cause the least possible disturbance to the walls of the borehole and produce "a

adequate hole diameter for testing. The hole is advanced to the test level and

cleaned of any debris or cuttings.

5.2 With the probe still at the surface, the fluid circuit valve open, and

without applying pressure, an accurate setting of the zero volume reading (Vo)

is accomplished by adjusting the water level in the instrument to zero. The

volume circuit is then closed to prevent any further change in the volume of the

measuring circuit. The probe is lowered to the test depth in this condition.

Failure to close the valve wili result in probe expansion as it is lowered into

the hole. The test depth is determined as the depth to the midpoint of the

probe.

5.3 Once the probe is positioned, the volume circuit is opened and the

probe allowed to equalize under the hydrostatic head. Since the probe and inner

coaxial tube are initially water-filled, a pressur• equal to the head of water

is exerted on the borehole walls at the beginning of each test. During loading,

the pressure is increased in approximately 30-psi increments by controlling the

pressure regulator valve. Volume measurements are recorded at lapsed times of

15, 30, and 60 sec after each pressure increase. The 60-sec readings are used

for the modulus calculations. Typically, relatively large volume changes occur

at low pressures as the probe is seated against the borehole wall; thus, the

test usually indicates hardening response until the seating pressure p0 is

reached (Fig. 3). This is followed by an essentially linear response range up
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to some pressure pe" Above pe, the curve again becomes nonlinear, but

softening, as the material around the borehole begins to fail.

5.4 Once the maximum loading has been reached, or upon reaching the maxi-

mum expanded volume of the probe, the test is terminated; the probe is deflated

to its original volume and withdrawn or repositioned in the hole at the next

test depth. Cyclic testing may be performed when required by alternately in-

flating and deflating the probe.

6. Calculation

6.1 Calculate the pressure transmitted to the rock by the probe from the

pressure readings as follows:

p -P + P - pg ~' P

where P = pressure exerted by the probe on the rock (psi)

Pg pressure reading on control unit (psi) 0

P- hydrostatic pressure between control unit and

probe(psi)

P - pressure correction due to inertia of in-P
strument (psi)

For determination of P see paragraph 4.2. The pressure P shall be the hydro-

static pressure as follows:

P - x Yt

where

H - vertical distance from probe to pressure gauge (ft)

y- unit weight of measuring fluid in instrument

(lb/ft )
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0
6.2 Calculate the increase in volume of the probe from the volume

readings. The corrected increase in volume of the probe is calculated as

follows:

V VR - Vp 3

V - Corrected volume increase of probe (cm )

VR - Volume reading on readout device (cm 3

V - Volume correction (cm3 )

The volume correction, Vp, shall be determined as outlined in paragraph 4.1.

6.3 Plot the pressure-volume increase curve by entering the corrected

volume of the ordinate and the corrected pressure on the abscissa. Connect the

points by a smooth curve. This curve is the corrected pressuremeter test curve

and is used in the determination of the test results (Fig. 3).

7. Modulus Interpretations

If it is assumed that the material surrounding the pressuremeter probe be-

haves in a linear elastic manner and that the theory of thick-walled cylinders

is applicable, then the applied internal pressure increment p and tangential

and radial stress increments Ao8 and Aar, respectively, are related by

- Aa . Aar - A p

for compression positive. The volumetric strain Av/v of a unit length of the

borehole probe may be related to the radial strain e in the material by
r

v Tr(r + Ar)2 - r 2 2Ar 2r
2 rv irrr

0
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where v is the average total volume per unit length of the deformed borehole.

From Hooke's law

1
Er E C r 0 a

where v is Poisson's ratio and E is Young's modulus. Thus

E - 2(1 + v)
Av

or
E 

__

2 (l +v ) AV

The above equations may be used to interpret the Young's modulus, E, from the

pressuremeter tests only if Poisson's ratio is independently determined or

assumed. The last equation indicates that the pressuremeter results can be used

as a direct measure of shear modulus, C.

8. Limitations

The accuracy of the pressuremeter test is dependent in part upon the

stiffness of the material being tested. For stiffer materials, the deter-

mination of the instrument compressibility (e.g., apparent change in volume per

unit pressure when the probe is completely restrained from external volume

change) is important since an increasing proportion of the measured volume

response results from the instrument and not the material. The effect of any

uncertainties in the instrument stiffness S1 of the pressuremeter (SI is the

reciprocal of the compressibility) on the predicted shear modulus is shown on

Fig. 4. As seen in the figure, shear modulus calculations for materials in

which the ratio of the instrument stiffness to shear modulus (S IG) is small

will be less accurate than when the ratio is large, if the instrument compres-

sibility at the time of the test is not accurately known.

9. Report

For each pressuremeter test a data form similar to Fig 5 shall be used.
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SITE DATE BORING NO. DEPTH OPERATOR PACE

of

PROBE SIZE & TYPE REMARKS

TIME LOAD VOLUME - CMJ CREEP DIFF REMARKS

PSI 15 30 60 (30-60) (60 SEC)
SEC EC .,SEC c

Fig 5: Data Sheet
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SUGGESTED METHOD FOR DETERMINING

ROCK MASS DEFORMABILITY USING A

HYDRAULIC DRILLHOLE DILATOMETER

Scope

I. (a) This test determin4-s the deformability of a rock mass by subjecting a

section of drillhole to hydraulic pressure and measuring the resultant wall dis-

placements.' Elastic moduli and deformation moduli are calculated in turn.

(b) The results are employed in design of foundations and underground

construction.

(c) The dilatometer is self-contained and tests are relatively inexpensive

compared to similar tests at a larger scale. 2 Also, the wall is damaged only minimally by
the drilling of the hole and usually remains representative of the undisturbed rock

condition. These advantages, however, come at a sacrifice of representation of the

effects of joints and fissures which are usually spaced too widely to be fully represented

in the loaded volume around the drillhole.

(d) This method reflects practice described in the references at the end.

(e) Another type of dilatometer for drillholes transmits pressure to the rock

through mechanical jacks: See RTH-368.

Apparatus

2. Drilling equipment to develop access hole in a given orientation without

disturbing the wallrock. 3

3. A drillhole dilatometer similar to that in Figure I, which consists of:

(a) stainless steel cylinder

(b) Rubber (neoprene) jacket surrounding the steel cylinder and sealed at both ends

to confine pressurized fluid between the jacket and the steel cylinder

(c) Two end plugs containing pipes, electric wires, and relief valves.

(d) Linear differential transformers oriented along different diameters of the

drillhole (commonly four at 45-degree sectors). Deflections as large as 5 mm are

imeasured, commonly with accuracy of about 0.001 mm.
4. Hydraulic pump capable of applying the required pressure and of holding this
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Figure 1. 'Example hydrauilic drillhole dilatometer,
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pressure constant within 5% for a period of at least 2 hr. together with all necessary

hoses, connectors, and fluid.

5. Hydraulic pressure gages or transducers of suitable range and capable of

measuring the applied pressure with accuracy better than 2%.

Procedure

6. Preparation

(a) The positions for testing are planned with due regard to the location of drilling

station and the rock conditions to be investigated. The effects of geological structure

and fabric are particularly important.

(b) The hole is drilled and logged. The log is studied for possible modifications in

positions for testing. Multiple testing positions in one hole should be separated by at

least 0.5 m.

(c) The dilatometer is assembled and inserted into the hole, commonly using an

attachable pole to position and rotate and taking special care with trailing lines.

(d) The rods of the linear differential transformers are seated against the wall.

7. Testing

(a) The dilatometer is pressurized in increased stages, with pressure released

between stages. Typically, the stage pressures are 25, 50, 75, and 100 percent of the

planned maximum of the complete test.4

(b) Pressure is increased at a rate of 0.5 MPa/min. or less.

(c) On reaching the planned pressure for the stage, the pressure is held constant

for at least I min. to detect and define nonelastic deformation. Each stage is completed

by releasing pressure at a prescribed rate up to 0.5 MPa/min.

(d) The test history is documented with no less than four sets of measurements

during pressure increase and two during pressure decrease. Supplementary notes are

necessary to describe any complexities not otherwise revealed (such as nonelastic

deformation).

(e) The pressure is released and fluid withdrawn. The rods of the linear

differential transformers are retracted away from the wall and the dilatometer is

removed from the hole.
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Calculations

8. For presumed quasi elastic conditions, an elastic modulus is calculated from

P a
Ur

where

p = fluid pressure

a = hole radius

Ur = change in radius

v = Poisson's ratio

Where permanent deformation (nonelastic) occurs also, that portion of Ur should be

excluded from the equation.

Reporting

9. The report should include for each test or all tests together the following:

(a) Position and orientation of the test, presented numerically, graphically, or

bo'h ways.

(b) Logs and other geological descriptions of rock near the test. The structural

details are particularly important.

(c) Tabulated test observations together with graphs of displacement versus

applied pressure and displacement versus time at constant pressure for each of the

displacement measuring devices (e.g. linear differential transformers).

(d) Transverse section of hole showing the displacements resulting from the

pressure in all orientations tested. Calculated moduli are indicated also.
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Notes

In very deformable rocks, the diametral strain can also be determined indirectly

from changes in volume of pressurizing fluid. See RTH-362 for that procedure.
2 See RTH-361, -366, and -367 for similar test at tunnel scale.
3 Diamond core drilling is recommended for obtaining the necessary close tolerance

when using dilatometer only slightly smaller than the hole and displacement measuring

devices with very limited stroke.
4 Typically, the maximum pressure is about IS MPa.
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SUGGESTED

METHOD FOR DETERMINING ROCK MASS

DEFORMABILITY

BY LOADING A RECESSED CIRCULAR PLATE

Scope

I. (a) This test determines the deformability characteristics of a rock mass by

loading a flat surface at the end of a drill hole or other recess and measuring the

resultant displacement of that surface. Elastic or deformation moduli are calculated as

well as time dependent (creep) properties.

(b) Several depth horizons may be tested from the same setup using a large-
diameter drill to advance between tests. The direction of loading necessarily coincides

with the drill hole axis, usually near-vertical, so that no information can be obtained

regarding rock anisotropy.

(c) Plate bearing tests are commonly used to provide information for the design of

foundations.

(d) This method is a modification of practice suggested by the International

Society for Rock Mechanics. See Reference. That previous version provides details not

included here.

(e) Another method, differing in the loading system, is available for comparison

and consideration in RTH-365.

Apparatus

2. Equipment for drilling, cleaning, and preparing a test hole at least 500 mmI*

in diameter. The hole may need casing. A reamer and other special tools are useful in

flattening the bearing surface ( 5 mm) perpendicular to the hole axis ( - 30) and for

removing water and debris.

3. Core drill for taking samples to at least 3 m below the bearing surface, the

diameter to be less than 10% that of the bearing plate.

O Numbers refer to NOTES at the end of the text.
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4. Circular bearing plate of diameter at least 500 mm and sufficiently rigid to

distort by not more than I mm -under the test conditions (Figures I and 2)2.

5. Hollow loading column to transmit the applied force centrally to the test plate

without detrimental buckling.

6. Hydraulic jack and reaction anchors such that:

(a) Loads can be varied throughout the required range and can be held constant to

within 2% of a selected value for a period of at least 24 hr.

(b) The travel of the jack is greater than the sum of anticipated displacements of

the plate and reaction beam.

Wc) Reaction anchors are located further than 10 test hole diameters from the

bearing plate.

7. Equipment (load cell or proving ring) to measure the applied load with an

accuracy better than ± 2% of the maximum reached in the test.

8. Equipment to measure axial displacement of the plate 3 with accuracy better

than 0.05 mm. The reference anchors should be at least 10 test hold diameters from the

loading plate and reaction anchors.

Procedure

9. Preparation

(a) The site is selected to allow testing at the actual foundation level with loading

in the direction of foundation loading. Alternatively rock considered typical of antici-

pated conditions may be tested. Attention should be given to locations for reaction and

reference anchors and to ground water and other influential conditions.

Nb) Test hole and anchor holes are drilled and logged. The test hole is cased if

necessary for stability throughout the test.

(c) Exploratory core is taken to a depth of at least 3 m below the proposed test

horizon, and the choice of horizon confirmed or modified.

(d) Ground water encountered in the test hole should be lowered by pumping from

well points surrounding the test area or otherwise during installation of the bearing

plate.

(e) The bearing surface is trimmed, one or more layers of mortar or plaster are

placed, and the bearing plate installed before the last layer has set. The delay between

excavation of the surface and installation of the plate should not exceed 12 hr. 4 0
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Figure 2. Details of plate test equipment.
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(f) Reaction and reference anchors are installed 10 or more diameters away and

the equipment assembled and checked. A small seating load (approximately 5% of the

maximum test value) is applied and held until the start of testing.

(g) The water table should be allowing to return to its normal elevation before the

start of testing.

10. Testing

(a) With the seating load applied, load and displacement should be observed and

recorded over a period not less than 48 hours to establish datum values and to assess

variations due to ambient conditions.5

(b) Loads and load increments to be applied during the test should be selected to

cover a range 0.3-1.5 q., where qo is the stress intensity produced by the proposed

structure.
6

(c) Load is increased in not less than five approximately equal increments to a

maximum of approximately 1/3 the maximum for the test. At each increment the load is

held constant ( ±3%) and plate displacement recorded intermittently until it stabilizes. 6

The procedure is continued for decreasing load increments until the seating load is again

* reached.

(d) Procedure (c) is repeated for maximum cycle loads of approximately 2/3 and

3/3 the maximum for the test.

(e) The equipment is removed from the test hole and further tests may be carried

out on deeper horizons by re-drilling in the same hole.

Calculations

II. (a) Graphs are plotted of incremental settlement (or uplift in the case of

unloading) against the logarithm of time (Figure 3).

(b) Bearing pressure versus settlement curves are plotted for each test (Figure 4).

(c) Deformqtion modulae may be determined using tangents to the pressure-

settlement curves as follows:

D(dq 2)
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where

q is applied pressure

p is settlement

D is plate diameter

v is Poisson's ratio

Ic is a depth correction factor from Figure 5

(d) A time-dependent parameter R (known as the creep ratio) is determined for

each load increment. The parameter R is defined as the incremental settlement per

cycle of log time divided by the total overall settlement due to the applied pressure. The

relationship between R and applied pressure may be presented graphically (Figure 6).

Reporting

12. The report should include the following

(a) Diagrams and detailed descriptions of the test equipment and methods used for

drilling, preparation, and testing.

(b) Plans and sections showing the location of tests in relation to the generalized

topography, geology, and ground-water regime.

(c) Detailed logs and descriptions of rock at least 3 m above and below each

tested horizon.

(d) Tabulated test results, graphs of displacement versus time for each load

increment, and graphs of load versus displacement for the test as a whole.

(e) Derived values of deformability parameters, together with details of methods

and assumptions used in their derivation. Variations with depth in the ground should also

be shown graphically as 'deformability profiles' superimposed on the log of the test hole.

Notes

IThe test hole should preferably be of sufficient diameter to allow manual

inspection, and preparation of the bearing surface. Otherwise preliminary coring is

needed to provide adequate samples of ground conditions.
2 Steel plate unreinforced by webs, should be at least 20 mm thick for a diameter of

500 mm.
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3 If required, the displacement of rock at any level below the bearing plate may be

monitored, using rods passing through a hole in the center of the plate and rigidly

anchored in the exploratory drillhole.
4 Particularly when testing weaker rocks there will be rebound, loosening, and

possibly swelling associated with excavation of the bearing surface and changes in ground

water conditions.
5Small fluctuations in displacement are likely to result from changes in the ground

water regime, temperature, and other environmental effects.
6 At higher applied loads the displacement may not completely stabilize in a

reasonable time; a criterion that readings should continue until the rate of displacement

is less than 2% of the incremental displacement per hour may be used. This criterion

may be modified to suit the purpose of the test. The final increment in any one cycle

should be held for as long as practical if the displacement is still increasing.
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ABSTRACT: The Bureau of Reclamation's present method of conducting
uniaxial jacking tests incorporates the desirable features and techniques
developed over many years of testing. Successful tests yielding usable data
are attributed to thorough pre-test geologic exploration; careful site prepa-
ration;,special drilling and explosive excavation techniques; and well-planned
procedures for installation and removal of specialized equipment. Non-
engineering factors, such as good contractor-test team relationship, also play
a critical role in a successful test program. The process where hydraulic
flatiacks are used to apply desired loads to prepared rock surfaces within a
tunnel is described. Instrumentation to measure resulting displacement is
referenced within the rock mass and is independent of the loading system.
Details of all phases of conducting the tests are presented. In addition, a
discussion is given of some of the problems, solutions, and philosophies
that evolved while tests were being planned or conducted. This discussion
is of value to those conducting in situ jacking tests or those preparing stand-
ards for the tests.

KEY WORDS: rocks, uniaxial tests, geologic investigations, logging (record-
ing), mapping, drilling equipment, instruments, installing, evaluation, tests,
jacking.

The Bureau of Reclamation has performed a variety of in situ tests in
recent years. The most frequently utilized, because of economy and
usable data, is the uniaxial jacking test. This test determines how founda-
tion rock reacts to controlled loading and unloading cycles and provides
data on deformation moduli, creep, rebound, and set.

I Engineers and civil engineering technician, Rock Mechanics Section, Division of
General Research, U.S. Department of the Interior, Bureau of Reclamation, Denver,
Colo. 80225.
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Previously published articles 2.3 provide a general discussion of the
uniaxial jacking test procedures together with some typical graphs and
explanations of data obtained. In consonance with the purpose of this
symposium, this paper updates that information and explains in more
detail the sequential procedures utilized to accomplish the test.

Test Site Selection

Prior to selecting a test site location, all available surface and subsurface
geologic data are compiled and analyzed. A three-dimensional portrayal
of these data is prepared, either in plotted form or by construction of a
plastic model.

Exploratory tunnels are generally driven into the rock mass to further
investigate geologic conditions and to provide access to test site locations.
Ideally, these tunnels are oriented parallel to the horizontal projection of
the resultant thrust that the proposed structure will exert on the founda-
tion. Test adits are driven from the tunnels so that test loads applied to
surfaces of the adit will be oriented in the same direction as loads from
the proposed structure. To provide additional data on possible variations
in properties of the rock mass, test loads may also be applied normal and
parallel to geologic structure. Therefore, sufficient mapping and probe
drilling are performed to delineate the geology in the test adit. After
reviewing all available information, the precise location of a test site is
designated by a team of geologists and engineers who must determine that
the test location is representative of conditions to be found in a significant
portion of the rock mass. In this case, significance is determined by the
relative influence on the deformability of total rock mass. That is, a small
volume of relatively deformable material may be as significant to overall
rock mass deformation as a much larger volume of more competent ma-
terial. In making this evaluation, a number of factors must be considered.
These include: (1) spatial orientation and stress intensity of the loads to
be transmitted to the rock mass by the proposed structure, (2) the various
types of material found in the rock mass and the relative volume and loca-
tion of each, (3) spatial orientation of rock structure, that is, bedding,
foliation, jointing, etc., and its relationship to applied loads from the
structure, and (4) fracture density of the rock mass.

"2 Wallace, G. B., Slebir, E. J., and Anderson, F. A. in Determination of the In Situ
Modulus of Deformation of Rock. ASTM STP 477, American Society for Testing
and Materials, 1970, pp. 3-26.

3 Wallace, G. B., Slebir, E. J., and Anderson. F. A. in Eleventh Symposium on
Rock Mechanics, University of California, Berkeley, Calif., 16-19 June 1969, Amen-
can Institute of Mining, Metallurgical, and Petroleum Engineers, 1970. pp. 461-498.
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Preparation of the Test Site

After site selection, the area is prepared for testing by removing blast-
damaged material using pneumatic chipping hammers and drills. Although
only a 34.2 in. (87 cm) diameter area of rock is actually loaded during
a test, an area approximately 5 ft (1.52 m) in diameter is prepared to
reduce the restraining influence of the surrounding rock. If the rock can-
not be removed with pneumatic tools and blasting is required, the wire-
lath system, shown schematically in Fig. 1, has proved to be successful.
Four wooden laths are installed in drill holes located approximately
4.5 ft ( 1.37 m) from the center of the area to be loaded. Wires are strung
from lath to lath forming a square reference plane over the test area.
Percussion-drilled blasting holes, 1 5/8 in. (4.13 cm) in diameter, are driven
to terminate in a common plane at a predetermined depth parallel to the
wire-lath reference plane. The holes are spaced on 4 to 5 in. (10.16 to
12.7 cm) centers to ensure shearing of rock along a flat plane during
blasting. Starting with the shallowest blasting holes, the test area is exca-
vated in three to five separate shots using either 4 in. (10.16 cm) of 70
percent dynamite tamped at the bottom of each hole or several windings
of detonating cord (18 in.) (44.7 cm) placed at the bottom of each hole
and detonated with electric blasting caps. This procedure produced a test
area with minimum blast damage and minor final cleanup.

Drilling for Instrumentation

After two diametrically opposite test areas have been prepared, a 20-ft
(6.10-m) deep Nx (3-in. (7.6-cm) diameter) hole is drilled into the
center of each area. Care must be exercised to ensure the two holes are
aligned coaxially. This is essential for proper alignment of the test equip-
ment and to allow accurate measurements to be made between the cen-
troids of the loaded surfaces. The upper hole is drilled first to minimize
debris entering the lower hole. After a hole is completed, a special bit
is used to produce a 5-in. (12.7-cm) diameter counterbored recess at the
collar of the hole. This step ensures a good coupling between the rock
and the extensometer installed in the hole to measure deformation. Addi-
tional details are presented in the section on instrument installation.
Figure 2 shows a test area with the inztrument hole and counterbored
recess complete.

Maximum core recovery with ensured correct orientation is important
for the geologic and structural evaluation of the test site. To accomplish
these objectives, two procedures are involved.
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FIG. 2-Instrurnentation hole with coutnterbored recess. (Note the termination of
blasting holes on the final rock surface.)

The first procedure utilizes a split tube inner core barrel to obtain better
quality core specimens. This inner barrel keeps the core from rotating
while the outer barrel transfers torque and thrust to the diamond cutting
bit. After a drill run, the split tube barrel is retrieved and placed in a
horizontal position, the end fastening rings are removed, and half of the
split inner tube is replaced by a cardboard split tube. The assembly is then
rotated 180 deg so the cardboard half cylinder is on the bottom supporting
the core. The remaining piece of the inner barrel is then removed.

The second procedure involves tLe use of a clay pot impression for
orienting recovered core. At the end of a drill run, a special pot made of
drill casing and loading poles is filled with oil base clay. oriented, and
lowered to the bottom of the hole. An impression of the hole bottom is
matched with the next core run.

"Logging and Mapping at the Test Site

The core from the two instrumentation holes is logged to determine
rock type, strike and dip of foliation, bedding and joints, whether breaks
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(joints) are mechanical or natural, weathering and alteration, plus any
other pertinent features. After the core has been inspected, the drill holes
are logged using a TV borehole camera. Prior to logging, the holes are
washed and, if possible, filled with water to give a clearer picture. Bore-
hole conditions observed during the TV examination are compared with
core logs to verify the frequency, location and magnitude of significant
geologic features. (Note: The Bureau of Reclamation already had the TV
camera and appurtenant equipment for use in other work. A borescope-
type device can be utilized for this phase of the work.) Next the prepared
test areas are measured and mapped, and a geologic cross section through
the test axis is prepared. Finally, the test site location in relation to the
established survey of the tunnel is determined.

Measurement Locations

After comparing TV and rock core logs to verify existing geologic con-
ditions, a composite drill hole log is assembled and used to select locations
for instrumentation. Locations within each hole are selected to receive
mechanically expandable anchors to serve as reference points for displace-
ment measurements. Figure 3 shows some typical anchor locations for
various geologic conditions. Some points are located to indicate strain in
solid rock, others to span joint or fracture systems, and some to span
lithology changes. Results of early tests 2.3 show that most of the signifi-
cant portion of deformation occurs in the first several feet of rock nearest
the applied load. It was also noted that displacement of the loaded surface
is not always symmetrical with respect to the center of the loaded area;
that is, displacement on one side of the center might be greater than on
the other side. These two conditions led to the development of a semi-
standard arrangement of anchor locations. Instead of utilizing seven
anchors, the bottom three anchors have been replaced by a single anchor
located within a few inches of the bottom of the hole and fitted with three
metering rods. The reason for this procedure is presented in the section
on testing. The remaining four anchors are normally located within the
upper half of the drill hole. In general, careful logging of the borehole
allows anchors to be placed in competent rock rather than within unde-
sirable fractured or jointed zones.

Instrumentation Installation

After the anchor depths in each instrument hole are established, a 3-in.
(7.6-cm) diameter stainless steel borehole collar sleeve is inserted into
each hole. The outside flange of the sleeve fits into the counterbored
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recess previously described and is covered with mortar to secure it to the
rock. Figure 4 shows a test area with the sleeve installed. After the
mortar has set, a final inspection is made to ensure that the hole is clear
of all obstructions. At this point, the Retrievable Borehole Extensometer
(REX-7P) can be installed. The REX-7P is a seven-position extensom-
eter, which, except for lead wires to the readout device, is installed entirely
within the instrumentation hole. The instrument, developed by the Bureau

of Reclamation, has been granted U.S. Patent No. 3,562,916. Detailed
drawings, installation, and operating instructions are presented in the patent
documents and will be summarized only briefly in this paper.

The instrument consists of anchors installed at depth within the bore-
hole, a sensor head including seven linear variable differential transformers
(LVDT) located at the collar of the borehole, and thin-wall stainless
steel metering rods relating the movement of the anchors to that of the
sensor head. The device has a sensitivity and repeatability of 100 ±_t /in.
(0.00025 cm) and reliably measures rock movement to 200 [Lin.

FIG. 4-Instrurnentation hole with borehole collar sleeve installed and cover cap
in place. (Note fitting for tunnel dinineter gage at center of rover cOp and e~rit t•ibe
for lead wires on tipper left of sleeve.)
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(0.0005 cm). Each anchor, with its metering rod attached, is installed
by expanding it radially against the drill hole ,vith a placing tool. Each
subsequent anchor is installed at a lesser depth than the previous one and
has holes which allows metering rods from previously set anchors to pass
through. The sensor head containing the LVDT's is attached to the bore-
hole collar sleeve after all anchors and metering rods are in place. After
all LVDT's are set, the lead wires are covered with plastic tubing to protect
them during placement of the concrete bearing pad.

Finally, a cover cap is screwed over the borehole collar sleeve. The
cap contains fittings which serve as reference points for the tunnel diameter
gage which is inserted between the two diametrically opposite REX-7P's to
provide a redundant measurement of total displacemLnt. All measure-
ments with the REX-7P are referenced within the borehole and, therefore,
within the rock mass. This arrangement of referencing all measurements
within the rock mass eliminates the necessity of monitoring the deformation

of various other components of equipment during load applications and
release.

Equipment Installation

The complete setup of the test equipment is shown schematically in
Fig. 5. To handle the various components of equipment, a hoist supported
by steel pins inserted in holes drilled in the vicinity of the test site is used.
A timber platform is used to assure proper alignment of test equipment.
Installation of equipment is greatly facilitated if the platform surface is
accurately located. It should be just far enough away from the center line
axis of the instrumentation holes so that minimal amounts of wedges and
shims are sufficient to align the equipment into final position. This final
placement viill ensure that the center line of the test equipment coincides
with the axis of the instrumentation holes. With the platform in place,
wood blocking is positioned against the lower rock test area. The test
equipment is then assembled upward from the blocking, starting with the
baseplate with four concave bearing shoes attached. Four screws with
convex ends are then positioned against the bearing shoes. Four sets of
columns with their connecting plate-s are placed on the screws. The top
plate is then installed, and the total unit is forced together by chain come-
alongs attached to the base and top plates. The blocking on the lower end
is then removed as the unit is supported by the platform. Flatjacks 34.2 in.
(87 cm) in diameter with a 2-in. (5.08-cm) diameter hole in the center
and particle board separators are fitted on both base and top plates. Al-
though only one flatjack is required on each end of the test setup for load
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application, an additional jack may be inserted to guard against loss of
the entire test setup in case one flatjack was to rupture or if large deforma-
tions are anticipated. The flatjack and particle board assembly is held
against the base and top plates by special "C" clamps to take up any
slack and keep jacks in alignment. A bolt with a hemispherical gage point
for the tunnel diameter gage is inserted through the center hole in the base
and top plates, flatjacks, and particle board and screwed into each borehole
collar cap. The bolt is isolated from the concrete bearing pad placement
by a rubber sleeve.

The space between the flatjack asembly and the rock surface is formed
and filled with small aggregate concrete (¼,4 to 3/a in.) (0.63 to 0.95 cm).
Placing the bottom pad first and then securing the test setup from moving,
prevents misaligning the equipment while placing the top concrete pad.
After 12 h, the forms are stripped so that the rock surface interface with
the concrete pad can be observed. A concrete pad with forming material
removed is shown in Fig. 6.

The hydraulic system is composed of a 11/2 -hp electric pump (10 000-
psi (700-kg/cm2 ) maximum output pressure), high-pressure hose with
miscellaneous fittings, and a 2000-psi (140-kg/cm-) laboratory test gage.
This system provides pressure to the hydraulic flatjacks, which, because the
jacks have been calibrated previously in the laboratory, results in a known
load being applied to the rock.

Testing

The uniaxial jacking test loading and unloading procedures have been
presented in detail in previous publications 2.3 and are only briefly reiter-
ated here. Loads are applied in 200-psi (14-kg/cm 2 ) increments from
200 to 1000 psi (14 to 70 kg/cm-) with periods of no load between each
incremental loading. Frequently, loads are maintained for a 48-h period
followed by a 24-h period of no load. However, this should not be con-
sidered a standard, for in some rock, very little deformation occurs after
12 to 18 h of loading. In these cases, considerable time can be saved if

deformation characteristics of the rock mass are monitored to determine
the point in time at which the creep rate becomes insignificant and that
time is then used as a terminal point for a load or unload cycle.

While the test is in progress, deformation as indicated by the REX-7P
transducers and by the tunnel diameter gage are recorded at intervals
ranging from 15 rmin to 2 h. The REX-7P measures displacements be-
r~kcrc the bottom anchor and three points 120 deg apart at the collar of
the hole This provides a method of measuring tilting that might occur
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at the collar of the hole due to differential surface rock deformation. The
surface deformation and the remaining measurements are then adjusted
for any tilt. The tunnel diameter gage provides a measurement of total
displacements between the two loaded rock surfaces. The policy of record-
ing frequent readings and of making redundant measurements (the tunnel
diameter gage) has contributed to our confidence in the reliability of
measured displacements.

Removal of Equipment and Instrumentation

After the test is completed, the installation procedure is reversed and
the entire test setup is retrieved for subsequent use. The centers of the
two concrete bearing pads are then partially excavated with pneumatic
chipping hammers to allow access for the removal of the REX-7P's.
Finally, the concrete pads are shot down with a small explosive charge
so as not to create a safety hazard by having them released by the action
of gravity at some later date.

0 Philosophies, Problems, and Solutions

The procedures and comments presented are a result of approximately
30 tests performed over a 4-year period. Almost all tests were conducted
by the same individuals; therefore, the overall experience, comments, and
conclusions expressed in this paper are those of a limited number of in-
dividuals.

In situ jacking tests are nearly always conducted in tunnels where the
test environment is anything but ideal. Frequently, access to the test site is
difficult, lighting is less than desired, the source of power is unstable or
unreliable, and, most serious, dampness in the tunnel can play havoc with
the electronic instrumentation used to gather data. These conditions place
an extra burden on the test team. Thorough advance planning, careful
selection of instrumentation, adherence to the best instrumentation pro-
cedures, and built-in redundancy in the loading and data gathering sys-
tems become essential features of an in situ test program.

The complete sequence of events previously discussed involves the help
and cooperation of a contractor and his miners, drillers, and other person-
nel. Bureau of Reclamation engineers and technicians have found that a
general explanation to all involved contractor personnel of what, how, and
why certain sequences of the site preparation and equipment installation
are to bc performed prior to starting the work will result in a more suc-
cessful test.
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Although precautions are taken to minimize the damaging effects of
blasting and surface preparation of the test area, the damage cannot be
eliminated completely. This condition leads to the question of how to
evaluate the results to arrive at a deformation modulus which best repre-
sents the behavior of the rock mass when subjected to loads from the
structure to be built. That is, should an effort be made to determine a
modulus in which the effect of the damaged surface material is eliminated-
either by the type of displacement measurements made or by a mathe-
matical treatment of the data? In the case of a concrete dam (which is
the usual structure for which the Bureau of Reclamation conducts in situ
jacking tests), a similar blast-damaged or somewhat disturbed zone is
created by the excavation for the keyways and foundation. This zone is
undoubtedly much deeper than the disturbed zone at a test site. However,
the load from the structure is also much greater, spread over a larger area
and, therefore, affects the rock mass to a much greater depth. (So al-
though there is no assurance that the relative effects of the two disturbed
zones are equal or even comparable, they have been at least considered.)
In the absence of specific information indicating the desirability of a dif-
ferent approach, the effect of the disturbed zone is included in the calcu-
lation of deformation modulus for the jacking tests.

Although in situ jacking tests are usually conducted in tunnels, data from
the tests are converted to deformation moduli by utilizing the mathematical
theory for a load applied to the boundary of a semi-infinite solid, as shown
on Fig. 7. As there is little physical resemblance between a tunnel and a
semi-infinite solid, a potential source of significant error may exist. Unless
open cracks in the tunnel arch, invert, or walls allow free movement, de-
formation of the loaded area will be resisted because a portion of the force
will be required to deform the adjacent tunnel surfaces. An analytical
study has been made to evaluate the magnitude of the possible error. It
was concluded that the distance between the loaded area and a restrain-
ing tunnel surface should be at least equal to the radius of the loaded area
so that any restraint would not affect calculated moduli significantly.

Either of two philosophies can be embraced in regard to load distribu-
tion and location of displacement measurements for in situ jacking tests.
In one case, displacements are measured at or beneath the surface of the
loaded area. At this location, elastic theory indicates that the magnitude
of the displacement is highly dependent on the distribution of the applied
load. In the second case, displacements are measured at or beneath the
rock surface at a point some distance from the loaded area. For these
locations, displacement is dependent on the total force applied and the
distance from the resultant of the force to the point of measurement, but
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ANALYSIS CONDITION (IDEALIZED)

(MINIMUM) (MINItMUMI

SITE CONDITION A (IDEALIZED)

*

NOTES
1. R= Radius of

4r loaded area
2. Not to scolIs

SITE CONDITION 8 (IDEALIZED)

FIG. 7-Analysis versits site conditions.

is affected little by the load distribution. For the second case, however,
the displacements will be much smaller, requiring much more sensitive
measuring devices or resulting in a serious loss of accuracy in calculated
moduli. For the Bureau of Reclamation tests, the first philosophy is used,
and every effort is made to ensure that the applied load is uniformly

S~ distributed.



50 FIELD TESTING AND INSTRUMENTATION OF ROCK

Following are some of the specific problems encountered during Bureau

of Reclamation tests; some have explicit solutions, others lend themselves
only to recommendations or suggestions:

1. Preparing test site-Obtaining an understanding between contractor's
crew and test engineers on the importance of careful treatment of rock
during all excavation phases. Define the work carefully in specifications
so that the contractor is aware that test site excavation will be more time
consuming and more costly than when merely advancing a tunnel. Main-
tain constant liaison with the shift foreman who supervises the excavation
crew.

2. Drilling of instrumentation holes and retrieving inaxinum undis-
turbed core-Because of his past experience with unit price contracts, a
contractor frequently has a tendency to have his crew drill for footage
against time. To ensure the necessary high quality workmanship, define
work carefully in specifications and also state that an owner's representa-
tive must be present during drilling operations. Develop liaisn with
drillers and emphasize that good "undisturbed" core recovery is important
for instrumentation location. (A compliment to individuals involved in a
good site preparation or drill hole and core recovery will usually result in a
repeat performance.)

3. Line power-During a test, a separate source of line power is de-
sirable for electronic instrumentation. Even though voltage regulators are
utilized, periodic high power consumption by the contractor can cause
problems.

4. Metal to concrete contact-Any component of the measuring system

coming in contact with concrete should not be made of aluminum. Ex-
perience has shown that when fresh concrete is placed in contact with
aluminum, a chemical reaction can occur. Under conditions at a test site,
this reaction can have an adverse effect on the accuracy of deformation
measurements.

5. Traffic through test area-Avoid letting traffic pass the test setup.
Additional probe drilling, heading advance, or other activities beyond
test site location should be scheduled to take place before or after the
jacking tests. The test equipment occupies the majority of the adit open-
ing, and hauling other equipment through the test site area containing all
the required instrumentation and electronics may result in the loss of

valuable data.

Conclusions

1. The equipment and procedures used by the Bureau of Reclamation
to conduct in situ jacking tests produce satisfactory results.
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2. Thorough pre-test geologic exploration is essential to ensure that the
site selected is representative of the rock mass.

3. The position of the loaded area within the tunnel should be selected
to prevent tunnel side walls from significantly affecting deflections.

4. Careful site preparation is essential for good test results.
5. Since in situ jacking tests are nearly always conducted in areas of

adverse environmental conditions, the best of instrumentation procedures
and a redundancy in the loading and measuring systems are important.

6. Although standardization of in situ jacking tests is a desirable goal,
it is a goal that may be difficult to achieve. Variations in the needs, avail-
able resources, and design philosophy of the user may preclude a uni-
versally acceptable standard.
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0 SUGGESTED MEIHOD FOR DETERMINING

ROCK MASS DEFORMABILITY USING A

MODIFIED PRESSURE CHAMBER

Scope

I. (a) This test determines the deformability of a rock mass by subjecting the

cylindrical wall of a tunnel or chamber to hydraulic pressure and measuring the resultant

displacements. Elastic moduli or deformation moduli are calculated in turn.

(b) The test loads a large volume of rock so that the results may be used to repre-

sent the true properties of the rock mass, taking into account the influence of joints and

fissures. The anisotropic deformability of the rock can also be measured.

(c) The results are usually employed in the design of darn foundations and for the

proportioning of pressure shaft and tunnel linings.

(d) Two other methods are available for tunnel-scale deformability. See RTH-361

and RTH-367 to compare details. Potentially large impacts, especially in terms of cost,

of variations at this scale, justify the detailing of each method separately.

(e) This method reflects practice described in the reference at the end.

Apparatus

2. Equipment for excavating and lining the test chamber including:

(a) Drilling and blasting materials or mechanical excavation equipment.

(b) Materials and equipment for lining the tunnel with concrete or flexible

membrane.2

3. A reaction frame (Figure I) composed of a set of steel rings of sufficient

strength and rigidity to resist the force applied by pressurizing fluid must also act as a

waterproof membrane.

4. Loading equipment to apply a uniformly distributed radial pressure to the

lining including:

(a) A hydraulic pump capable of applying the required pressure and of holding this

pressure constant within 5% over a period of at least 24 hr. together with all necessary

hoses, connectors, and fluid. 3

0 *Numbers refer to NOTES at the end of the text.
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Figure 1. Example partial pressure chamber
loadiny systemn.



RTH-3 665-89

(b) Water seals to contain the pressurized water between the lining and the

reaction frame. Special water seals are also required for extensometer rods passing

through the lining and reaction frame: pressurized water should not be allowed to

escape into the rock since this will greatly affect the test results.

5. Load measuring equipment comprising one or more hydraulic pressure gages or

transducers of suitable range and capable of measuring the applied pressure with an

accuracy better than ± 2%.

6. (a) Displacement measuring equipment to monitor rock movements radial to

the tunnel with a precision better than 0.01 mm. Single or multiple position extenso-

meters are suggested but joint meters and other measuring devices are also available.

Procedure

7. Preparation

(a) The test chamber location is selected taking into account the rock conditions,

particularly the orientation of the rock fabric elements such as joints, bedding, and

foliation in relation to the orientation of the proposed tunnel or opening for which results

are required.

(b) The test chamber is excavated to the required dimensions.I

(c) The geology of the chamber is recorded and specimens taken for index testing

as required.

(d) The test section is lined with concrete.2

(e) The reaction frame and loading equipment are assembled.
(f) Holes for extensometers or other measuring devices are accurately marked and

drilled, ensuring no interference between loading and measuring systems. Directions of

measurement should be chosen with regard to the rock fabric and any other anisotropy.

(g) Measuring equipment is installed and checked. For multiple position

extensometers, the deepest anchor may be used as a reference provided it is situated at

least 2 chamber diameters from the lining. Alternatively the measurements may be

related to a rigid reference bea-n passing along the axis of the chamber and anchored not

less than I diameter from either end of the test section.

(h) Check water seals for leakage, if necessary by filling and pressurizing the

hydraulic chamber. Leaks are manifested as anomalous pressure decay and visible

seepage through the reaction frame.
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8. Testing

(a) The test is carried out in at least three loading and unloading cycles, a higher

maximum pressure being applied at each cycle.

(b) For each cycle the pressure is increased at an average rate of 0.05 MPa/min to

the maximum for the cycle, taking .aot less than 3 intermediate sets of load-displacement

readings in order to define a set of pressure-displacement curves.

(c) On reaching the maximum pressure for the cycle the pressure is held constant

(± 2% of maximum test pressure) recording displacements as a function of time until

approximately 80% of the estimated long-term displacement has been recorded. Each

cycle is completed by reducing the pressure to near-zero at the same average rate,

taking a further three sets of pressure-displacement readings.

(d) For the final cycle the maximum pressure is held constant until no further

displacements are observed. The cycle is completed by unloading in stages taking

readings of pressure and corresponding displacements.

Calculations

9. (a) The value of deformation modulus is calculated as follows

Pi a2
E :-(I +v )

where: 
r(Ur)

E modulus of deformation

Pi =internal pressure

a = radius to rock face - assuming circular chamber,

r = radius to point here deflection is measured,

Ur = change in radius due to pressure, and

v = Poisson's ratio.

(b) The elastic modulus is sometimes represented by using only the portion of Ur

which is recovered upon unloading.

Reporting

10. The report should include the following:

(a) Drawings, photographs, and detailed description of the test equipment,
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chamber preparution, lining, and testing.

(b) Geological plans and section of the test chamber showing features that may

affect the test results.

(c) Tabulated test observations together with graphs of displacement versus

applied pressure and displacement versus time at constant pressure for each of the

displacement measuring locations.

(d) Transverse section of the test chamber showing the total and plastic dis-

placements resulting from the maximum pressure. The orientations of significant geo-

logical fabrics should he shown on this figure for comparison with any anisotropy of test

results. Calculated moduli should be shown also.

NOTES

I The recommended diameter is 2.5 m, with a loaded length equal to this diameter.

The chamber should be excavated with as little disturbance as possible. Material

disturbed by blasting may need to be removed since it tends to produce moduli lower than

found at depth. However blast effects are representative if the test results are applied

directly as a "model" test to the case of a blasted full-scale tunnel.
2 When testing only the rock, the lining should be segmented so that it has negligible

resistance to radial expansion; in this case the composition of the lining is relatively

unimportant, and it may be of either shotcrete or concrete. Alternatively when it is

required to test the lining together with the rock, the lining should not be segmented and

its properties should be modeled according to those of the prototype.
3 Maximum hydraulic pressure varies from 5 to 10 MPa.

Reference

International Society for Rock Mechanics, "Suggested Method for Measuring Rock Mass

Deforinability Using a Radial Jacking Test," International Journal of Rock Mechanics and

Mining Sciences, v. 16, 1979, pp. 208-214.
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SUGGESTED METHOD FOR DETERMINING

KOCK MASS DEFORMABILITY USING A

RADIAL JACK CONFIGURATION

Scope

1. (a) This test determines the deformability of a rock mass by sub-

jecting the cvlindrical wall of a tunnel or chamber to uniformly distributed

radial Jack loading and measuring the resultant rock displacements. Elastic

or deformation moduli are calculated in turn.

(b) The test loads a large volume of rock so t. at the results may be

used to represent the true properties of the rock mass, taking into accouut

the influence of joints and fissures. The anisotropic deformability of the

rock can also be measured.

(c) The results are usually employed in the design of dam founda-

tions and for the proportioning of pressure shaft and tunnel linings.

(d) Two other methods are available for tunnel-scale deformability.

See RTH-361 and RTH-366 to compare details. The large impacts, e-j~ecially in

terms of cost, of variations at this scale justify the separation of methods.

(e) This test is expensive to perform, and therefore, should only be

used in cases where the information to be gained is of critical importance to

the success or failure of the project. Laboratory tests, together with plate

bearing and borehole Jack tests and seismic surveys may provide adequate esti-

mates of deformability at less cost.

(f) This method largely follows the method in the ISRM and ASTM ref-

erences listed at the end of this method.

Apparatus

2. Equipment for excavating and lining the test chamber including:

(a) Drilling and blasting materials or mechanical excavation

equipment. 
1*

*Numbers refer to NOTES at then end of the text.
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(b) Concreting materials and equipment for lining the tunnel, 1

together with strips of weak jointing material for segmenting the lining.

3. A reaction frame (Figure 1) composed of a set of steel rings of suf-

ficient strength and rigidity to resist the force applied by flat jacks. The

frame must be provided with smooth surfaces; hardwood planks are usually

inserted between the flat jacks and the steel rings.

4. Loading equipment to apply a uniformly distributed radial pressure to

the inner face of the concrete lining, including:

(a) A hydraulic pump capable of applying the required pressure and

of holding this pressure constant within 5% over a period of at least 24 hr

together with all necessary hoses, connectors, and fluid.

(b) Flat jacks, designed to load the maximum of the full circumfer-

ence of the lining, with sufficient separation to allow displacement measure-

ments, and with a bursting pressure and travel consistent with the anticipated

loads and displacements.

5. Load measuring equipment comprising one or more hydraulic pressure

gages or transducers3 of suitable range and capable of measuring the applied

pressure with an accuracy better than ±2%. 0
6. Displacement measuring equipment to monitor rock movements radial to

the tunnel with a precision better than 0.01 mm. Single or multiple position

extensometers are suggested but joint meters and other measuring devices are

also available. Measured movements must be related to fixed reference points,

outside the zone of influence of the test section.

Procedure

7. Preparation

(a) The test chamber location is selected taking into account the

rock conditions, particularly the orientation of the rock fabric elements such

as joints, bedding and foliation in relation to the orientation of the pro-

posed tunnel or opening for which results are required.

(b) The test chamber is excavated to the required dimensions. 1 ' 4

Generally, the test chamber is about 3 m diam and 9 m long or longer.

(c) The geology uv the chamber is mapped and recorded and specimens

taken for testing as required, e.g. laboratory strain gaged uniaxial and tri-

axial testing.
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I _
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1918

1. Measuring profile. 2. Distance equal to the length of active loading.
3. Control extensometer. 4. Pressure gage. 5. Reference beam. 6. Hydrau-
lic pump. 7. Flat jack. *. Hardwood lagging. 9. Shotcrete. 10. Excava-
tion diameter. 11. Measuring diameter. 12. Extensometer drill holes.
13. Dial gage extensometer. 14. Steel rod. 15. Expansion wedges.
16. Excavation radius. 17. Measuring reference circle. 18. Inscribed

Circle. 19. Rockbolt anchor. 20. Steel ring.

O Figure I. Radial jacking test schematic.
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(d) The chamber is lined with concrete. 2

(e) The reaction frame and loading equipment are assembled.

(f) Holes for extensometers or other measuring devices are accu-

rately marked and drilled, ensuring no interference between loading and mea-

suring system. Locations of radial measurement should be chosen with regard

to the rock fabric and any other anisotropy. These holes should be con-

tinuously cored and all core carefully logged. These holes may be drilled

before the test section is lined, but this complicates the lining formwork.

(g) Measuring equipment is installed and checked. With multiple

position extensometers the deepest anchor may be used as a reference provided

it is situated at least 2 chamber diameters from the lining. Alternatively

the measurements may be related to a rigid reference beam passing along the

axis of the chamber and anchored not less than I diameter from either end of

the test section (Figure 1).

8. Testing

(a) The test is carried out in at least three loading and unloading
5

cycles, a higher maximum pressure being applied at each cycle. Maximum test

pressures are typically about 1000 psi (7 MPa), but should correspond to

expected actual loads.

(b) For each cycle the pressure is increased at an average rate of

0.05 to 0.7 MPa/min to the maximum for the cycle. Three to 10 or more inter-

mediate sets of load-displacement readings are taken for each load increment

to define a set of pressure-displacement curves (e.g. Figure 2). Data acqui-

sition may be automated.

(c) On reaching the maximum pressure for the cycle the pressure is

held constant (±27 of maximum test pressure) while recording displacements as

a function of time until approximately 80% of the estimated long-term dis-
6

placement has been recorded (Figure 3). Each cycle is completed by reducing

the pressure to near-zero at the same average rate, taking a further three

sets of pressure-displacement readings.

(d) For the final cycle the maximum pressure is held constant for
6

24 hr of displacement are observed to evaluate creep. The cycle is completed

by unloading in stages while taking readings of pressure and corresponding

displacements.

(e) The test equipment is then dismantled and moved.
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Calculations

9. (a) A solution is given only for the case of a single measuring cir-

cle with extensometer anchors immediately behind the lining. This solution,

which also assumes linear-elastic behavior for the rock, is usually adequate

in practice although it is possible to analyze more complex and realistic test

configurations using for example finite element analysis.

(b) The load applied through the flat jacks are first corrected to

given an equivalent distributed pressure p1 on the test chamber lining.

Eb
Pl 2.y'-r 'm

P1 = distributed pressure on the lining at radius r1

Pm = manometric pressure in the flat jacks

b = flat jack width (see Figure 4)

rI = inner radius of lining

The equivalent pressure p 2 at a "measuring radius" r 2 just beneath the lining

is calculated, this radius being outside the zone of irregular stresses

beneath the flat jacks and the lining and loose rock.

rl I b ,

•2 2 mP 2 P l - r 2 - .7 r- 2 P

(c) Superposition of displacements (Figure 5) for two "fictitious"

loaded lengths is used to approximate the equivalent displacements for an

"infinitely long test chamber,"17 based on the measured displacements of the

relatively short test chamber with respect to its diameter.

A = A AI + A A2 + A A3 = A A1 + 2 -A BI

(d) The result of the long duration test (A d) under maximum pressure

(max p2) is plotted on the displacement graph (Figure 2). Test data for each

cycle are proportionally corrected to give the complete long-term pressure-

displacement curve. The elastic and plastic components of the total
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end effects.
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deformation are obtained graphically from the plotted deformation measurements

at the final unloadiro-

At A +Ap e

(e) The elastic modulus E and the deformation modulus V are obtained

from the pressure-displacement graphs (Figure 2) using the following formulas

based on the theory of elasticity:

P2 r 2  (v + 1)
E ve

V P2 r 2  (V + 1)V=VA v
t

where p2 is the maximum test pressure and v is an estimated value for

Poisson's ratio.

(f) Alternatively to (e) above, the moduli of undisturbed rock may

be obtained taking into account the effect of a fissured and loosened region

by using the following formulas:

Sv+r
E P r v7ý I+ In r3

e 2

V P2 r r2 v + I 1 I r3
V = + In

t V

Where At is the total deformation, from all loading cycles, and Ae is the

rebound deformation from the last loading cycle. Other variables are as prp-

viously defined. Where r3 is the radius to the limit of the assumed fissured

and loosened zone.

(g) As one example of the application of radial jack tests, the

dimensions of pressure linings can be determined directly by graph. See

Lauffer and Seeber 1961. However, such empirical applications should only be

applied with caution and good judgement.
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Reporting

10. The report should include the following:

(a) Drawings, photographs, and detailed description of the test

equipment, chamber, chamber preparation, lining, and testing.

(b) Geological plan and section of the test chamber showing and

describing features that may affect the test results. Logs of borings made

for the extensometer installations, and indexed photographs of the rock cores.

(c) Tabulated test observations together with graphs of displacement

versus applied pressure pM or p29 and displacement versus time at constant

pressure for each of the displacement measuring locations including displace-

ments at the rock to lining interface. Tabulated "corrected" values together

with details of the corrections applied. See Figures 2 and 3 and Table I

(graphs are usually drawn only for the maximum and minimum displacements).

(d) Transverse section of the test chamber showing the total plastic

displacements resulting from the maximum pressure (Figure 6). The orienta-

tions of significant geological fabrics should be shown on this figure for

comparison with any anisotropy of test results.

(e) Detailed test procedure actually used and any variations and

reasons for these from the method described herein, as well as any pertinent

or unusual observations.

(f) The graphs showing displacements as a function of applied pres-

sure (Figure 2) should be annotated to show the corresponding elastic and

deformation moduli and data from which these were derived.

(g) Equations and methods used to reduce and interpret results

should be clearly presented, along with one worked out example.

(h) All simplifying assumptions should be listed, along with discus-

sion of pertinent variations between assumptions and actual size conditions

and their possible influence on the results measured. Any corrections should

be fully documented.

(i) Results summary table, including test location, rock type, test

pressure range, and modulus values for different depth increments around the

chamber.

(J) Individual test summary tables for each measurement point.

(k) Results of complementary tests, such as laboratory modulus.
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Table 1. Suggested Layout for Test Data Sheet
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Figure 6. Typical illustration for showing
displacement as a function

of direction.
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Notes

1The recommended diameters is 2.5 to 3 m, with a loaded length equal to

3 times this diameter. The chamber should be excavated with as little distur-

bance as possible, which implies the use of controlled blasting methods, such

as line drilling or channel drilling. Alternatively, partial face mechanical

excavation equipment may be used if available.
2 When testing only the rock, the lining should be segmented so that it

has negligible resistance to radial expansion; in this case the composition of

the lining is relatively unimportant, and it may be of either shotcrete or

concrete. Alternatively when it is required to test the lining together with

the rock, the lining should not be segmented and its properties should be mod-

eled according to those of the prototype.
3 Measurements are usually made with mechanical gages. Particular care is

required to guarantee the reliability of electric transducers and recording

equipment.
4 To assess the effectiveness of grouting, two test chambers may be pre-

pared adjacent to each other. Grouting is carried out after completion of

testing in the ungrouted chamber, and the equipment is then transferred to the

grouted chamber. Alternatively the same chamber may be retested after

grouting.
5Typically the maximum pressure applied in this test is 5 - 10 MPa.
6In the case of "creeping" rock it may be necessary to stop loading even

though the displacements continue. Not less than 80% of the anticipated long-

term displacement should have been reached.
7This superposition is made necessary by the comparatively short length

of test chamber in relation to its diameter. Superposition is only strictly

valid for elastic deformations but also give a good approximation if the rock

is moderately plastic in its behavior.
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SUGGESTED METHOD FOR DETERMINING

ROCK MASS DEFORMABILITY USING A

DRILLHOLE-JACK DIALOMETER

Scope

1. (a) This test determines the deformability of a rock mass by sub-

jecting a section of drill hole to mechanical Jack pressure and measuring the

resultant wall displacements. Elastic moduli and deformation moduli are cal-

culated in turn.

(b) The results are employed iL design of foundations and under-

ground construction but are mostly used as semiquantitative index values

revealing variability from point to point in a rock mass.

(c) The dilatometer is self-contained, and tests are relatively

inexpensive compared to similar tests at a large scale.I Also, the wall is

damaged only minimally by the drilling of the hole and usually remains

representative of the undisturbed rock condition. These advantages, however,

come at a sacrifice of representation of the effects of joints and fissures

which are usually spaced too widely to be fully represented in the loaded vol-

ume around the drill hole.

(d) This method reflects practice described in the references at the

enu.

(e) Another type of dilatometer for drillholes transmits hydraulic

pressure to the rock through a soft membrane. See RTH-363.

Apparatus

2. Drilling equipment to develop the access hole, in a given orientation

without disturbing the wallrock.

3. A drill hole-jack dilatometer similar to that in Figure 1, which con-

sists of:

(a) Metal frame holding the other units and having parts and connec-

tions to external equipment.
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(b) Two half-cylindrical, rigid steel plates of same curvature as

wall of drillhole. Alternatively, the plates can be flexible as where they

are faced with curved flat jacks as shown in Figure 2.

(c) Loading jacks or wedges functioning to drive the plates against

the wall. A stroke of about 5 mm is needed beyond any requirements for seat-

ing the plates.

(d) Linear differential transformers oriented diametrically with

potential resolution of 2 microns.

4. Hand-operated hydraulic pump and flexible hose and steel plumbing to

withstand working pressure to 70 MPa.

5. Hydraulic pressure gages or transducer of suitable range and capable

of measuring the applied pressure with accuracy better than 2 percent.

Procedure

6. Preparation

(a) The positions for testing are planned with due regard to the

location of drilling station and the rock conditions to be investigated. The

effects of geological structure and fabric are particularly important.

(b) The hole is drilled and logged. The log is studied for possible

modifications in positions for testing. Multiple testing positions in one

hole should not overlap but may join where two or more loading directions are

to be distinguished.

(c) Evaluate the texture and strength of the wall to confirm suit-

ability of method. Otherwise, consider relocation or use of another

dilatometer.

(d) The dilatometer is assembled and inserted into the hole, com-

monly using an attachable pole to position and rotate and taking special care

with trailing lines.

(e) The bearing plates are brought into initial contact with the

wall with adjustments as necessary to minimize eccentricity and stress

concentrations.

(f) The rods of the linear differential transformers are seated

against the wall.
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* BOREHOLE TESTS

(a) Goodman jack model 52101 hard rock jack
(Courtesy Slope Indicator Co.).

(b) Goodman jack model 52102 soft rock jack
(Courtesy Slope Indicator Co.).

0
Figure 1. Exnanimple ti1atometers using hard-faced jacks

for loading. (Iania and Vukuturi, 1978)
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7. Testing

(a) The dilatometer is pressurized in increased stages, with pres-

sure released between stages. Typically the stage pressures are 25, 50, 75,
3

and 100 percent of the planned maximum of the complete test.

(b) Bearing pressure is increased at a rate of 0.5 MPa/min or less.

(c) On reaching the planned pressure for the stage, the pressure is

held constant for at least 1 min to detect and define nonelastic deformation.

Each stage is completed by releasing pressure at a prescribed rate up to

0.5 MPa/min.

(d) The test history is documented with four or more sets of mea-

surements during pressure increase and two during pressure decrease. Supple-

mentary notes are necessary to describe any complexities not otherwise

revealed (such as nonelastic deformation).

(e) The hydraulic pressure is released from the loading jacks. The

rods of the linear differential transformers are retracted. The loading

plates are retracted from the wall and the dilatometer is removed from the

. hole.

Calculations

8. The axiosymmetrical relationship for elastic deformation does not

apply directly for dilatometers with split loading. Modified expressions have

been developed for the specific apparatus. The expression for the dilatometer

in Figure 1 is

E = pd.K(v,)
AUd

where

Ap = pressure increment

AUd = diametral displacement increment

d = diameter of hole

K(v,B) = constant dependent on Poisson's ratio and angle of loaded arc 8.

SSuch characteristics as K(v,a) are supplied by the manufacturer since they are
4uniaue to each particular design.
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Where permanent deformation (nonelastic) occurs also, that portion of AU d0

should be excluded from the equation for calculating modulus of elasticity.

However, total deformation should be used to compute modulus of deformation,

with the same equation.

Reporting

9. The report should include for each test or all tests together the

following:

(a) Position and orientation of the test, presented numerically,

graphically, or both ways.

(b) Logs and other geological descriptions of rock near the test.

The structural details are particularly important.

(c) Tabulated test observations together with graphs of displacement

versus applied pressure and displacement versus time at constant pressure for

each of the displacement measuring devices (e.g., linear differential

transformers).

(d Transverse section of hole shoving the displacements resulting0

from the pressure in all orientations tested. Calculated moduli are indicated

also.

Notes

'See RTH-361, -366, -367 for similar test at tunnel scale.
2 Diamond core drilling is recommended for obtaining the necessary close

tolerance when using dilatometer only slightly smaller than the hole and dis-

placement measuring devices with very limited stroke.
3 Typically, the maximum pressure is about 15 MPa.
4 Representat ion of the effects of a combination of complexities by this

empirical factor KOv,O) has been found unsatisfactory for most purposes except

indexing (Heuze and Amadei 1985).
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SUGGESTED METHOD FOR IN SITU DETERMINATION OF
ROCK MASS PERMEABILITY USING WATER PRESSURE TESTS

1. Introduction

1.1 The water pressure test consists of the injection of water into

a borehole at a constant flow rate and pressure. Water enters the rock

mass along the entire length of borehole or along an interval of the

borehole (test section) which has been sealed off by one or more packers

(Fig. 1). Water pressure tests can be conducted in media above or below

the groundwater table and anisotropic permeability can be estimated by

orienting test boreholes in different directions. Permeability can be

computed by assuming a continuous porous medium, or individual fissures

and fissure sets within the rock mass can be considered.

2. Test Procedures and Interpretation

2.1 Test Layout and Setup - In many cases, initial exploration

boreholes are routinely pressure tested prior to determining location

and orientation of predominant fissure sets. Some boreholes should be

specifically located for pressure testing as information concerning

fissure networks is obtained. A pressure test affects a region, possi-

bly within only a few feet of the borehole. Consequently, test bore-

holes should be as closely spaced as practicable. Extrapolation of test

data between boreholes can be aided by determination of fissure con-

tinuity through examination of core logs or visual inspection of bore-

hole walls with a borehole television or conventional type camera.

Fault zones should be located and tested separately as they may be zones

of exceptionally high or low permeability with respect to the surround-

ing region.

2.1.1 Where the scope of the exploration program will allow it,

predominant fissure sets should be tested individually by orienting

boreholes to intersect only the fissure set under investigation.

Permeabilities of fissure sets can be combined to obtain overall direc-

tional permeabilities. Where fissures are numerous and randomly
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oriented, the borehole orientation should be perpendicular to the plane

in which permeability is to be measured. The majority of pressure tests

will be conducted in vertical boreholes; however, some test boreholes in

other orientations are needed to estimate the anisotropy of the rock

mass. In rock exploration programs, groups of inclined boreholes are

generally needed to determine reliable estimates of joint set orienta-

tions. These boreholes could be pressure tested to aid in estimating

anisotropic permeability.

2.1.2 Generally, a borehole should be tested at intervals along its

length to determine a permeability profile. A knowledge of the charac-

teristics and location of intersected fissures is desirable in choosing

test section lengths. Such information can be obtained from core

examination (Note 1). When possible, test section lengths should be

chosen to isolate fissure sets. Where fissures are numerous, test

lengths can be limited to 5 or 10 ft (1.5 or 3 m). Where fissures are

infrequent, a longer test length may be utilized. In many cases,

fissure networks may be considered too complex to require special care

in selecting test section lengths. However, it is good practice to test

in 5- to 10-ft (1.5- to 3-m) intervals to allow detection of localized

high- or low-permeability zones.

NOTE 1--Visual inspection with a borehole television camera or film

camera would be beneficial and should be used where economically feasible.

2.1.3 Intervals along the borehole length should be tested using

either the single or double packer method. The single packer setup

shown in Fig. 1 is used when testing as drilling progresses. This

technique is advantageous because it reduces the amount of drill cuttings

available for clogging fissures since each section is tested before

being exposed to the cuttings produced by further drilling. Also,

errors due to packer leakage are minimized since only one packer is

used. The double packer method (Fig. 1) can be used to test or retest

sections of previously drilled boreholes.
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PRESSURE GAGE

fFLOWmETER

GROUNDSURFACE

SGROUNDWATER
TABLE <

PACKER

e • • 2re (GROUNDWATER TABLE

a. SINGLE PACKER TECHNIQUE

PRESSURE GAGE

(( FL OWMETER 1-
4 7 GROUND SURFACE _

H (GRAVITY) GROUNDWATER

TABLEI

-. 73

PA.CKER~S

LGROUNDWATER TA:LE

b. DOUBLE PACKER TECHNIQUE

Fig. 1. Pressure test setups--pressure measured
at the ground surface.
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2.2 Drilling Operations - Prior to pressure testing, the borehole

should be surged with water in an effort to remove some of the cuttings

and dust. Reverse rotary drilling should be considered for use in

boreholes drilled specifically for pressure testing. The removal of

cuttings through the drill stem will minimize the clogging of rock

fissures.

2.3 Test Equipment - The basic equipment consists of a water

supply, pump, packers, flow pipe, and measuring devices. A pump with a

minimum capacity of 50 gpm (3150 cu cm/sec) against a pressure of 100

psi (689.5 kPa) is recommended, and only clean water should be used. A

progressing cavity-type positive displacement pump is recommended for

pressure testing since it maintains a uniform pressure. The type and

length of packer needed are dependent on the character of the rock mass

to be tested. In most cases, the pneumatic packer will suffice; however,

if problems arise, the cup leather or mechanical packers may be substituted.

All packers should be at least 18 in. (450 mm) in length. The flow pipe

should have a diameter as large as possible to reduce pressure losses

between the ground surface and the test section.

2.3.1 Measuring devices are required for determination of volume

flow rate and pressure. Flow rate is conveniently measured at the

surface, and it is preferred that flow rate be measured continuously

rather than averaged by measuring the volume of flow over a known period

of time. Multiple gages may be required to measure flow rates ranging

from less than 1 gpm (63 cu cm/sec) to as much as 50 gpm (3150 cu cm/sec).

2.3.2 It is recommended that pressure be measured directly within

the test section by, for example, installation of an electric transducer.

The transducer will also provide a measurement of the existing ground-

water pressure at the level of testing. The transducer can be connected

to a chart recorder and the initial groundwater pressure indicated as

zero. Pressure changes recorded during testing would then be a direct

measurement of the excess pressure which is needed in permeability

calculations. In most cases, transducer systems will not be readily
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available. Consequently, pressure will be measured with surface gages.

In these instances, pressure loss between the surface and test section

must be considered.

2.3.3 When excess pressures are to be determined from surface gage

readings, pressure loss between surface and test section must be estimated.

Head loss during flow is generally caused by (a) friction, bends,

constrictions, and enlargements along the flow pipe; and (b) exit from

the flow pipe into the test section. The majority of pressure loss will

be caused by friction. Friction losses are dependent on pipe roughness

and diameter, and are directly proportional to the square of the flow

velocity. Friction losses can be determined experimentally by laying

the flow pipe on level ground and pumping water through it at several

different velocities while measuring the gage pressure at two points

along the pipe. The difference in the gage pressures is the friction

loss over the distance between the gages. A plot of friction loss per

unit length versus velocity can be obtained from the results. Friction

losses can also be estimated from elementary fluid mechanics formulas,

tables, and charts.

2.3.4 In most tests, pressure losses caused by pipe bends, constric-

tions, and enlargements will be insignificant; however, such losses can

be checked from relationships given in elementary fluid mechanics

textbooks or determined experimentally by pumping on the ground surface

and measuring the pressure drop across critical portions of the flow

pipe. The pressure loss at the exit from the flow pipe into the test

section can be ignored since it is offset by the addition of a velocity

head at the surface pressure gage (see paragraph 2.4.3).

2.4 Test'Program - The general sequence of operations for using the

single packer technique as the borehole progresses is listed below.

Changes in the sequence applying to the double packer test are aotL.d.

0
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(a) Step I - Drill the desired length of test section, Z,

(usually 5 or 10 ft (1.5 or 3 m)) and remove the drill equipment. Where

the douole packer method is to be used, the borehole is drilled to any

desired depth.

(b) Step 2 - Study the core to determine the location,

number, and characteristics of fissures intersecting the proposed test

interval. If only equivalent permeability is to be computed based on

test section length, Z, fissure information is not needed. However,

such information, when correlated with measured permeability, is helpful

in understanding the influence of various fissures or fissure sets on

the overall permeability of the mass.

(c) Step 3 - Insert the flow pipe and packer, and seal the

packer against the borehole wall. To ensure the best possible seal,

additional inflation (or tightening) of packers should be accomplished

under each test pressure. When tightening packers, a significant and

lasting increase in test pressure accompanied by a decrease in flow rate

is an indication that the seal has been improved.

(d) Step 4 - Conduct tests using a series of test pressure.

(e) Step 5 - Remove the packer and flow pipe, and begin

drilling as in Step 1. In the double packer test, packers are moved Lo

a new test zone; removal of test equipment will be required to alter the

test section length as necessary.

2.4.1 The actual pressure testing is conducted in Step 4. The

recommended test procedures are:

(a) Inject water into the borehole and establish a constant

pressure.

(b) Take readings of pressure and flow rate over a 3- to

5-min period to ensure that steady-state conditions have been attained.

If volume of flow rather than volume flow rate is measured, the average

volume flow rate should be checked at 30-sec to 1-min inLervals and

compared with the overall average volume flow rate for the 3- to 5-min 0
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period. At the end of the test, conduct ' pressure drop test. This is

done simply by shutting off the pump and recording the drop in pressure

with time.

(c) Increase or decrease the flow rate (and pressure) and

conduct the next test.

2.4.2 The test program should be designed to check for turbulent

flow and the effects of fissure widening. This requires that in a

selected number of test sections, a series of tests be conducted at

different pressures. A minimum of three tests, each at an increased

pressure, are required to detect the nonlinear flow rate versus pressure

relationship characteristic of turbulent flow. However, more tests

should be conducted as necessary to completely describe any nonlinear

behavior. Typical flow rate versus pressure curves are shown in Figs. 2-

6. Consistency of results should also be checked by repeating the tests

in the same sequence. A significant increase in permeability under the

lower pressures would indicate the possibility of permanent fissure

expansion.

0

O Fig. 2. Typical result of
-J

"L water pressure tests con-
w
I ducted at a series of in-
D 3 creasing pressures (afterJ

O Louis and Maini, 1970;
> Zeigler, 1975).

EXCESS PRESSURE, P0

ZONE I - LINEAR LAMINAR REGIME

ZONE 2- TURBULENCE EFFECTS

ZONE 3 - TURBULENCE OFFSET BY FISSURE
EXPANSION, OR PACKER LEAKAGE

ZONE 4 - PREDOMINANCE OF FISSURE EXPAN-
SION OR PACKER LEAKAGE
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0

6. TEST CONDUCTED IN A VERTICAL f30REHOLE
BETWEEN DEPTHS OF 40 AND 45 FT. 3ROUND-

WATER TABLE AT A DEPTH OF 10 FT

Fig. 3. Results of pressure tests in horizon-

tally bedded sedimentary rock (after Morgenstern

and Vaughan, 1963; Zeigler, 1975).
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20 T I

Oy 16
W ALLOWABLE PRESSURE, Po|MAX)
I-.
4[ Z

m 1 12 o. TEST LEVEL ABOVE GWT

31- P (MAX) = 16 PSI

a W b. GWT AT GROUND SURFACE
LL 8

P (MAX) =9 PSI

"-J3 4

0

0 4 B 12 16

EXCESS PRESSURE P0 ' PSI

Fig. 4. Pressure test in a vertical borehole between

depths of 13.3 and 18.8 ft (after Maini, 1971;
Zeigler, 1975).

4
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3
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-j W 0

1-- 2 0 b. GWT AT GROUND SURFACE
j JP (MAX) 35 PSI

001, 1
>

0
0 10 20 30 40

EXCESS PRESSURE P 0, PSI

Fig. 5. Pressure test in a vertical borehole between

depths of 58.3 and 63.8 ft (after Maini, 1971;
Zeigler, 1975).
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b. TEST CONDUCTED IN A VERTICAL BOREHOLE BETWEEN

DEPTHS OF 10.0 AND 15.5 FT

Fig. 6. Results of pressure tests (after Maini, 1971; Zeigler, 1975).
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2.4.3 A typical test sequence using five separate pressures is as

follows:

Excess Pressure at Cpnter
Test No. of Test Section, o

1 1/5 P (MAX)0

2 2/5 P (MAX)0

3 3/5 P (MAX)0

4 4/5 P (MAX)0

5 P (MAX)0

6 1/5 P (MAX)0

7 3/5 F (MAX)
0

8 P 0 (MAX)
0

The range of pressures over which tests should be conducted can be

estimated by choosing P (MAX) to equal 1 psi/ft (22.62 kPa/m) of depth

above the water table and 0.57 psi/ft (12.89 kPa/m) of depth below the

water table. It is not intended that the computed P (MAX) be inter-

preted as a limit below which only laminar flow will occur; it should be

used only as a guide in selecting a series of test pressures. Test

results should be plotted as they are obtained to determine if further

testing of the interval at other pressures is necessary to completely

describe any nonlinear behavior.

2.5 Test Data Reduction - The quantities required for use in

computing permeability parameters are:

(a) Length of the test section, k (L).

(b) Radius of borehole, r (L).

(c) Number, n, and location of fissures intersecting the

borehole test section.

(d) Elevation of groundwater table (L).

(e) Volume flow rate, Q (L 3/T).
(f) Excess pressure head at the center of the test section,

H (L).
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2.5.1 The test section length, Z, is simply the distance between

the packer and borehole bottom (single packer test) or between the two

packers (double packer test) as shown in Fig. 1. The radius of the

borehole, r , is determined from the drill equipment. The number, n,

and location of fissures intersecting the borehole test section are

obtained from study of the core or a borehole camera survey. The

fissure data are not needed if only equivalent permeability is computed

based on the assumption that the tested medium is homogeneous and

isotropic. The elevation of the groundwater table is determined before

testing and assumed to remain constant during testing.

2.5.2 The volume flow rate, Q, will have been continuously recorded

or determined by averaging the volume of flow over known time periods.

The excess pressure head at the center of the test section, H0 , is a

measure of pressure in height of water and is determined from

H = R (1)
0 Yw

where

P = excess pressure at center of test section (F/L )
0

yw - unit weight of water (F/L 3 )

If total pressure in the test section is measured during the test with,

for example, an electric transducer, the excess pressure head, H0 , is

given by

P t Pt i

H = (2)
o Yw Yw

where

Pt = total pressure at the center of the test section (F/L )

P = pretest (or natural) groundwater pressure at the center of
the test section (F/L )

0
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The pressure head (P /Y w) will generally be equivalent to the height of
1

the groundwater table above the center of the test section. In tests

above the groundwater table, P t./Yw will be zero. If a natural ground-
1

water pressure exists and is set equal to zero on the recording device,

the excess pressure, POD and not total pressure will be recorded during

testing and H would be determined from Equation 1.o

2.5.3 The excess pressure head, HO, can also be determined from

gage pressure measured at the ground surface. The following relationship

is derived by application of Bernoulli's equation

P v 2(3
H =_Et + - + H(gravity) - h

o Yw 2g t

where P = pressure measured at the surface gage (F/L )
g

V 9= flow velocity at the surface gage (L/T)

g = acceleration due to gravity (L/T2 )

1i(gravity) = excess pressure head due to the height of the water in
the flow pipe (Fig. I) (L)

ht = sum of all the head losses between the surface gage and
the test section (L)

By assuming the test section and surrounding medium to behave as a large

reservoir, the head loss at the exit from the flow pipe to the test
9

section can be approximated as ve/2g, where ve is the flow velocity at
3.6

the exit point as noted by Vennard. Equation 3 can be revised to

2 2
P v v

H =-& + -a + H(gravity) - h - e (4a)
o yo 2g L 2g
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where hL = friction head loss plus minor losses due to pipe bends,

constrictions, and enlargements (L). Pipe diameters at the surface and

test section are usually equal, such that v = v . Also, the minorg e
pressure losses due to pipe bends, constrictions, and enlargements can

normally be ignored. Consequently, the pressure head, H., can be

expressed as

P
H =--I + H(gravity) - hf (4b)
0 Yw

where hf = friction head loss (L).

2.6 Equivalent Permeability - An equivalent permeability should be

computed for each test section. Equivalent permeability is computed

based on the assumption that the tested medium is homogeneous and

isotropic. An equivalent permeability can be computed for laminar or

turbulent flow, whichever is indicated by the test data. Radial flow

will be assumed since the geometry of the test section (in particular,

the high borehole length to diameter ratio) tends to dictate radial flow

in a zone near the borehole which is most affected by the pressure test:

(a) Laminar flow governed by Darcy's law (v = ke i where v

discharge velocity (L/T), k = laminar equivalent permeability (L/T),e

and i = hydrauiic gradient (L/C):

k •= 2- L In (R/ro) (5)
e 2.1 27t 0

0

The radius of influence, R, can be estimated from Z/2 to Z. To compute

ke, a value of volume flow rate, Q, and corresponding excess pressure
et

head, Ho, are chosen from a straight-line approximation of a plot of Q

versus H . The straight line must pass through the origin as shown in

Fig. 4.
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(b) Turbulent flow governed by the Missbach law (vm = k'i,
e

where k' = turbulent equivalent permeability (L/T)m, and m = degree of
e

nonlinearity):

Qm (R1-rn 1-rnQm(R- - r m

k'= o(6)
e (2,Z)m H (1 - m)

0

The radius of influence, R, can be estimated from k/2 to 2. The degree

of nonlinearity, m, is determined as the arithmetic slope of a straight-

line approximation to a plot of log H versus log Q. The log-log plot

may involve all or only a portion of the test data. The value of m

should be between 1 and 2. To compute k' values of flow rate, Q, and
e

corresponding excess pressure head, Ho, are chosen from the approximated

straight-line log-log plot.

2.6.1 In computing equivalent permeability of particular fissure

systems, test section length, Z, should be replaced by the term nbavg

where n is the number of fissures intersecting the test section, and

b is the average spacing between fissures intersecting the testavg

section. Substitution of nb for Z is important where fissures areavg

clustered over a small portion of the test interval. A fairly even

distribution of fissures along the test length will normally yield

knb
avg

2.7 Permeability of Individual Fissures - Laminar or turbulent

permeabilities are estimated for individual fissures by assuming the

test section to be intersected by a group of parallel and identical

fissures. Each fissure is assumed to be an equivalent parallel plate.

Flow is assumed to be radial and to occur only within the fissures. The

material between fissures is assumed impermeable. The following equa-

tions are applicable:

(a) Laminar flow governed by Darcy's law (v = k. (where k. =

laminar fissure permeability (L/T))). The equivalc t parallel plate

aperture, e, is computed from Equation 7 below and used to compute the

0 permeability of each fissure, k., from Equation 8:
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Q In (R/r) 124 1/3

e 27nH°0 Yw (7)

where 1w = dynamic viscosity of water (F-T/L 2

and

2
e wk e- y (8)

3 12ýlw

To compute e, corresponding values of Q and H are chosen from a straight-
0

line approximation of Q versus H , which must pass through the origin as
0

shown in Fig. 4. The radius of influence, R, can be estimated between

Z/2 and Z.

(b) Turbulent flow governed by Missbach's law (vm = k.i,
m3

where k' = turbulent fissure permeability (L/T) m):
J

= Qm(R 1 -m - r 0o-m()
3 (2irne)m H (1 - m)o

To apply Equation 9, an equivalent parallel plate aperture, e, must

first be estimated from the linear portion of the flow rate, Q, versus

pressure, Ho, curve (i.e., zone 1, Fig. 2) as given by Equation 7. The

degree of nonlinearity, m, is the slope of a straight-line approximation

to a log-log plot of H versus Q. The log-log plot may involve all or
0

only a portion of the test data. Corresponding values of Q and H can
0

be chosen from the straight-line log-log plot for substitution in

Equation 9. The radius of influence, R, can be chosen between £/2 and

Z.

2.8 Directional Permeability - Equivalent permeabilities computed

for fissure sets must be interrelated to obtain overall directional

permeabilities which are needed in continuum seepage analyses.

Directional permeabilities can be obtained by adding the equivalent
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permeabilities of fissure sets (computed via Equation 5 or 6) oriented

in the same direction. This procedure is illustrated for an assumed

laminar flow in the three cases shown in Fig. 7. In case (a), the zone

tested contains one set of horizontal fissures (fissure set 1). The

vertical borehole in case (a) will give a measure of the laminar equiva-

lent permeability, k . of fissure set 1. Permeability in the vertical

direction, k (V), would be that of the intact rock since there are no
e

vertical fissures. Permeabilities in a direction contained within the

horizontal plane (such as k e(Hl) and k e(H2) in Fig. 7) would be inter-

preted as k , since k is based on a radial flow.

2.8.1 In case (b) there are two intersecting fissure sets: the

horizontal fissures (fissure set 1) and a series of vertical fissures

(fissure set 2). The pressure test boreholes are oriented so that each

intersects only one of the fissure sets. It is assumed that each test

measures only the permeability of the intersected fissure set. In

computing directional permeabilities both fissure sets 1 and 2 can

transmit flow in the horizontal direction, H2; consequently, their

equivalent permeabilities are sumned (k e(H2) = kel + k e2). In the

vertical direction, V, and horizontal direction, Hl, the equivalent

permeability of each fissure set is considered separately (ke(V) = ke2,

k (HI) = k ).
e e

2.8.2 In case (c) there are three intersecting fissure sets. Three

boreholes are each oriented to intersect only one of the fissure sets.

The directional permeabilities are each the sum of equivalent permea-

bilities corresponding to two fissure sets (k e(V) = k + ke

k (HI) = k ; ke(H2) = k + k ).e eI e e2

2.8.3 When only vertical boreholes are tested, but structures such

as in case (b) and case (c) of Fig. 7 are known to exist, the additional

permeability added by the other fissure sets must be estimated. This



RTH 381-80

DIRECTIONAL PERMEABILITY

k.IV) k (INTACT ROCK)

ke(Hi) k =

II H2i .

FISSURE SET I

H2

HI
V = VERTICAL

H = HORIZONTAL

CASE a ONE FISSURE SET

DIRECTIONAL PERMEABILITY

•k k, VIV k ke2

k .(HI) k I

FISSURE SET 2-k.I (mklH2) k. + k,

V

~~FISSURE SET 1-H
FISSURE SET 2 E SET I

SH,

V = VERTICAL

H =HORIZONTAL

CASE b. FISSURE NETWORK

CONSISTING OF TWO FISSURE SETS

DIRECTIONAL PERMEABILITY

j , k. III, IV) =k, +' k
fFt$IURE SET I ke (HOI= ke 4 kI •3

FISSURE SET 2 ;e 111,3 ke(H21 = k,+k. 2

ESET22

FI P SE 2 FI 2R ST3

FISSRE ST 3H2

ISSURESET IHI

FISSURE SET I jV = VERTICAL

H = HORIZONTAL

CASE c. FISSURE NETWORK
CONSISTING OF THREE FISSURE SETS

Fig. 7. Directional permeability from superposition of
laminar equivalent permeabilities of fissure sets.
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can be done based on the assumption that fissures not tested have the

same equivalent parallel plate aperture as the tested fissures. Any

difference in equivalent permeability between the fissure sets would be

a function of the difference in fissure frequency. For example, in case

(b) in Fig. 7 under conditions of laminar flow,

b
avg1

k = k 0

1 avg 2

where

b = average fissure spacing of tested fissure set 1avg1

b = average fissure spacing of untested fissure set 2avg 2

2.8.4 The procedure of adding permeabilities of separate fissure

sets relies heavily on the assumption that pressure tests reflect only

the permeability of the fissure sets intersecting the test section.

This assumption is based on the theoretical rapid loss in pressure away

from the borehole. The assumption is likely to become less accurate as

average fissure spacing within secondary fissure sets (i.e., fissures

tending to parallel the borehole) is decreased. In complex fissure

networks with fissure spacings less than 1 ft, it is recommended that

the method of Snow,3.4, 3.5 based on the assumption of a homogeneous

anisotropic continuum, be used in computing directional permeabilities.

2.8.5 The problem of combining fissure set permeabilities is avoided

by using discontinuum rather than continuum seepage analyses. In the

discontinuum analyses, fissures can be oriented to correspond to the

field geologic structure and assigned individual permeabilities and/or

equivalent parallel plate openings as determined from pressure tests.

However, a three-dimensional analysis such as that presented by Wittke

et al.3.7 would be required in many situations. In structures similar

to case (c) in Fig. 7, a two-dimensional seepage analysis in any of the
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indicated directions would consider only two of the three fissure sets.

For example, in direction Hl. fissure set 3 would b. ignored, although

it may be a major contributor to seepage in direction Hl.
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