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Technical Seminar presented by the U. S. Bureau of Mines

On the 25th of July, 1972 a one day seminar was held in the Denver Federal Center entitled
“Technology Transfer Seminar: Rock Mechanics Instrumentation for Mine Design” at which fuil technical
and field information was presented by USBM personnel to over one hundred participants from industry
and research institutions, The characteristics of the Borehole Deformation Gage, Cylindrical Cell, and other
Bureau sponsored instruments were presented. The papers will be published by the USBM (editor Harry

R. Nicholls) shortly under the above title.
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TECHNICAL REPORT SUMMARY

This report has been prepared for engineers who wish to determine rock stress or modulus values, and not
for research workers. An attempt has been made to assess the amount of assistance the user might expect from
the manufacturer or distributor.

The objective of the study is to provide information to engineers on the use, cost, time, and other factors
relating to selected rock stress and modulus gzges. This information is oriented towards comparative selection
of gages ‘o be used in specific applications. Information on problems likely to be encountered in the field is
given. .
The primary interest is directed towards collections of specific use-data on the U.S. Bureau of Mines
Borehole Deformation Gage, the CSIR “Doorstopper,” and the Photoelastic Stressmeter (Glass Plug), for
in-situ rock stress detcrmination, the Goodman Jack, the U. S. Bureau of Mines CPC, the Menard
Pressuremeter, and the Rocha Dilatometer, for in-situ rock modulus determination.

The most pertinent pepers describing the instrument, giving the derivation of the equations used to
conve;t deformation measarements to stress or modulus values, and detailing the laboratory and/or field
testing to verify these results are given 1s appendices. In addition, a short history of the field use of each gage
is given. Both of these, the ~opendices a.d the histories, are included so that engineers do not have to rely on
the authors’ judgement,

Eight conclusions from the study are listed below.

1. Normally a skilled and experienced engineering crew is required tc; ,

obtain any value from a rock mechanics investigation, and this
créew might well require the assistance of a consultant when starting
to'use a new gage.

2. Table 1 shows the number of people responding to the questionnaire -
for each type of gage, and this gives some measure of the field
use of gages. Stress gages are used far more widely than modulus gages.

The popularity of the Goodman Jack is due to its ease of handling
in the field.

3.  Table 2 summarizes the merits and !imitations of the individual stress
gages. It shows that no one gage can be used under all circumstances,
and two or three might be necessary on one project.

4.  Figure 1 summarizes the range of the modulus gages. There is no
generally satisfactory hard rock madulus gage, and laboratory testing
must remain the most widely used and useful method of measuring modulus
at present,

5. The amount of space and time required to obtain measurements using
different gages and methods varies considerable. If development, production,
or construction schedulzs necessitate the driving of separate rooms for
engineering purposes, the costs of these investigtions in time and
money wruld become very large. In general, the stress and modulus gages
considered here require a small amount of space, but tests could take several



shifts to several weeks to complete.
The art, si:ience, and tools of rock mechanics are still far from the
stage of development needed for good engineering practice. The
interpretation of individual restlts and the formulation of general
theories about stress patterns in and around a particular structure
is still qualitative more than guanitative.

Most perators have found that difficulties in field application
and problems with the calculation and interpretation of results
are ignored or minimized by most authors.

The development of old and new instruments is continuing constantly.
It is recommended that this study be repeated in four years or so.
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INTRODUCTION

Method - The study was carried out in two sections concurrently. One section was a literature search to
provide the history and appendix material, and locate any other useful information” available. The list of
references at the end of the text was selected and was not intended to be exhaustive. Some earlier major and
most minor references have been omitted. The other section was a direct approach to instrument users,
initially by form and iater by telephone or personal contact. Table 1 shows the number of useful contacts
made, classified by instrument.

During the conrse of the study attempts to evalizate the Griswold Gage were abandoned when it became
apparent that the gage was not being commercially produced. One company is developing the gage for its own
use.

Background - The earth’s crust is in a state of stress, and at any point in the crust this stress is caused by at
least two components, the weight of the overlying material and the geological stresses that remair from the
forces that caused mountain building. The reactions of the rocks to these stresses cah be either elastic, so that
they remain in a high state of stress, or plastic, when they flow and reduce the stress level. Usually the rocks
are fractured, showing that stresses have exceeded strength in the past.

In general, the forces in the earth’s crust are in equilibrium until man made changes upset the balance.
These changes may consist of loads placed upon the surface (buildings,dams, lakes) or the removal of forces

and constraints within the earth by mining and other excavation work. Under the effect of these changed load
systems, the stresses change and the rock or earth deforrtms, and can even fail. The amount of deformation is
important, because it can be used to estimate the stresses present in the rock, or to determine the support that
the rock will give to a loaded structure, such as the concrete lining of a penstock, or by using finite element
analysis to determine which pillars in an underground structure or which bed or dike members of a geological
structure are likely to carry a disproportionate portion of the load.

Increased stress in rock can be beneficial, in that it can change the drilling and blasting characteristics of
the rock possibly increasing drilling speed and fragmentation. Failure can also be beneficial in some cases, such
as by reducing stress concentrations and improving piliar characteristics so that they do not burst but yield
under load. The discing that occurs when diamond drilling highly stressed ground, if applied to a heading
driven by a tunneling machine, might well be used to the benefit of the operation,

Around any opening in stressed rock, stress concentrations occur. The pattern and magnitude of the
concentrations depends on the shape of the opening. In general, concentrations increase the faster the rate of
change of direction of the opening. Thus, they are small in the middle of straight sides, higher around circular
openings, and very high at corners. Normal to the axis of a proposed opening in undisturbed ground, the
planar stress field may be reduced to two principal stresses, a majer and a minor, which are normal to each
other. These stresses are either compressive or tensile, with no shear stresses, and they are termed principal
because their magnitudes are the ma<imum tensile and maximum compressive in that plane.

Stress concentrations around an opening produced by an uniz:ial stress field are theoretically complex
except for the case of circular openings. Stress concentrations for a biaxial field normal to the axis of a circular
opening are the resultant of the addition of concentrations from the two uniaxial fields that comprise the
biaxial field. Actual conditions may require the more complicated calculation: of triaxial stress fields. Thus it
is not possible to tneasure the virgin rock stress field by taking measurements in the immediate wall of the




mine entry, because the stress concentrations factors are not known, and even if they were known, they would
be completely distorted by fractures caused by breaking out the rock to make the opening. The stress should
be estimated from measurements of deformation made in an opening of circular cross section with no fractures
in the wall, at a distance from the mine opening at least equal to the magnitude of the mine opening itself. The
simplest solution to this problem is to use a diamond drill hole for measuring the reeded data. Neighboring
openings'such as stopes or rooms add complexity to the problem and should not be ignored.

History - Major efforts to try to determine the values of stresses in rocks in mines, by mathematical

analysis, by developing instruments to measure deformation, and by applying strain gages directly to pieces of
rock, started about twenty years ago. One of the first really important results of this work was the realization
that horizontal stresses were not singularly produced by confining the vertical stress (i.e. affect of Poisson’s
ratio), and therefore equal to about 20 to 50% of the stress caused by the weight of the overlying rocks, and
that in fact in many cases the horizontal stresses exceeded the vertical stress (16) (44). There is also no doubt
that the vertical stress is not necessarily equal to the weight per unit area of the overlying rock.

Theortically there is no reason why vertical stresses should not be an order of magnitude greater than the
gravity caused stress locally, as long as regionally the mean stress is approximately equal to the gravity caused
stress. High vertical stresses have been reported from Canada (16)(44) and Australia (26).

By about 1965 some instruments had been developed to measure deformation, and a very few to measure
pressure and deformation. Many other instruments were under development. The measurements of
deformation could be converted to estimates of stress by formulas developed mathematically from basic
mechanics or from laboratory testing. Instruments to measure deformation are therefore called stress gages.
The instruments that measured pressure and deformation could be used to determine how a rock would
deform under a load, and these instruments are called modulus gages. It is, of course, impossible to convert
deformation measurements to estimates of stress without making some assumptions about the relationship
between stress and strain. This means that assumptions have to be made regarding the elastic state of the rock
and the value of the rock modulus.

Since 1965 work on many of the instruments has been stopped. Development has been concentrated on
improving the performance of a few instruments that showed promise and for which there was sufficient
(usually governmental) backing. The major exception to this seems to be the three dimensional instruments,
which are still under active development.

From the late 1950’s attempts were made to measure stresses at mines and apply the knowledge gained to
improving the stability of mine openings and pillars. The amount of applied work has increased steadily, and
from about 1965 spread to open pit operations. However, in 1967 Black and Hoek (8) still took industry to
task for not'employing rock mechanics sufficiently and explained in simple terms the tools that were available.

In order to determine the magnitude of the two principal stresses in a plane, and the direction of the
stresses with respect to the horizontal, it is necessary to measure three deformations. Initially this was done by
grouting three pins into holes in the side of a drift, to form the corners of an equilateral triangle. The distance
between the pins was measured very accurately, and the rock that they were in was then destressed by drilling
it free from the main body of rock. The distances between the pins was again measured, and the value of the
principal stresses in the plane of the wall rock and their orientation with respect to the pins calculated. The
results were of little value, due to the very uneven stress field ir: the side of the drift.
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An improved method useu to determine the stresses in the side of a drift is one employing the flat jack
(97). Pins grouted into the drift walls are returned to their original position after a stress relief slot is
pressurized by a jack. The major advantage of the methods is that no rock modulus values are required,
because a measured stress is applied to restore the rock 1o its original condition. The method is fairly simple,
and apart from end effects and axial stresses the pressure exerted by the jack is more or less equal to the
average rock stress normal to the slot (74). However, even if there were no mining fractures to éombl icate the
stress pattern, there would still be the complication of the difference in stress concentration with depth into
the wall rock, and the fact that this is opposed by a constant flatjack pressure, and the geometrical stress
concentration factor itself, which would have to be determined from model studies or {inite element analysis.
If the rock were anisotropic (the rock properties vary with direction), assumptions of the relative rock
properties would have to be made.

The general trend in the design of stress gages has been to those that will measure three or more
deformations normal to the axis of a borehole. Some instruments can only react to a decrease in the size of the
hole (the instruments cannot be prestressed) and are useful to determine increases in compressive stress with
time. These instruments must have a long hole life. Other instruments can measure increases in the diameter of
the borehole, and these are used to evaluate absolute stress, by cutting the portion of the borehole in which
the instrument is mounted free from the surrounding rock mass. With both types of instrument the direction
and magnitudé of the absolute principa! stresses or change in principal stresses normal to the axis of the
borehole is calculated by using the stress strain relationship (modulus values) of the rock. There are many
problems associated with the design of the instruments, including robustness, sensitivity to rock deformation,
range of deformation measurements, limited creep of the instrument, insensitivity to temperature differences
and waier, ease of positioning and orienting the instrument, applicability to different rock conditions, life in
the hoie, distance that the instrument can be placed from the operator, mechanical and technical reliability,
the time required for obtaining information and crew size, and the initial cost of the instrument with its
components. Leeman (65) produced a major evaluation of rock stress instruments in 1964. Other reviews and
investigations (1){10)(78)(106)(108) are also vaiuable contributions, as is the report on discussions at the First
Congress of the International Society of Rock Mechanics (56). Fairhurst’s reviews for long-hole instruments
(27)(28) indicate that in this field there are still many difficulties tc svercome.

The development of modulus measuring equipment and techniques started, before any major work on
rock mechanics, with attempts to measure the deformation modulus of soils and soft and shattered rock near
the surface of the earth, for building foundations. Loading tests were performed on prepared exposed surfaces
in large static and jacking tests. Borehole instruments were developed to determine the characteristics of the
soft material at depth in order to determine excavation and pile driving factors. The concept of jacking tests
was then taken underground by the designers of dams as penstocks and power stations were built into
excavations of rock. Initially these developments were more or less ignored by the rock mechanics
investigators

Mineralized zones, orebodies and mines are explored and evaluated from the material rccovered from drill
holes. For many reasons, hand specimen of rocks are much more valuable than sludge (or ground up) samples.
The Smmond el wih som reesvery B been & wery Wiy avd oot i ving furg Before Tock
mechanics investigators to test for strength, modulus, and even stress. Laboratory equipment was developed to




prepare and test sections of small diameter core. When overcoring was used to provide rock si.ess relief for
absolute stress measurements, equipment was quickly developed to use these cores, in the laboratory and in
the field. to determine modulus values. The rock mechanics approach to modulus measurements was therefore
to use very small specimen, often in the laboratory; soils mechanics to use large specimen in the field.

Rock and soil are not homogeneous, that is their properties vary from one location to another both
microscopially and macroscopically. This leads to some confusion regarding the modulus values that are
required - maximum, minimum, mean, within certain confidence limits, etc. Deformation modulus values are
also a function of stress except in very hard dense competant rock, and measurements should be made over the
appropriate stress range. The soils mechanics approach has been to use large samples with necessary low stress
levels, because in general their structures are broadly applied at low stress levels. The position in rock
mechanics is a little more complex, beciuse modulus vaiues are required for many different purposes. The
sample size and method of testing must be selected to give the best value of modulus for the required purpose.
Thus, the value of the modulus obtained from the annulus of rock used for absolute stress measurement is the
best one to use to.calculate the stress values, even if it is not representative of the general body of rock. The
present approach is four fold; tests on drill cores; tests in drill holes; tests on the walls of tunnels; and dynamic
(sonic) tests. The size of sample tested varies from a few cubic inches to millions of cubic yards, and the
numerical values obtained by the different methods on the one rock formation can vary by more than an order
of magiitude. Probably the main reason for the difference in values is the amount of cracks and voids in the
sample tested. Diamond drill cores that are suitable for testing usually have the minimum amount of cracking,
and wiil therefore produce the maxi~ium value of the deformation modulus. Testing in a diamond drill hole is
likely to lead to a lower modulus, because more cracks and voids (nearly all geological phenomena) are likely
to be included in the sample. Jacking tests on a tunnel wall are likely to give the lowest values, because the
sample includes both geological and mining cracks. Some investigations of comparative methods of measuring
modulus are given in (102),(12),(15), and (47).

There are three types of modulus gages for measuring small sample rock properties ir- situ, These are
borehole penetrometers, borehole dilatometers, and borehole jacks. The penetrometers do not appear to have
been developed to the point where they can be of practical use. Dilatometers and jacks are further developed
both theoretically (mathematically) and as field instruments. Both of these types of instruments are used to
attempt to measure Young’s modulus or the modulus of deformation in the field, the dilatometers by appiying
a radial pressure and the jacks a unidirectional pressure, to the inside of a small (4" diameter) borehole. It is
apparent that not nearly as much field work has been done on these instruments as on the stress gages. This
presumably is a reflection on the later development of thiese instruments and also, possibly, the desire on the
part of operators to get a2 measure of rock stress, even if inaccurate, rather than a more accurate estimate of
rock properties.

The stress measuring instruments developed so far determine the stress in a plane. The stress field in the
rock is three dimensional, and the two planar principal stresses measured might be very different from the
three mutually perpendicular principal stresses. Estimates of the primary principal stresses have been made by
measuring deformation in three diamond drill holes drilled in different directions from one location. The
resolution of the data is simplified through the use of a computer. This method would be satisfactory, apart
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from the considerable amount of work required, if it was known that the stress field was homogeneous. In
many cases, however, it is likely that the stress field is far from homogeneous, and the concept of an
instrument that measures the three dimensional deformation pattern in one small volume of rock becomes
attractive. Such instruments are under development, but are not analyzed in this project.



STRESS GAGES

USBM BOREHOLE DEFORMATION GAGE

Introduction - The Borchole Deformation Gage (BDG) is a six component instrument that measures
deformations along three diameters in a single p‘ane normal to the axis of a 1% (EX) diamond drill hole when
it is overcored by a 6” thin walled diamond driil bit (5-3/8” core diameter). These measurements can be
converted to estimates of the principal stresses in the original rock provided that:

a.  There are no cracks or other discontinuities near the
instrument to deform the stress concentration pattern.

b.  The rock modulae are known correctly, and

c.  The stresses parallel to the axis of the borehole are
not significant or are known.

The instrument is not suited to measuring stress changes with time at one location, nor has it been used
for this purpose, because its hole life is suspect. A full description of the instrument, together with the
mathematical development of the equations used to convert deformation measurements to estimates of stress
and the laboratory testing to validate the results, is given in Appendix A.

History - The initial instrument produced by the Bureau of Mines was a single component gage, measuring
the deformation of one diameter of a borehole on overcoring. Thus the instrument had to be set at three
sucoessively deeper positions in the hole and rotated about its axis, in order to determine the biaxial stress
field. Some of the initial field work was done in a Louisiana salt dome (Project Cowboy) and was repcrted
very fully by Merrill in 1960 (72). Incidentally, the study showed a superincumbent load, which has since been
found to be common in salt formations, which have a high creep rate. In the same year Merrill and Hooker
reported work done in a ':iff in Nevada (73). In general the computed stresses corresponded with the
superincumbent load and confining stres.=<, as would be expected in this type of rcck.

This gage and its calibration was described in Rl 5978 (1962) by Obert, Merrill and Morgan (81) and a
general report by Obert (79) was used to in'troduce the instrument to a wider public by publication in Mining
Engineering. A report in 1964 (124) described the use of the instrument in granite by private industry. The
results in the highly fractured ground fluctuated considerably, with a general tendency to high horizontal
stress and lower than gravitational vertical stresses. From this time the amount of literature describing field
work increased considerable (11)(16)(59;(74)(75)(90)(107)(122)(123), reporting among other things a
comparison with flat jacks and other instruments, improvement in placement tools and the use of the
instrument in Canada, where vertical and horizontal stresses in virgin ground of 2,500 and 5,000 psi at a depth
of 1,300 feet was reported at Elliot Lake, and in 1968 stresses of the same order at Wawa (44).

In 1966 Suzuki reported his development of a thr=2 (or six) component gage in Japan (113). Use of the
Bureau of Mines six component gage was reported by Hooker and johnson (52) in 1967, and in the same year
Merrill (71) gave the instrument development report which has been used in Appendix A. From this time

—
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nearly all work was done with the six component gage, and increasingly solutions are being made for the three
dimensional stress ellipsoid by computer, based on the work of Panek (86) and Gray and Toews (36). It is of
interest that the Bureau of Mines is developing a program for the Hewlett Packard 9100-B desktop computer
with the extended memory.

The Burenu of Reclamation has been using the instrument, improving the waterproofing (120) and making
other modifications (3), before measuring the stresses in concrete dams. They also developed their own three
dimensional ‘computer program (4). Use of the instrument has become almost standard for hydroelectric
projects (6)(21)(58). Hooker and Johnson (53) report on rock anisotropy near the surface, which can cause
errors in the calculated stress magnitude of 25%, and in orientation of 25 degrees. They found horizontal
stresses in quarries along the Appalachia Piedmont of up to 4,500 psi. One remaining problem, reported from
Canada (16) and the Coeur d’Alene district of Idaho (14)(18)(19) is the performance of the instrument in
fractured ground, or ground that is so highly stressed that it fractures on overcoring. The instrument is being
redesigned so that the transducers are at the collar end, to try to reduce the amount o, overcore required.
However, if the transducer buttoi’s are to be set clear of any end hole stress concentration effects, it is not
likely that a large reduction can be made in the length of core required.

Investigation Results - The instrument is not produced commercially,* but may be obtained f.om the
USBM at Denver on loan.* Delays of several weeks could occur.

The engineer in charge of the project should be a graduate engineer, preferably with a masters degre: or
experience in rock mechanics. He can be trained by Bureau of Mines personnel at Denver in the laboratory
there or with a Bureau crew in the field. The latter training could entail a delay of several months, the former
only days. The length of time required to cover the field and theoretical training is about two weeks. As with
the other instruments, the crew performance will improve with practice, and measurements with a BDG could
be attempted after a few hours instruction. This approach is likely to be less efficient than using a longer
training period. A new booklet (51) has been published to assist a crew in the field. While it appears to be well
written, it will not obviate the necessity for field training. No operators who have used the booklet have been
questioned, so that a thorough assessment of its value cannot be made. The engineer in charge of the project
could train a technician to operate the instrument in the field in about a week. Should difficulties arise, the
USBM at Denver-can be approached for verbal advice.*

* A slightly modified gage with different electrical circuit protection is sold by Terrametrics of Golden, Colorado.

* United States Department of the Interior, Bureau of Mines, Building 20, Denver Federal Center, Denver,
Colorado, 80225.



An EX hole is drilled to the desired location, using a coring bit. Inspection of the EX core allows an
assessment to be made of whether or not the ground is suitavle for stress estimations. A 6 inch overcore is
started with the EX hole as its center and the BDG is then inserted in the EX hole and oriented at the correct
location with the positioning rods. Improved rods over those described in Rl 6554 (122) are now available.
The instrument cable has to be threaded through the drill and water swivel and attached to the strain
indicator. The overcoring is continued, from about 9-inches before the transducers to 9-inches past them, for a
total length of 18-inches. tn many types of rock a twelve inch core length (6"+6") is adequate. Drill speed and
pressure are critical in highly stressed ground, to reduce core breakage to a minimum. Strain gage readings are
recorded throughout the drilling, which is stopped when the gages show no further deformation. The
instrument is removed and the core annulus broken and pulled. The overcore is quite often tested biaxially for
the modulus of deformation at site by portable eqripment (29), but may also be tested triaxially (80) in the
laboratory. The crew required for the operation is thiee or four, including a diamond drill runner, an
instrumeiii cable handler, and the strain gage reader (or driller, helper, and technician). The maximum distance
that the instrument has been placed from the operator is 135 feet, and this might be approaching the limit.
Hole inclination is riot critical, except that within 10 degrees or so of the horizontal it is difficult to clean the
hole, and fine material left under the gage pistons will lead to incorrect measurements. Water in the hole, and
even that introduced during the drilling of the annulus, can get into the instrument through one of the “0O”
rings (piston or cable) and cause an abortive run. The USBR at the Denver Federal Center has put its own
waterproofing on the USBM gage, and the Bureau of Mines staff are also working on improving the
waterproofing. This sensitivity to water could lead to a short hole life. Changes in the hole diameter of up to
%", either slowly or quite abruptly, should cause no difficulties. However, because it is necessary to withdraw
the instrument from the hole to change the washers in the pistons to preload the transducers correctly,
changes in the diameter of the hole slow down the operation considerably. Absolute stress readings can be
taken every 12 to 18 inches; that is, a new EX hole for installing the instrument can be started in the bottom
of the 6 inch overcore hole.

The amount of time taken for a reading varies with the depth of the hole. For fairly shallow installations,
once the drill is set up and the operation started, it might be possible to get two readings per shift. Moving the
drill and equipment into the mine and setting it up could take two shifts to two weeks.

The mechanical reliability of the instrument appears to be satisfactory, other than the problem of
waterproofing. Damage can be caused by the overcoring annulus breaking off and pulling the cable, which can
also be damaged by allowing it to slaken and get twisted by the core barrel. Runs can also be aborted by the
pistons extending into cracks, the instrument moving, and the overcore breaking before stress relief is
complete (which leads to instrument movement). The greatest single problem is damaging or cutting the cables
and connections. In good ground, an 80% success ratio might be achieved. In highly stressed discing ground,
the ratio might be less than 5%, and in fact the instrument is not suitable for use under these conditions. (A
modified instrument being developed, with the gages near the collar end of the instrument, might make sorne
improvement. However, the gages will still have to be 6 inches inside the EX hole to be in a stable stiess
concentration area). The range of the instrument might be considered to include any naturally occuring stress
provided no discing occurs. The reliability of the results from siiisfactory runs would appear to be excellent
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(Appendix A) except as the actual three dimensional stress field and rock anisotropy affect the two
dimensional deformations. The calculations required to obtain the direction and magnitude of the planar
principal stresses are relatively simple (Appendix A). Final data are considered to be an acceptable estimate of
total field stress with a reliability .of 20% to 100% error in magnitude and 10 to 25% error in direction.

The calculations to obtain the direction and magnitude of the three principal stresses (the three
dimensional case) from deformation measurements in three drill holes are extremely complicated and have to
be handled by computer. No programs are published, but the USBM at Denver have a program and have also
written one for a desk top computer with extended memory.

Costs are difficult to estimate. In good ground, if ten or twelve readings were to be taken at one location,
and with a total time of two weeks for the operation including moving the equipment in and out, the cost for
drill rental, labor, and bits might amount to $500. per result. Under adverse conditions the figure could be
$5,000. per result. In a large scafe program, it might be possible to reduce the cost to $200 per result.

CSIR* “DOORSTOPPER"”

Introduction - As explained by Leeman (64) the term “Doorstopper” results from the resemblance of the
prototype instrument to the red cylinders of rubber used as doorstoppers in South Africa, and not from any
scientific connotation. The Doorstopper is a three component instrument, measuring deformations of the end
of a standard BX (2-3/8”) hole, as the hole is continued with a coring bit. As with the BDG, these
measuremenis may be converted to estimates of field stress provided that there are no cracks or other
irregularities at or near the base of the hole; that the rock modulae are known correctly; and that the stresses
parallel to the axis of the hole are not significant or are known. The instrument is not suited to measuring
stress changes with time, and in fact has a very short hole life (a few hours), depending on the adhesive used to
attach it to the rock. A full description of the instrument and the relationship between field stress and
deformation (63) are given in Appendix B.

History - The instrument was first described by Leeman in 1964 (60). The report showed the considerable
effort had been put into determining stress concentration factors in the bottom of a hole due to stresses in the
plane normal to the axis of the hole, in cubes of materials of widely varying E. The stress concentration factors
were shown to be constant over the middle 40% of the diameter of the hole, and the gage was designed to be
attached to that area of rock. Factors for stress concentration were determined by the laboratory experiments,
but these could not be verified theoretically because no mathematical anaylsis was available. The instrument,
positioning tools, method of use and one field application were described in detail. Since that time the
instrument has been refined and used in many countries, some early work being done by Li (67) in Norway,
Van Heerden and Grant (116) in Canada, and in South Africa (56). From 1966 to 1968 several investigators

* South African Council for Scientific and Industrial Research
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(Hoskins 55, Bonnechers and Fairhurst 9) began to check Leeman’s formula for converting deformation
measurements to field stress, and in 1969 Van Heerden (115) established new factors, one of which showed
that the axial stress was in fact very significant, and under most circumstances would affect the Doorstopper at
the end of the hole considerably more than the BDG further towards the collar. The early Canadian results
(116) would tend to confirm this. A finite element analysis by Coates and Yu (17) confirms the importance of
the axial stress, and also gives a table of stress concentration factors determined by many investigators.

Stephenson and Murray (110) in Australia developed their own form of Doorstopper, with direct strain
gage bonding to the rock and continuous gage readout during overcoring. They got a peaking of the gage
reading similar to that observed with the BDG. Extensive tests in South African gold mines by Pallister, Gay
and Cook (83) showed these rocks to be stressed by gravitational forces only, as opposed to the very large
horizontal and vertical stresses found in a similar environment at Elliot Lake in Canada. Bielenstein and
Eisbacker (7) reported on the continuing work at Elliot Lake, where they were using the Bonnechere and
Fairhurst stress concentration factors, whereas Leeman (64) preferred the Van Heerden factors. Leeman (64)
in 1970 reported the use of gages in coal in South Africa, and measurements of stress in Canada, Sweden,
Norway, USA, Italy, Rhodesia, South Africa and Australia. He also reporied a cost of $160 (US) per
measurement in South Africa, for capitai and operating costs. This is presumably the cost for a skilled crew
under good conditions with relatively low labor costs. In 1969 and 1970 the Italians reported (13)(69) costs of
$250 per installation in excellent papers giving field problems. They compared the BDG with the
“Doorstopper” coming out heavily in favor of the latter, but preferred an oversize coring bit.

-Investigation Results - The Doorstopper and it’s associated equipment is available commercially from
Soutn Africa.* The time lag from ordering is one to two months, caused mainly by transportation delays.

The engineer in charge of the project should be a graduate engineer with a masters degree, or considerable
industrial experience, in rock mechanics. He could visit some of the engineers who have used the gage on this
continent (mainly at the Department of Mines and Technical Surveys, Canada, but possibly at the University
of Minnesota or Pennsylv:nia State University) but could not get any field training under instruction. Once the
engineer has become fariliar with the field use of the equipment and good practice for the best estimates of
field stress (which cou'd take several months) he could train a technician to take measurements in about a
week. The technician vrould require close supervision for a considerable time if field conditions were difficult
\8 highly stressed, folded or fractured rocks), and in fact under poor conditions it might well pay to have an
engineer on site full time with two or three field crews operating.

A hole of size BX is drilled to the desired location, preferably along the axis of a principal stress. The end
of the hole is ground flat and polished with a sequence of special square faced diamond bits. The polished rock
face is then thoroughly dried and any water in the rest of the kole removed. A Doorstopper is plugged into the
insertion tool, adhesive smeared on the end to be attached to the rock, and inserted into the hole. The

* Corner House Laboratories, Private Bag 1, Emmarentia, Transvaal, S. Africa.
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Doorstopper is pushed against the polished rock face with a contact force of about ten pounds, it is oriented
with the mercury switch, and held in position until the strain gages show no further movement. This indicates
that the glue has set, and the insertion tool and cable are removed from the hole. Drilling is continued with a
standard BX coring bit, which fits over the Doorstopper, for about five inches, when the core is broken off and
removed with the Doorstopper attached. The Doorstopper is again plugged into e insertion tool and the
destressed strain readings taken. The crew for this uperation is at least three, two for drilling and an
engineer/technician. Some operators prefer a crew of four.

There are a number of precautions that should be taken during these operations. All Doorstoppers should
be tested in the laboratory when received, as some have been found to be defective and others have had the
strain gage connections reversed. The gages should be taken underground the day before they are to be used to
speed up the temperature compensating p.ocess (there is a temperature compensating core in the inserting
tool). Particular care must be taken to dry the end of the hole and remove any water from the holc itself. The
success ratio will not be high in a water bearing porous rock. No holes should be drilled at less than 5 degrees
above the horizontal, to ensure good active drainage. Because the strain gages are not connected to the readout
box during overcoring, it is not possible to check for inconsistencies, and consequently every apparently
successful test must be tested for bonding before the results are accepted. In this connection, one particular set
of seventeen successive bond failures in good very hard rock was caused by the rock surface being too smooth.
Elimination of the final polishing bit operation overcame the problem.

While the mercury orientation switch is satisfactory in flatter holes, it becomes more difficult to use as the
angle of inclination increases, and impossible before the vertical is reached. Under these circumstances a paint
mark is put on the Doorstopper and a transit aligned uzider the hole. The bearing of the paint mark is then
marked on the excavation wall, and this is later measured by surveying. The process is probably accurate
within 5 to 10 degrees, and the procedure limits the distance at which meas.vements can be made in steep
holes to about 30 feet. The distance in steep holes is also limited by the installing rods, which are hand
manipulated rather than using the drill. Placement distances of several hundred feet are possible in near
horizontal holes.

The mechanical reliability of the instrument is good, because it is so simple. Success rates of up to 70% are
achiev.d, with the 30% failure rate caused by bond failure. Failures due to rock discontinuities or discing can
reduce the success rate considerably. However, results are possible in ground that is too highly stressed or
fractured to allow the use of the BDG.

The conversion of strains to stresses appears sound. However, the plane strains that the instrument
measures are so sensitive to axial stress that very serious errors could occur if two dimensional solutions are
made. For the three dimensional solution, three holes are required, and urless the regional stress field is very
homogeneous, the measuring stations should be close together. This iriplies three drill set-ups and
measurements over restricted hole lengths. The solution of the three dimensional case should be based on
Panek’s work (86) as modified by Gray and Toews (36). Computer programs to solve for field stresses based
on these works are in existance (Mining Research Center, Mines Branch, Ottawa) but it is not known if this
material is available to the public. Development of a program based on this material by a rock mechanics
graduate engineer would probably take several months.

In shallow holes, say within 20 feet of the operator, and where there are no problems (shallow angles, no
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ground water, etc.,) it is possible to get two and a half readings per shift. However, Doorstoppers should not be
left in position at the bottom of a hole overnight. The placement rate reduces to one per shift at 40 to 50 feet.

The cost of the equipment (including cables, tools, meters etc. but excluding the drilling equipment) is
approximately $2,000. The cost per overcoring (not per successful measurement) ~xcluding capital costs and
technician and engineer wages, at operations that have continued over two years in Canada, has been estimated
at $200. Of this, the Doorstopper cost is about $15. The 2mount of time spent by the engineer in computing
results is about 1/3 to 1/4 of the time spent taking measurements once a computer program’ has been
established. The amount of time spent considering the implication of the results might be considerable. The
total cost per successful Doorstopper measurement, for a company undertaking a major rock mechanics,
program, might therefore amount to between $500 and $1,000, provided ground conditions were reasonable
with reference to water, stress and fractures.

PHOTOELASTIC STRESSMETER

Introduction - The Photoelastic Stressmeter, often referred to as the Glass Plug, is a rigid inclusion
instrument (E = 10 x 10‘) for insertion into any size borehole, but in practice the usual size is for an EX (1%”)
hole. The gage deforms under the action of stresses applied in a plane normal to its axis, and because the glass
is birefringent, estimates can be made of the magnitude of the planar principal stresses and their direction.
Inspite of its name, it is still a strain instrument.

The instrument is used to measure increases in compressive stress with time, and has a very long hole life.
It is not suitable for measuring absolute st: :ss, because neither prestressing nor bonding for tensile loads are
satisfactory. A full uescription of the instrument is given in Appendix C.

History - The Stressmeter was developed in the early 1960's at thc University of Sheffield, based on a
mathematical analysis developed by Hiramatsu et al in Tokyo and yublished in 1957 (49). The work at
Sheffield consisted of instrument development and laboratory testing (along with other photoclastic gages),
and was reported extensively in 19€3/65 (94)(95)(92)(93)(92). Some fic!d wzrk was briefly referred to. The
early attempts to prestress the instrument with a sliding wedge, to give a unidirectional assessment of field
stress on overcoring (50) appear to have been abandoned. Limited field work in the mid 1960’ in t7e United
States is reported by Sellers et al (107), and a mathematical analysis of optimum reading positions was
developed by Barron in Canada (5) in 1965. Since thei: little has been reported on the gage except for two
articles from Russia (105)(57), but it is still quite widely used in Europe for monitoring stress changes. Its use
in the United States is far more limited, although the reasons for this are obscure because it is doubtless a good
monitor even when used quite crudely.

Investigation Results - The instrument is produced commercially in England and there is a United States
distributor.* There is virtually no delay in delivery. The engineer in charge of the project should preferrably be

a graduate, preferrably with some rock mechanics experience. In the past, one week courses were held in
England to train engineers and technicians to use the equipment. The minimum training necessary is about half
a day spent counting fringes and estimating principal stress magnitudes and directions. Technicians could be

* Terrametrics. 16027 West Fifth Avenue, Golden, Colorado, 80401.

14

-



4

@i
-

Ay

e

L

—d e ey

trained to install and read the instruinent in half a day. The interpretation of some patterns, and the proper
c. relation and appreciation of the results being obtained from the field are the province of an engineer.
Should problems arise, the U.S. distribi:tor can be approached by telephone or a representative can be hired at
commercial rates ($200 per day plus expenses). Company literature provided with the instrument appears very
thorough (22)(41) (107), but does not obviate the need for training in photoeiastic reading.

A 1%" hole is drilled to the desired depth by diamond (EX) or other machine. It is difficult to drill a
sufficiently smooth and even hole in hard rock with a percussive machine, but this is done at some mines. The
hole is cleaned and washed with acetone to ensure good bonding, and checked for diameter and length. The
allowable diameter variation for one size of gage is 1/8" (from d + 1/8" to d + 1/4,” where d is the diameter of
the cylinder), but it is possible to obtain gages and insertion tools in incremental sizes if necessary. The
Stressmeter is mounted on the insertion tool, the cement mixed and placed in the cup on the instrument, and
the instrument installed at the bottom of the hole, the cement being extruded around the edge of the cylinder.
No orientation is required. The installing tool is removed immediately and the cement bond inspected for
continuity and entrained air bubbles. The crew required for this operation is two or one, with one man
required for subsequent readings. There is no necessity for the drill crew nor their machine to be on site during
installation, so that drilling and installation are completely independent operations. Since, in general, only one
plug will be installed from one drill set up, drilling costs and drill moving, set up and tear down costs are
usually a major portion of the total costs. Good mobility in this phase of the operation could reduce costs
considerably. The maximum distance the instrument has been placed from the operator is about 30 feet,
because at present readings have to be made from outside the hole. This necessitates a telescope for holes
deeper than 3 feet. Hole inclination is not critical, except that it is much easier to set the gage above water
level, and the success ratio will be much greater. The instrument can be placed and read under clean water,
with a good hole life.

The instrument is easy to install and the operation can be completed in an hour or so. It can he placed and
operates quite successfully in highly fractured ground, but is not likely to be satisfactory if set across a single
fracture in good ground. If the ground is so shattered that the hole tends to close, a 1-3/8"” OD pipe may be
inserted loosely and butted up against the gage immediately after installation. When installed unsuccessfully
the pattern that developes will be unreadable, so that errors cannot be made. However, critical information
could be lost over a period of months before it was realized that the gage would give no useful information.

The mechanical reliability of the instrument appears excellent, as is its hole life. The range, however, is
very limited. Approximately five fringes can be read, at maybe 500 psi per fringe, to give a total increase in
compressive stress of say to 2,500 to 3,000 psi. It is not possible to measure compressive stresses less than
those present when the gage was installed.

The instrument is not easy to read accurately, requiring constant practice, and it might be considered a bit
of an art. However, it is easy to determine the direction of the planar principal stresses and also major increases
in magnitude. The calculations to determine the magnitude of the planar principal stresses are simple, but the
mstrument will have to be calibrated in the laboratory if the value of the deformation modulus exceeds 2.5 x
10 psi (S) or 4 x 10bp5| (41). Alternatively a calibration factor can be taken from a chart in the distributor's
literature (41) if the modulus is determined. No attempt is made to Jetermine changes in the three
dimensional stress field, but it has been stated for the Photoelastic Stressmeter (43) and shown for the rigid
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brass inclusion (21) that axial stress changes do not affect stress readings normal to this direction.

The inltial cost of the equipment, including setting tools, precision viewer and some meters is about
$2,500. The individual meters cost about $25 to $45 each, depending on size. The cost per installation might
be $100, and the cost to periodically read the meters and calculate and piot the results, very little.

OTHER STRESS GAGES

Griswold Gage - The Griswold Gage is somewhat similar to the BDG, measuring deformation across three
diameters of a borehole on overcoring. The deformations measured are in three parallel planes. The instrument
was first reported in 1963 (38), and was therefore ahead of the BDG. It has been developed by Cominco and
reported on by them (104){103), but is not available commercially. It would appear to be inferior to the
present BDG in that slippage could occur at some measuring contacts when there is high axial ground stress. It
requires a ¢maller hole and overcoring bit, and results by the single user appear acceptable.

Phatoe!astic Biaxial Gage - The gage is a birefringent plastic patch with a central hole, for attaching to the
bottom of a borehole before overcoring. Thus it is the photoelastic equivalent of the “Doorstopper,” and was
developed in Sheffield at the same time as the Stressmeter (92)(40)(42)(39). It has been used to a limited
extent in Norway (45) and Australia. Itis available commercially in the United States,* but would not appear
to offer any advantages over the “Doorstopper.”

CSIR Triaxial Strain Cell - The Triaxial Strain Cell measures nine strains on the surface of a borehole as it
is overcored, to give the complete three dimensional state of stress of the rock at one location in a single

borehole. The instrument was first referred to by Leeman in 1967 (61), who also gave a full description and
equations to determine the stresses in 1968 (62). Non-linear elastic rock characteristics were incorporated into
the stress solution in 1969 (66) and a full description of the instrument, tools, and meters was given by
Leeman in 1969 (63). Use of the instrument was reported from Norway in 1970 (68). A full mathematicai
analysis was produced in Canada in 1971 (125)(37). The instrument has been used in Finland and a similar
instrument in Australia (89). Itis produced commercially in South Africa,* and will probably be used initially
by those engineers who have successfully used the **Doorstopper.”

USGS* Solid Inclusion Probe - This is a three dimensional instrument with nine strain gages (3 x 3 gage
rosettes) mounted on a one inch diameter chrome steel ball. It is not produced commercially, but is fully
described in Geological Survey Bulletin 1258-C (76).

Other Gages - There are numerous other hard and soft gages which have been abandoned or superceded,
and some still under development. Also many “home-made’ models with minor modifications have been
successfully used but are not discussed in this report.

*Terrametrics. 16027 West Fifth Avenue, Golden, Colorado, 80401.
*Corner House Laboratories, Private Bag 1, Emmarentia, Transvaal, S. Africa
*United States Geological Survey
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OTHER METHODS OF STRESS MEASUREMENT

Flatjacks - Early work on flatjacks was done over twenty years ago both in the United States (Bureau of
Reclamation) and in Europe (70). Work has continued on a world wide basis, and the method was used on the
Snowy Mountain project in Australia in the !ate 1950’ (2). In 1964 Panek (85) reported replacing the usual
extensometer deformation measuring device by hydraulic pressure cells grouted into holes in the rock. |1 1966
Hoskins (54) reported extensive laboratory tests, and in the late 1960’s Rocha (98)(101) cut the jack slots
with a diamond disc, to eliminate grouting. His work, however, was directed at modulus values rather than
estimates of stress. As mentioned in the introduction, all these tests are done close to the operator, where field
sticss values are completely distorted by the presence of the opening itself and mining fractures. It does not
appear to be practical to use these measurements to estimate field stresses under normal circumstances.

Hydraulic Fracturing - The pressures required to initiate cracking and propagate the cracks in boreholes

theoretically allows the calculation of the maximum and minimuin principal stresses. Cracking occurs in the
direction normal to the minimum principal stress. The method is still under investigation (28)(27).

Discing - Discing, the breaking of diatnond drill core into thin discs as it is being drilled, usually indicates
highly stressed ground. It has been obseved extensively in the Witwatersrand and Elliot Lake, and makes it

impossible to measure stresses by the normal instruments. Obert and Stephenson (77) carried out extensive
laboratory tests and came to some conclusions about the relative magnitude of the principal stresses, but as yet
there is no way to use this nhenomena to estimate the field stresses.

STRESS GAGE SUMMARY

1. Stress changes with time may be measured by a series of absolute stress measurements, using the BDG or
“Doorstopper,” but the cost of doing this would be at least an order of magnitude greater than by using a
Stressmeter. Changes in absolute stress with time could best be obtained by installing Stressmeters, and
once these were operating successfully, measuring absolute stress with a suitable gage. The limited range of
the Stressmeters might necessitate the installation of two or three gages consecutively, but even this is
likely to prove far less expensive than the multiple use of absolute gages.

2. Measurements of absolute stress may be made with the BDG or “Doorstopper” in competent to fractured
rock, whether this be elastic or creeps, as long as the immediate response tends to be elastic. In general, as
the ground becomes more fractured, the “Doorstopper” will give a greater success ratio than the BDG.

3. In highly stressed ground that tends to disc, the “Doorstopper” is likely to give a greater success ratio than
the BDG.

4. As distances from the operator increase past thirty to fifty feet, the cost of using the “Doorstopper” is
likely to be considerably less than using th:: BDG.

5. Use of the “Doorstopper” is likely to lead to use of the CSIR Triaxial Strain Cell when it is fully accepted.
This instrument should show considerable cost savings over both the BDG and the “Doorstopper.”

6. Under wet conditions, the BDG is likely to give z greater success ratio than the “Doorstopper.”

7. If planar principal stresses only are to be evaluated, the axial stress will affect the stresses calculated from
the “Doorstopper’’ deformations far more than the BDG, so that the latter is likely to give more accurate
results.
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8. The BDG tests a larger sample, whlch might lead to a better evaluatloh of the stress fi eld
9. The relative meriis and limitations of the gages are shown in Table 2.

10. The enrgineer in charge of the project should have a good mathematlcal background and be famlllar with

computers
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MODULUS GAGES

GOODMAN JACK

Introduction - The Goodman Jack applies a unidirectional pressure to the inside of an NX borehole. The
maximum possible pressure is about 10,000 psi, considerably greater than that required for si'i face or near
surface engineering, and covering most of the range of field stresses in rock. The use of two instruments, one
for soft and one for hard rock, enables precise (although not necessarily accurate) measurements of E to be
made for a wide range of rocks over the pertinent pressure range. A description of the instrument together
with the mathematical development and instrument testing is given in-Appendix D.

History - In 1968 Goodman, Van and Heuze (34)(35) published the first details of the Goodman Jack.
These similar papers gave the mathematical development of the equations used to relate deformation, pressure
and deformation modulus, much of which was done by finite element analysis, including the effect of the
formation of cracks. The papers gave comparisons of the results produced at three field locations by the
Goodman Jack and other instruments, which were inconclusive. No laboratory tests on specimen of known E
were reported. The instrument was used by the USBM Spokane Mining Research Laboratory (117)(20)(88)
with inconclusive results. In 1970 laboratory work was reported (24) in tests to determine rock strength
values, and more field work (46) with comparative but inconclusive modulus determinations. In 1971 a
different finite element analysis was used (48) to show that the results might be 30% low due to fractures
caused by the Jack. Stowe (112)(111) reported use of the instrument by the Army Corps of Engineers, and in
a report to the Corps in 1971 Ohnishi (82) used a formula to give an increased modulus value (k = 1.63 cf
1.25) to allow for cracking. (Values of 1.630 and 1.250 give a highly misleading impression of accuracy). In all
this time no valid laboratory work has been reported to show that the instrument actually gives correct values
in samples of known modulus.

Preliminary laboratory tests by the U.S. Bureau of Mines Spokane Mining Research Center indicate low
results from the Goodman Jack in homogeneous material. The U.S. Army Corps of Engineers, Missouri River
Division Laboratory, has also laboratory tested the instrument quite extensively and obtained consistently low
results, Reports will be issued shortly by both institutions.

Investigation Results - The instrument is produced commercially, but to date there can be long delays for

delivery and repair.*

It is necessary that thc engineer in charge of the project should be a graduate engineer, preferrably
experienced in rock mechanics theory and practice, geology, and with some knowledge of electronics and
hydraulics. The descriptive literature provided with the instrument is sufficient to allow the engineer to

* Slope Indicator Co., 3668 Albion Place N., Seattle, Washington 98103.

19




assemble, test, and install the instrument, and also to calculate the values of E measured. The instructions
could be improved with regard to site preparation, instrument calibration, good practice for kest results, and
maintenance problems. Thus it is essential that a thoroughly competent engineer be in charge of the first field
work. Once he has become proficient with the instrument, he could train 4 technician to operate the
equipment successfully in about a week. Alternatively the manufacturer will prewide technical assistance in the
field for commercial fees. There should be no major difficulties in transferring control of the operation from
one engineer to another.

The instrument (hard or soft rock model) is inserted in an NX (3”) borchole attached to the end of BX
casing. This allows the instrument to be located and oriented as desired. The crew required for this operation is
two on the drill once the equipment can no longer be manhandled (about 20 féet from the cullar of the Hole),
and two on the instrument. It is possiblz to limit the total crew to three. The maximum distance from the
operator that the equipment has been placed is 1,000 feet, (downwards) although it is not suggested that this
is the limit. Hole inclination would not appear to be critical, and water pressure within the hole should not
cause problems, although little information is available on these points. Changes in hole diameter over long
distances can cause delays to measurements, because the instrument might have to be taken out of the hole
and adjusted. Changes in diameter over short distances and wall spalling can lead to abortive measurements and
the possibility of instrument damage or destruction. The instrument can also be damaged by operating it when
it is not concentric with the hole: little information is available on the performance of a centering device to
eliminate this problem. The jack cylinders can become fouled by fine shale particles in suspension in water in
the hole, so that the instrument has to be withdrawn from the hole and washed off after each cycle. Larger
pieces of rock can be stopped from jamming the jack plates open by suitably placed screens. When installing
the instrument in deep holes, the build up of fluid pressure in the hoses can lead to opening of the jacks and
consequent hanging up on the plates, with subsequent instrument damage c7 loss. In view of the field
difficulties when used in deep holes, and the cost of the (probably uninsurable) instrument, it might be
advantageous to hire an experienced technician for two or three days (at a cost of about $500 plus fares) to
assist and advise the field crew. It should be noted that the pressure gage reading would probably be low by
nearly 10% in the deepest holes. There is no limit to the number of tests that may be made at one position in
the hole, nor to the distance between one measuring position and another, provided the ground is not damaged
during the tests. No information is available on the length of life of the instrument if left in the hole.

The amount of time to take a set of readings varies with the actual jobs to be done. Assembling the
equipment on location and testing might take 40 minutes to a shift; installation and orientation in a shallow
hole ten minutes and at depth, 2 hours/100 feet of hole; the loading and unloading at one location ten minutes
to an hour per cycle; and removal from the hole a few minutes. Thus it should be possible to complete tests at
two positions per day unless there are difficulties due to deptri or hole condition. Fractured ground could lead
to no results from several weeks work.

The mechanical reliabilicy of the instrument appears to be reasonable, the main trouble being damage

to the O ring seals. The limited travel . the jack plates can cause delays due to the need to adjust the
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instrurent and low pressure results in ground with a low value of E (the maximum travel under full calibration
is 0.2"). The calculation required to get a value of E (see Appendix D for derivation) is very simpls. The values
obtained are about 1/3 to 1/10 of the E values obtained from laboratory tests of diamond drill cores. It has
been stated that this is a better estimate of the actual value of the prototype value of E, because it includes the
effects of cracks and seams in the body of the rock (35). However, it has also been shown (48) that cracks
caused by the operation of the jack could lead to estimates of the value of E 30% lower than the correct value.
Two investigators have found that the values of E obtained in the laboratory were much lower than the
uniaxial value of the specimen, thus throwing doubt on either the equipment performance or the mathematical
and laboratory derivation of the formula.

The instrument costs about $6,000 to purchase, or rents for about 10% of this figure per month. Therz
would occasionally be repairs of $500 or so. The remaining costs consist of:

1. Drilling NX holes, at say $10 to $12 per foot.
2. Labor costs for probably two engineer/technicians, and in addition,
for depths greater than 20 feet, one or two drillers.
3. Calculation and data recording (office) charges.
4.  Company overheads on the above,
5.  On the first deep hole, up to $1,000 for consulting fees and expenses.

In holes more than 20 feet deep at 2 readings per shift the cost per reading could easily approach $100 for

a series of several hundred readings.
USBM CYLINDRICAL PRESSURE CELL

Introduction - The Cylindrical Pressure Cell (CPC) applies a radial pressure to the inside of an EX
borehole. A full description of the instrument is given in Appendix E. The maximum field pressure applied is
about 7,000 psi, so that the range is not quite so large as that of the Goodman Jack, but still covers most field

conditions.

History - There appears to be only two papers published on the CPC, the original giving full description of
the instrument, the derivation of the equations and the laboratory testing to validate the results in 1964 (84),
and in 1970 a report on results obtained in fractured ground (87).

Investigation Results - The cells, tubing, and pressure gage are produced commercially,* and the supplier

* Terrametrics Inc., 16027 West 5th Ave., Golden, Colorado, 80401
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could also produce the volume-metering tiuid pump and calibration cylinders. Delivery of the presently
produced equipment is about three weeks, but longer delays should be expected for the pump unit.

The standard of engineering personnel required on the project is similar to that required for the Goodman
Jack. There is no-descriptive literature availzble for the operator in the field other than the original article by
Panek (84 and Appendix E), which gives virtually no advice on field use. It is understood that there is a
manual in existance at the USBM, Federal Center, Denver, that might be made available to a CPC user. The
personnel there would also train operators, but there could be considerable delays. Estimates of the field
training necessary vary from two days to two weeks, which is probably realistic. The length of time taken to
produce good and quick results, consistent with ground conditions, would also vary widely, depending on the
initial training and practical experience of the operator, becau-e the instrument is very difficult to instail.
Assistance at commercial rates is available from the supplier. Transferring control of the operation from one
engineer to another could prove difficult if there is no third party available, skilled in the use of the
instrument.

The instrument and calibration cylinders are taken into the mine several hours before they are required,
because the instrument is temperature sensitive. (At locations near the bottom of the downcast shaft, and in
recently developed or mined areas, there can be large differences between rock and air temperatures, so that
this procedure might well be meaningless). At the start of the test the instrument is placed in each of two
calibration cylinders and ia pressure cycled up and down twice in each, to determine the two calibration
constants. The instrument is then placed in an EX (12"} borehole and the pressure cycled twice at the desired
location. It is then moved to other locations where values are required, and cycled twice at each. A two man
crew is required for this operation, or two crews or two men can be used, one on calibration and the other on
rock measurements, to speed the operation. Drilling is also done by a two man crew.

The maximum distance the instrument has been placed from the operator is twenty feet, but it appears
that it might be possible to go as far as fifty feet, and one operator has suggested a hundred feet as the
maximum distance. Hole inclination presents no problems, except that the flatter holes are more difficult to
clean thoroughly. Water presents no problems.

The diameter of the hole is critical. Because the instrument is nearly rigid, the hole must be drilled to +
0.025". The instrument will stick in an undersize hole, and burst in one that is oversize. Spalling of the hole
can also lead to jamming or bursting, and incorrect readings. It is generally accepted that the copper sheath
will usually only last for one reading, although a highly skilled operator might average two or three readings
per sheath, The difficulty in moving the instrument has led one operator to describe the instrument as a stress
monitoring meter (for nieasuring change of stress rather than absolute stress), and a second to be investigating
its use to measure absolute stress in high creep materials (salt, etc.).

There is no limit to the number of positions in a hole that the gage may be used, except that in soft rock
readings should be at least a foot apart. The life of the instrument, is left undisturbed in a hole, can be several
years. Provided there are no difficulties, a crew should be able to complete a calibration and one reading in

four hours. If the sheath is then destroyed in moving the instrument in the hole, one reading per day is likely
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to be the productivity, otherwise two or three readings might be obtained. Under adverse conditions, or with a
diamond drill runner who was not highly skilled, months could be spent for no results. Under ideal conditions,
a skilled operator should have a success rate o' 75%, with most of the failures arrising from ruptured cells.

The cells should be tested to about 9,000 psi before they are taken into the field, so that mechanical
reliability should be very good. It should be planned to resleeve and refill each cell after each attempted test in
a proper workshop. Under some conditions, it might be possible to get one reading per cel! used; under other
conditions, tens of cells might be used per valid result. The calculations to get a value of G (modulus of
rigidity, and equal to E/2 (1+v), where v is Poisson's ratio) are relatively simple. If necessary, the USBM can be
approached for assistance with the calculations. The results obtained have been compared with standard tests
on cores and cylinders by two operators, and have agreed within 10% and 20%. Sonic measurements by a third
operator were 50% higher than the CPC results. The laboratory testing of the instrument (see Appendix E)
appears to have been very adequate. The instrument is probably reliable for measuring the values of G or E for
rocks with an E value of 1 x 10 psi or greater.

The cell and pressure gage complete costs about $145 and the calibration equipment about $500. The cost
of a sleeve is about $30, so that with transport and labor charges, the cell cost might be $100 per usz. The
volume-metering pump would be an extra charge. An approximate estimate of the cost of determining several
values of G at one location is from $300 to $2,000 or more per individual value.

MENARD PRESSUREMETER

Introduction - The Menard Pressuremeter applies a radial pressure to the inside of drillholes. Units are
made to fit NX (3"), BX (2-3/8"). AX (2") and EX (1!4") holes, but the standard instruments provided in the
United States are the long and short NX models. A description of the instrument is given in Appendix F. The
high pressure model, utilizing a urethane sheath, is designed for pressures up to 1,500 psi, so that the
instrument is basically for soils (E 500,000 psi) but ‘vill operate up to values of E = 1 x 10 psi (soft or
fractured rock) with increasing error. At E = 500,000 psi, even when considerable care it taken to prepare the
instrument fo; use, the field value of E measured by the instrument has to be increased by a minimum or 40%
because of the softncss of the system. This figure can be two or three hundred percent in error if air is left in
the liquid system. For E = 1 x 10 psi, the minimum correction is about 80%. Under these circumstances the
instrument has to be calibrated before and after each set of field readings. it is not known how thoroughly the
reproducibility of the instrument has been investigated under these circumstances.

History - Not much literature is available in English on the Menard Pressuremeter because the instrument
was developed and has been used mainly in continental Europe. In 1966 Geocel contracted to carry out
investigations for the U.S. Army Corps of Engineers, and produced two reports (30)(31), and in 1968 Smith
(109) presented a research report on the use of the instrument for full evaluation by the California Highways
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Division. The instrument is being used quite widely for sub-surface investigations of soil and shattered rock,
but little has been published about this.

_Investigation Results - The instrument is manufactured in France and imported into the United States.*
Delivery of a used Pressuremeter is two or more weeks, to be veplaced by a new model in about six months.

The investigating team should be headed by a graduate engineer with considerable experience in soils
mechanics. The field operator need not be an engineer, but should be an experienced practical technician.
Because the use of the instrument is quite an art, and because the drilling of the hole can have an appreciable
effect on the magnitude of the results, the engineer evaluating the results should be thoroughly acquainted
with generai soils mechanics field work. Training to interpret the field results might take two days, and two to
six days might be required for field training. Considerable literature has been published by the distributor
(32)(33), some translated from the French and some prepared by the company, but the use of this alone is
likely to cost considerably more than erploying uhe distributor at commercial rates to train the operator’s
personnel. Ground conditions under which the Pressuremeter is operated are varied, from sands and clays
through layered hard and soft material, fractured, fissured, with voids, and with water or dry. Under these
circumstances, transferring the control of the operation from one engineer to another, or the field work from
one technician to another, is likely to be very expensive either in time or in ihe value of the results produced
after the change over.

The instrument is inserted into an NX hole on the end of an AX rod string. Gas and water pressure are
applied simultaneously to membranes inside a cylindrical urethane or rubber sheath. The pressure is held
constant for one minute, and changes in the volume of liquid in the meter on surface recorded at the end of 15
seconds, 30 seconds, and 60 seconds. The pressure is then increased to a higher level and the volume
measurements repeated. For a full soils analysis program, it is attempted to get well past the pseudo elastic
range (where the stress strain curve is linear) into the plastic range, in ten increments of pressure. Whether this
range is always necessary depends on the material being tested and the purpose of the test. The drilling, rotary
with diamond, tricone or drag bits; auger; or percussive, with a variety of bits; dry or wet, with or without
bentonite added to the water, is done by a two man crew. One man is required for the instrument calibration,
operation, and recording of results. Usually the full crew of three is required all the time.

The greatest distance that the instrument has been used from the operator is 365 feet, and this is probably
getting close to the limit in down holes. It is possible that in horizontal holes, where there is no build ur, in
liquid pressure, greater distances might be reached. Hole inclination probably presents no problems, although
only one operator has used the instrument in an up hole, at a distance of 30 feet. (The basic objective of most

of the operators of this instrument has been for data on soils, and the instrument has been used in rock only as

* Geocel Inc., P. O. Box 316, 11680 West 44th Avenue, Wheat Ridge, Colo. 80033
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it occured in a soils investigation). While water is an added complication in that it changes the properties of the
freshly drilled material, it is commonly present. it nacessitates instrument readings as soon after the ground is
exposed as possible (implying the extension of a hole for each reading, rather than drilling a complete hole and
then measuring E at a number of locations) and co:rections to the applied pressure.

As with the CPC, the diameter of the drill holes is critical. The magnitude of the problem, however, is
different in that the tolerance is greater (drill hole diameters of from 2-7/8” to 3-1/8” are probably
satisfacto:y, depending on the type of ground) but the ground is usually much more difficult to drill
accurately. Thus the type of drill used can vary with the ground, as well as the type and size of bit. Poor
drilling, a varied diameter of hole, fissured ground, cr ground with large voids, can all lead to ruptured sheaths.
Poor drilling or caving can cause a hole to be so oversized that no measurement is possible. The instrument can
get buried or jammed in a hole, but can always be pulled out, occasionally at the expense of a sheath. In this
respect, it is more robust than the Goodman Jack, the limited amount of damage being easily and
inexpensively repaired. Sheaths can last from one to twenty five or more readings.

Readings are often taken at three to five foot intervals along a hole. Because the material is often soft, and
deforms permanently even in the pseudo-elastic range, it is not normat to take overlapping readings.

Calibrating of the instrument need not be done frequently once the crew is skilled and when operating in
low E material. Thus, in general, calibration is not a major time factor on a job. (Even with an unskilled crew,
the amount of time spent calibrating is likely to be small compared with the time lost on the field
measurements). For a skilled crew, drilling and taking readings alternately over five foot intervals, the
optimum performance at depths of less than 100 fect, is one reading per hour. The average is about half that
rate, and bad conditions or an unskilled crew might reduce the rate to one per day.

The mechanical reliability of the instrument in the field is good, partly because there are virtually no
moving parts, and partly because it its a low pressure instrument. The calculations to obtain E, and determine
the range over which it is realistic, are somewhat tedious. There is also no doubt that under some
circumstances, such as when the instrument is placed across the boundary between two materials of
significantly different E, yield strength, and fracturing, the interpretation of the results could be very difficult
and time consuming.

Little work has been done in this country on dztermining the accuracy of the results produced from the
measurements and calculations. One operator says that the results are comparable to triaxial soil tests and
blow counts, and that he is now trying to correfate the results with soil plate bearing tests. A second operator
has had good agreenient in a limited number of tests between the results obtained from a Pressuremeter and a
Goodman Jack in soft (E 500,000 psi) shale. This operator also preferred the field qualities of the
Pressuremeter, but this might have been influenced by the fact that he was familiar with the Pressuremeter,
and also nearly lost the jack, jammed down the hole. It would also seem, from most operators, that for soil
and other low E materials, a radial E is preferred to an oriented E. The mathematical derivation of the formula
in the appendix is in general agreement with the work done for the CPC. No laboratory testing is reported,
although it is understood that the instrument has been used very extensively in Europe.
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The cost of the instrument is $5,100 complete with three NX probes (two long and one short) and 165
feet of coaxial tubing. The urethane rock sheath costs $45 and tite rubber soil sheath $15. The cost of a skilled
technician to operate the instrument or train operators is about $200 per day plus traveling expenses. One
consultant charges, $125 per test, the drilling to the client’s account. In general, a rough estimate of costs for
measurements done by the distribuotr for a client, with drilling costs to the account of the client, are

Soil, from $60 per test

Rock, from $120 per test with the upper iimit probably exceeding $1,000 per test. In general if a
limited amount of test work is required (say less than a month), a consultant should be hired to do the work
rather than an instrument rented to be operated by personnel unfamiliar with its use and the interpretation of
results,

BOREHOLE DILATOMETER

Introduction - The Borehole Dilatometer (BHD) is sometimes called the Rocha Dilatometer after the

director of the Laboratorio Nacional de Engenharia Civil (LNEC), where it was designed and is manufactured.
There are at present no models in the United States, and anyone wanting to use the instrument would have to
irport it from Portugal.* The amount of information available in this country on the field use of the
instrument is very limited, and there may be many more problems associated with its use than are reported
here. In fact, any potential importer of the instrument should be prepared to devote several weeks or even
months to field testing the instrument, to overcome both mechanical and data interpretation problems.

The instrument applies a radial pressure to the inside of an NX (3”) borehole, but unlike the CPC and
Menard instruments, it does not measure the mean increase in radius of the hole (by measuring the volume
pumped into the instrument) but four diametral deformations with eight LVDT’s, with four pairs at 45
degrees to each other, thus the anisotropy of the rock can be measured. A description of the instrument is
given in Appendix G.

History - The instrument was first described in a paper by Rocha et al in 1966 (99). A paper in 1970 by
Rocha et al (100) claims that the instrument has been much improved over the 1966 model. Considerable field
testing is reported in the latter paper, but as with the Goodman Jack (and Menard Pressuremeter), no
laboratory testing in elastic specimen of known modulus. In fact, the field testing seems to have been done in
inaterial of low modulus that yields continuously No Papers have been found on the Dilatometer by authors
other than Rocha,

Investigation Results - The instrument is now in production, after many delays caused by teething

* Laboratorio Nacional de Engenharia Civil, Av. do Brasil, Lisboa 5, Portugal
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troubles. The time required to produce and calibrate an instrument is about four months, so that delays in
delivery could be anywhere up to that time.

The standard of engineering personnel required on a project employing a BHD is higher than is necessary
with other instruments, because the teum would be more or less unsupported. The LNEC will give assistance
with the interpretation of results, but this is probably of little real value, because the geology of the area and
the results would have to be written up and sent to Portugal, and even then there are likely to be language and
terminology problems. It is stated that the manual provided with the instrument gives full instructions on use,
maintenance, and repair, but there is no copy available in this country to date, and it has not been seen by the
author. Under these circumstances, it is apparent that the project leader should have a wide practical,
theoretical, and research oriented background.

Holes are drilled ahead of the rock property measurement program. If the ground is fissured, it is
cemented in sections of less than ten meters at a time. The holes ore then redrilled. Thi s required to reduce
deformation of the sheath, which would lead to incorrect results and bursting of the sheath if not attended to.
The placing of cement in limited lengths is done in order to eliminate any effect of grouting, as it is not
intended to alter the rock properties, but only to produce a rock surface compatible with the limitations of
the instrument sheath. This would tend to suggest that in badly fractured ground, where differential
movement is likely to occur between one fragment of rock and another, that the instrument sheath might be
damaged and that the readings might Le less reliable than those obtained from a volume measuring instrument,

The instrument is positioned and oriented in the hole on the end of steel rods. The rods are scribed, and a
removable sight is used for orientation. A crew of two is required to position and operate the instrument in th
first twenty to thirty meters of hole. For deeper holes, a larger crew is required. Normally the instrument is
placed in the lowest position in the hole, and raised to each new position where readings are required. This
ensures that any material that spalls off the sides of the hole during the operating cycle drops clear of the
instrument as it is moved.

The instrument has been used up to 100 meters (300 feet) from the operator in a vertical hole, and it is
siated that this could be increased to 200 meters. There is more difficulty in placing the instrument in inclined
holes, and the maximum horizontal distaince might be 50 meters. There is no field experience in placing the
instrument in holes inclined above the horizontal. Water is said to present no j.. oblems, although the large
number of “O” rings used to seal the opzaings between the interior and exterior of the instrument seems to be
a point of weakness, and some unreiability might be expected in this respect. It is normal practice to
withdraw the instrument above the water level in a hole (but not out of the hole) if operations are to be
suspended overnight before measurements in a hole are completed. This also tends to indicate waterproofing
problems.

The instrument measures deformations tz the nearest micron (0.001 mm) so that it can be used to
reasure Young'’s Modulus up to about 1C x 10 psi. However, since the maximum laboratory pressure that can
be applied is ~bout 2,500 psi, and sir.ce the field value is probably well below 2,000 psi, it does not cover the
range commonly "und in stressed rock underground. This mnans that if the modulus of deformation is a

function of stress, thei: the range of the instrument is limited to measurements in rock occuring within 2,000
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feet of the surface. Even here, if the laterval stress is high (and it can well be 10,000 psi within 2,000 feet of the
surface) the range of the instrument is exceeded to a considerable extent.

The pressure on the instrument is cycled up and down until three successive curves are superimposed on
each other. The instrument may then be rotated 22! degrees at the sane location and the measurements
repeated, to get a more detailed plot of the anisotropy at that location. It is not usual to move the instrument
less than half a meter.vertically, as this would put part of the instrument in virgin hole and part in altered rock.
Because clearance between the instrument and the hole is large, the initial posivioning of the instrument is
quickly accomplished, as is repositioning between mea.suring locations. Thus in fairly shallow hcles, where no
problems are encountered, and with an =xperienced crew, it might take an hour to position the instrument and
get the first set of readings, and forty five minutes to reposition the instrument and get each subsequent set of
readings. On the other hand, it is possible to lose the instrument in the hole.

The success rate protiably averages 6(* - 70%, with most failures occuring from neoprene sheath rupture
due to fractured or fissured ground or the hole being too large. Replacen2nt of the sheath takes about thrity
minutes, and it can be done in the field. It is claimed that the instrument is mechanically i =liable.

The instrument is calibrated in a steel tube at LNEC, and should not need recalibration after replacement
of a she2th because the LVDT’s are connected to steel spheres which are in contact with the side of the hole.
The results obtained are always numerically smaller than those from laboratory tests on core fron: the same
location. However, in good competent ground, the dilatometer results are very close (within 10%) to the csit
results. It should be noted that although considerable mathematical development has been done to prove that
cracking caused by the dilatometer has little effect on the value of the modulus computed (Appeicix G}, né
laboratory testing has been carried cut to verify this.

The cost of work done with the dilatometer would be exceptionally high at present, due to both the
capital cost of the instrument (around $24,000) and also the limited field experience throughout the world
-and in this country in particular.

OTHER MODULUS GAGES
There does not appear to be very much activity in developing t:xw modulus gages. Probably the only

significant work going on at present is an attempt to produce an irstrument like the CPC, but with a more
flexible sheath, so that it would be easier to handle in the field.

OTHER METHODS OF MEASURING MODULUS
There are three commonly used methods of determining rock modulus values other than with a gage; the

loading of a rock cylinder or annulus, usually obtained from diamond drilling, to determine a value of E for an
intact sample of up to several hundred cubic inches; in situ jacking tests, affecting several hundred cubic feet;

28



e aonil Sl |

and dynamic tests, affecting very large volumes.

__Laboratory Tests - The laboratory tests are uniaxial or wiaxial on cylindrical specimen, and biaxial or
triaxial on annular specimen. The annular specimen usually result from measureiaents of in situ stress using an
overcoring technique. Equipment developed by the USBM for these tests is well documented (29,80), and can
be used to apply stresses up to and above those encountered in the field at the test location. The biixial field
instrument, which is being improved to allow faster testing, applies stress in the direction of detormation
measurements, but of uniform magnitude rather than the two planar principal stresses that occur in the field.
Because the equipment applies stresses of the same magnitude as the original values to the actual rock
speciman in which deformation measurements were made, it is likely to give the vest values of E for assessing
the original field stress. Tests on cylindrical cores are also likely to give the best values of E for the
doorstopper tests, although the value of E should be obtained from the confining radial load rather than the

axial load, which is not common practice.

Jacking Tests - Jacking tests affect a large volume of rock and are therefore valuable when it it required to
assess the modulus of deformation of rock including geological and mining fractures. The stress level applied to
the surface of the rock is low (not usually more than 1,000psi), and the value decreases with distance into the
rock, so that at depths unaffected by miring, the stress levels are very low. The tests require a considerable
amount of room for the equipment, which is normally left in a position for a number of days. The cost is
likely to be very high ($50,000 to $200,00). The U. S. Bureau of Reclamation has done more work using this
method than any other group, and the present position is well described in an article written by their engineers
(119). The method is of most use for major works in a small area near the surface, so that few tests are

required and the high cost can be justified by ihe very large cost of the project.

Dynamic - Dynamic methods appear to give modulus values consistently above jacking tests and usually
greater than laboratory static tests (118)(23)(25). However, Timur (114) got dynamic test results less than
laboratory static, although considerably greater than the jacking results. There would appear to be more
resaerch work required before in situ dynamic methods are reliable; however they offer the greatest potential
for economics, speed, accessibility, and versatility.

MODULUS GAGE SUMMARY

1) The four instruments investigated appear to provide the only methcds of assessing the geological
modulus of deformation, other than large scale jacking tests. This mcdulns is required directionally
for finite element analyses, and is probably the best value to use for many other engineering
calculations, including surface and near surface foundation design. Laboratory tests on diamond drill
cores from stress relief deformation measurements probably provide the most suitable values of
deformation modulus for assessing the field stress values.

2) Of the four instruments investigated, it is recommended that the Rocha Dilatometer should not be
considered by investigators until reliable agents are available in this country and that the costs are
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3)

4)

5)

reduced to a conpetitive level.

Plate | shows the range covered by the instruments with resj.sct to stress levels and modulus of
reformation. The Rocha Dilatometer covers near surface hard rock conditions, the CPC and Goodman
Jack cover this range and relatively deep hard rock conditions as well. The Menard Pressuremeter and
Rocha Dilatometer are suitable for soft rock,. as is the low pressure Goodman Jack. fhe CPC and high

pressure' Goodman Jack are not suitable for soft rock measurements.
Because there is some doubt about the parameters that the Goodman Jack is measuring resul*s

produced by this instrur2nt should be treated with a great deal of caution. The CPC should be used
rather than the Goodman Jack whenever possible.

It is apparent that there is no really satisfactory hard rock instrument for measuring in situ modulus at
a considerable distance from the investigator. The most satisfactory method must still be laboratory
testing of diamond drill cores.
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Table 1

RESPONSE TO QUESTIONNAIRE

Name of Number Number Other
Instrument of Replies Followed Contacts
Up
Total From Possibly
United States/ Connected
Canada with
Instrument
Development
or
Distribution
USBM BDG 20 19/0 3 10 3
CSIR
Doorstopper 12 1/4 2 3 1
Stressmeter 6 2/0 3 2 2
Goodman
Jack 9 9/0 4 8 1
USBM CPC 5 5/0 2 4 0
Menard
Pressuremeter 2 2/0 1 1 1
Rocha
Dilatometer 1 0/0 1 1 1
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Table 2

RATING OF INSTRUMENTS FOR MEASURING ABSOLUTE STRESS

Item Gage
BDG D P§
Performance in: competent rock G G N X
fractured rock P F N
very fractured rock N N PtoG
(plastic behavior)
plastic rock (immediate G G G%
response elastic) '
discing rock (very highly N P N
stressed)
wet conditions F P ~%
'"Maximum'distance from operator (feet) 50 200 25
Response to axial stress Small Large None
BDG Borehole Deformation Gage
D CSIR "Doorstopper"
PS Photoelastic Stressmeter
G Good
F Fair
P Poor
N No results likely
* Results will take months to develep
+ Not affected by clean water

X This table assesses the instruments as absolute stress

their validity to measure stress changes.
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ROCK STRESS, psi x 10~3
(MAXIMUM DEPTH, FEET x 10-3)

10.0_ GOODMAN JACK
8.0

CIPPCI

6.0-'

4.0

»

BOREHOLE DILATOMETER

2.0

MENARD PRESSUREMETER

1.0 JACKING
0-8—

0.6- ~

0.44

0.2

0.1

| I I ! 1 1 !
0.1 0.2 0.4 0.6 0.81.0 2.0 4.0 6.0 8.0 10.0

MODULUS OF DEFORMATION, psi. x 1078

FIGURE 1
RANGE OF MODULUS GAGES

The vertical scale represents the stress one would expect to measure in the rock
in thousands of pounds per square inch (which is approximately the same as depth
underground in thousands of feet). The horizontal scal: is the in-situ deformation
modulus of the rock in millions of pounds per square inch. The plot indicates the
range of reliability of each instrument with regard to stress (vertical) and modulus
(horizontal). For example, if your expected stress including stress concentrations
were 9,000 psi or less, the Goodman Jack could be used in any rock type with the
appropriate modifications recommended by the manufacturer.
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APPENDIX A
THE USBM BOREHOLE DEFO«MATION GAGE

This Appendix is a reproduction of the United States Department of ‘the Interior

Publications

(1) Three-Component Borehole Deformation Gage
for Determining Stress in Rock by Robert H. Merrill,
USBM-RI 7015

(11) Deformation of a Borehole in Rock by Robert H. Merrill
and Jon R. Peterson, USBM-RI 5881.
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THREE-COMPONENT BOREHOLE DEFORMATION GAGE
‘FFOR DETERMINING THE STR E'SS IN ROCK

by
Robert H. Merrill1

ABSTRACT

This Bureau of Mines report summarizes the design and tests of a gage that will
simultaneously measure the deformation of a borehole along three diameters 60 degrees
apart; the measurements are in a single plane normal to the axis of the borehole.

The inherent errors in measurement are considered together with the problems associated
with the .use of the gage in the relatively severe environments in and around mine
openings. These problems were treated in the design and tests of the gage and the
results establish that the gage can be used to satisfactorily determine estimates of
the stresses in rock.

INTRODUCTION

In previous investigations the Bureau of Mines developed and tested the relation-
ships between the deformation of a borehole and the stress in rock, the procedure and
equipment. for determining stress in rock in situ, and made a number of stress deter-
minations in. various rock types around various mine openings (2, 3, 4, 6).2 These
investigations were made with gages that sensed the borehole deformation (change in
diameter) along one diameter. Because the deforniations along three diameters are
needed to determine the magnitude and direction of the stresses (2), interpolation was
necessary between measurements taken along different diameters at different depths in
the borehole.

The single-component gage proved to be satisfactory in rocks from which solid,
intact cores could be drilled, and where the depth at which measurements were repeated
(along a specific diameter) did not exceed 18 to 24 inches. However, in rocks that
are difficult to core, or where changes in deformation along a specific diameter could
not be repeated within 24 inches, the interpolation cast much doubt upon the accuracy
of the stress determinations. Consequently, a deformation gage was developed that is
capable of simultaneously sensing the deformation of a borehole along three different

IResearch physicist, Denver Mining Research Center, Bureau of Mines, Denver, Colo.

2Underlined numbers in parentheses refer to items in the list of references at the
end of this report.
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diameters. The general considerations used in selecting the design and specifications
for the gage, the general features of gages used in the laboratory and field tests,
and the tests performed to compare the resolution and accurecy of the three-compart-
ment gage with the single-component gage are described briefly in the sections that
follow.

GENERAL CONSIDERATIONS

To satisfy the requirements for stress determinations for most mine rocks, the
borehole gage should meet the following specifications:

1. The gage must be rugged enough to withstand the conditions generally encoun~
tered in surface or underground mines such as corrosion, moisture, rough hardling.

2. The gage should be used in-a boreiole that is EX size (about 1.5 inches) or -
larger,3 so that the borehole has a diameter which is large compared with the grain
size in the rock, yet small enough to be efficiently drilled and overcored.

3. To detect a stress of about 50 psi in a rock with an elastic modulus of
6 x 106 psi, the sensitivity should be sufficient to resolve a change in borehole
diameter of about 35 microinches; for a modulus of 3 x 106 psi, the sensitivity should
be about 70 microinches (see equation 2, reference 2 ).

4., To detect a stress change of 20,000 psi for a rock with a modulus of 6 x 106
Psi, the range of any specific measurement should be about 0.015 inch. T6 avoid
damage to the sensing elements or transducers within the gage, to allow for variations
in the diameter of a borehole, and to be useable in slightly larger or smaller bore-
holes, the transducers in the gage should have a tolerance of about 0.040 inch without
external adjustment, and a tolerance of 0.150 inch with external adjustment.

5. For gages to be used for measurements in rock, the drift must be small compared
to the change in diameter created by changes in stress. Because overcoring stress re-
lief usually requires 5 to 10 minutes, the drift should be less than 10 microinches per
hour,

6. The errors created by placement of the gage in the hole, the tangential de-
formation, and the longitudinal displacement of the hole should be less than 10 per-
cent of the true borehole deformation.

3The larger boreholes provide information over larger areas of influence and give a
desirable borehole diameter to grain-size ratio; on the other hand, the size of the
drilling equipment, drill bits, and drilling costs, increase with hole size. Also,
the hole size can become too large compared with the size of the opening from which
the holes are drilled and overcored. Because a 1.5- to 3-inch-diameter borehole is
very small compared to the size of most mine openings, any standard diamond-drill
size between the EX and NC sizes could be used. The EX-size hole was selected for
this gage to reduce the costs imposed by larger drilling equipment.
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Because the above specifications are dependent, to some degree, upon one another,
the above specifications and other requirements are considered collectively. Perhaps
the most critical consideration is the problem created by the errors that are inherent
in any measurement of borehole deformation. Suppose that the gage will be used for
borehole-deformation, stress-relief measurement. For this use, the gage must accurately
respond to the borehole deformations which are a result of stress relief from over-
coring. To illustrate, the borehole-deformation, stress-relief technique is based in
part on the assumption that the applied stresses in a rock are removed when the rock is
cored; further, the stress so relieved is presumed to be equal to the stress when the
rock was in its precoring environment. The changes in displacement in the overcored
rock are dependent upon both the stress environment and the elastic properties of the
rock. If the core is taken from rock very near the edge of an opening, the rock is
subject principally to a biaxial-stress field parallel to the surface of the opening;
if the core 1is taken from rock at a distance from the opening, the componeats are pro-
bably triaxial. Whether or not the rock is subject to biaxial or triaxial stress, the
stress components are not necessarily equal in magnitude. Consequently, the displace-
ments of a borehole near the surface of an opening are primarily normal to the axis
of the borehole; the displacements of a borehole at depth from an opening are both
normal and parallel to the axis of the borehole (fig. 1).

The components of
borehole displacement
normal to the axis of
the hole were consid-
ered in the development
of the relationships
between the tangential
and the radiazi dis-
placemesit of the bore-
hole and the applied
stresses (2). Although
these relationships are
for changes in displace-
ment around a circular
hole in a thin plate
subject to conditions
of plane stress or
plane strain, tests
have shown that these
relationships can be

~ used to relate the
stresses in rock to the
deformatrions of bore-~
holes * :he rock (2).
For the .orditions of
plane stress, the
radial and tangential
displacements, u and v,

U RADIAL DISPLACEMENT at the edge of the

V TANGENTIAL DISPLACEMENT borehole are related

W LONGITUDINAL DISPLACEMENT to the applied ortho-

gonal biaxial stresses
FIGURE 1 - Components of Displacement Near the Edge S and T by
of a Hole in Rock
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u -'% [ (S+T)+ 2(S -T) cos 26 ], (15

v e - %3 [ (§-T) sin 26 ], ; I (2)

where:
a = radius of the borehole,
E = modulus of elasticity,
S5,T = applied stresses,

& = angle from the algebraically larger applied stress (S), to the point where
u or v is considered (fig. 2).

For conditions of plane
strain, radial and tangential
displacements are given by
equations 1 and 2 multiplied
by (1 - v2), where v is
Poisson's ratio.

o

[\®]

The change in diameter i
of a borehole is twice the
radial displacement; there-
fore, the change in diameter
of the borehole, U (borehole
deformation), is obtained by
letting U = 2u and the bore-
hole diameter, d = 2a; then
equation (1) is rewritten -
as (2):

[}

ISPLACEMENT, arbitrary units

%

U=S[ (s+T) + 2(5-T) [
: P (3)
‘cos 26 ].

The borehole deformation
y is measured by borehole gages
in both laboratory and field
measurement (2), (3), (6).
However, the borehole also
deforms tangentially (equation
2); consequently, the optimum
borehole gage should not be
significantly influenced by
the tangential displacement.

FIGURE 2 - Relative Tangential Displacement and
Borehole Deformation at the Edge of
a Borehole. 4B
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FIGURE 4 - Photograph of Parts for Gages for Field Measurements
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If a gage were /‘niluenced by tangential displacement, the influence must be accounted
for by calibration, or corrected by the mathematical relationships between stress and
tangential displacement.

: The tangential displacements increase as the difference between S and T increases
and as the angle 6 approaches 45° (equation 2). For example, if S = T, the tangential
displacement of the hole is zero; when T = 0 and 6 = 45°, the tangential displacement

2
is equal to - Z38 . For a rock with a modulus of elasticity equal to 6 x 106 psi, with

a borehole diameter of 1.5 inches (approximately EX size), and with a uniaxial stress
of 6,000 psi, the tangential displacement would be 1,500 microinches. The change in
borehole deformation at the same point (6 = 45°) is also equal to 1,500 microinches
(equation 3). The borehole deformations and tangential displacements at other angles
were computed for applied stresses of S =1 and T = 0, and these computations are
summarized graphically in figure 2. If the hole is at depth from an opening, the core
and hole are also subjected to longitudinal displacements (fig. 1). The equations
relating changes in longitudinal strain and borehole deformation are given in another
report (5).

As longitudinal displacements may cccur during overcoring, the contacts to measure
borehole deformation should be along a single circumference, or there should be de-
coupling between contacts that are not on a circunference. To illustrate, consider a
condition where the contacts are not on a circunferencz, where the components of the
gage are about 1 inch apart, and where the space between the contacts are not decoupled;
that is, the contacts that sense the borehole changes at the 0° orientation are 1 inch
from the contacts at 600 and are 2 inches from the contacts at 120°, and there is a
solid case of metal between the contacts. During overcoring, the core of rock moves
parallel to the axis of the borehole. Because the rock moves and the contacts cannot
move, the gage contacts must slip at the point where the contact touches the rock.
Although the magnitude of this possible error is unknown, the effects of the error can
be eliminated by placing the contacts along a singlz circumference. Also, for identical
reasons, any centering device (located at a point other than the location of the contacts)
should exert less force cn the hole than the force of the contacts. Otherwise, the
centering device will remain fixed and the contacts will move or slip. The latter
condition applies to any borehole deformation gage with any number of contacts.

DESIGN OF THE GAGE FOR LABORATORY AND FIELD TESTS

To satisfy a part of the requirements for ruggedness and resistance to corrosion,
the primary components of the gages are made from stainless steel (figs. 3, 4, 5).
Waterproofing is achieved by O-ring seals located both on the concacts and where the
case joins the body of the 52ge. The cable is sealed with a tapered rubber bushing.
Abrasion of the tips of the contacts is reduced by disks of tungsten carbide (figs. 4,
5, and 6).
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Because the transducer in the single component deformation gage met all the re-
quirements for ruggedness, sensitivity, range, and drift, a similar strain-displicement
transducer was used in the three-component gage (fig. 7).

The transducers shown in the photographs in figures 4 and 7 are heat-treated,
beryllium-copper strips mounted as cantilevers. Electric resistance strain gages are
bounded to the strip at points near the clamps. The strips are 2-1/16 inches long,
five-sixteenth of an inch wide (at the clamped end), and 0.1 inch thick. The canti-
lever strip is tapered so that one strip will not affect another strip during large
deflections (fig. 7). The strain gages are one-eighth by one-eighth inch foil elements
embedded in bakelite. Epoxy resin cements were used to bond the gages to the cantilever
strip, and the accepted practices were followed to prepare the metal strip for the gage
application (sandblasting and etching), to .pply the clamping forces (about 100 pounds) ,
and to polymerize the cement (160° F for 4 to 6 hours). After assembly, the distance
between the cantilever clamp and the point where the contact strikes the transducer is
1-1/8 inches.

The arrangement of the transducers is shown in figures 6 and 7. A strain gage is
bonded on top and bottom of the cantilever, and the two opposing transducers (along one
diameter) constitute a single component in the gage. To maximize the sensitivity and
minimize temperature effects, the four gages in a component are connected in a four-
arm-bridge circuit. To assure that the deflection of one or both of the transducers
represents the change in diameter of the borehole, care was exercised to construct
each transducer (within a component) as nearly identical as possible. If the trans-
ducers have the same deflection-strain ratio, (which is called the calibration con-
stant), the deflection of one or both of the strips will produce the same indicated
strain per unit deflectior. To exclude interference between different circuits, a
separate four-wire system is used for each four-arm bridge. Therefore, each component
has four leads connected to a strain gage indicator. All leads are carried to the
indicator through a shielded cable with a neoprene jacket. The average outside di-
ameter of the cable is nine-sixteenth inch (fig. 5).

CALIBRATION

The transducers were calibrated for the approximate deflection-strain ratio before
the laboratory gage was assembled. A calibration jig was used for these tests (fig. 8).
After calibrating, the same jig was used to determine the drift in the indicated strain
when the cantilever was under constant deflection. The transducers were cycled over 50
times before these tests began. Transducers were accepted if the drift was less than 10
microinches per hour. Several transducers had drifts less than 4 microinches per hour.

4A device that allowed for longitudinal displacement and that used different types of
transducers was considered in the design of the gage; although the device provided
the desired decoupling between the contacts, it did not meet the specifications
for ruggedness. Further, the other transducers did not satisfy the requirements
for low drift; consequently, the decision was made to place all contacts along one
circumference and to use the cantilever strip transducer.
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FIGURE 8 - Calibration Jig Used to Obtain Approximate Calibration and Time Stability
of Transducers.

Eight transducers were calibrated, of which six closely matched pairs of transducers
were selected for each component of the gage. The calibration constant-? raned from
6.17 to 6.40 and the constants for the pairs of transducers selected for each com-
ponent were as follows:

Component 1, 6.17 and 6.23,
Component 2, 6.37 and 6.40, and

Component 3, 6.20 and 6.21.

SMicroinches deflection per unit indicated microstrain
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FIGURE 9 - Jig Used to Calibrate Individual Transducers and Components in the Three-
Component Borehole Gage.

After assembly, the pairs of transducers in each component were more accurately cali-
brated in the unit shown in figure 9. These calibrations were, for component 1, 6.19
) .02, and for component 2, 6.46 * .02, and for component 3, 6.25 T ,02, where the
ronfidence interval of the strain-deflection slope (calibration curve) is constant for
each transducer.

The change in diameter across any component can be sensed by either one or both
of the transducers. Therefore, the total response of the gages is determined, to a
great extent, by the response of each transducer or the combination of both trans-
ducers within a specific component. To determine this response, the deformation
versus strain was calibrated with (1) each transducer individually measuring the change
in deformation and (2) the change ir deformation being applied across both transducers.
The calibration device shown in figire 9 was used for these tests and each deformation-
strain test was repeated 10 times. The average of the results is summarized in table 1
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where the change in deformation (20,00C microinches) is the difference in deformation
between 10,000 and 30,000 wmicroinches. The corresponding change in indicated strain
is the difference in strain measured at these deformations. Thesz magnitudes were
selected because the =ingle component gage 1s normally preset between 10,000 and
30,000 microinches when used in boreholes in rock.

TABLE 1 - Changes in indicated strain versus the changes in
deformation applied to individual transducers and
to both transducers in a component

Change in deformation, Change in indicated strain,
Transducer
microinches microstrain
1. ... . 4. 0., 20,000 3,291
2. . W . . . . . 20,000 3,211
land 2. . . .. .. .. 20,000 3,284
N 20,000 3,141
e 20,000 3,126
3and 4. . . .. 1. L 20,000 3,097
2 .E .. .H. .. 20,000 3,226
6. « . v ... 20,000 3,221
5 and t. e e e e e 20,000 3,198

The difference between the indicated strain, for a deformation change of 20,000
microinches, is less than 2.2 percent whether recorded from a single transducer or
from the combinaticn of two transducers within a component. Also, from one deforma-
tion-strain test to another, the indicated strain seldom differed more than 0.5 percent
from the average of the strains from all the tests; consequently, the reproducibility
and the small differences noted in table 1 are considered to be insignificant when
compared with errors that could originate from other sources discussed in the section
of this report which follows. Therefore, the gage could be calibrated by deforming
both transducers simultaneously in a calibrator as shown in the photograph in figure 10.

Typical calibration curves of transducers are shown graphically in figure 11.
These curves were plotted from data collected at room temperature (76° F) in a labora-~
tory oven (106° F) and in a refrigerator (46° F). The important features of these
curves are that the curves are linear and have the same slope at each of the three
temperatures. Although no attempt was made to determine why the deformation-incdicated
strain values are slightly different for each gage, it is presumed that these differ-
ences are caused more by the expansion of the metal parts in the gage and in the
calibration unit rather than by inherent differences in the transducers.
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The accuracy of the stress determinations using borehole deformation techniques
is governed by factors that are both indep:ndent and dependent upon the gage. Some
of the more important independent factors are the degree of isotropy or inelasticity
of the rock, the ratio of the grain-size of the rock to the diameter of the borehole,
and the magnitude of the stress field.® Some of the dependent factors include the
resolution, stability, reproducibility, range, and sensitivity of the gage. A number

bFor example, a high stress could cause 1nelastic deformation of the hole or could
break the core during the overcoring; a small stress, in 3 rock with a high modulus
of elasticity, results in deformations that cculd be small enoush to be within the

resolution of the gage.
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of investigations were made to obtain estimates of most of the dependent factors. The
investigations included tests to (1) determine whether the procedure used to place the
gage affected the deformation measurements, (2) measure the response of the three-
component gage in metal and rock specimens that have different elastic properties, (3)
measure the response of the single component borehole deformation gage and an air gage
in the same specimens and compare the results with (2) above, (4) determine the
deformation when the preset transducer displacement is different for each component,
and (5) determine the in situ rock stress around mine openings.

58

=

—

|

r””}

p—



o R —

Pommniy

[%

r—a
F3)

Lj
L
L

I
I
:

The specimens of metal and rock were formed into "models" in an effort to approxi-
mate or simulate the condition for a hole in an infinite nlate or a hole in media where
each of the three dimensions is infinite. Because past investigations had shown that
the conditions were approximated by a model -in which the outside dimensions were large
compared with the diameter of the 1.5-inch borehole in the center, the models were con-
structed with dimensions as noted in table 2 (2). Also given 1in table 2 are the results
of tests for the modulus of elasticity of the specimens as determined from stress-strain
relationships obtained from spccial tests on some of the specimens.’/ A photograph of
snrme of the models is shown in figure 12. The model materials were selected to have
large differences in the elastic modulus and, hence, differences in t'.¢ deformations per
unit applied stress (equation 1). Further, model 4 (sandstone) was selected to test the
gage in a rock which has a different modulus in different directions.

TABLE 2 - Model dimensions, materials, and modulus of elasticity
of specimens used to test the gage

Longitudinal Lateral
Model Material Dimensions, inches modulus of modulus of
Height Width Thickness elasticitg, elasticitg,
psi x 10 psi x 10
1 Steel 8 6 1 30 30
2 Brass 8 6 1 14 14
3 Magnesium 8 6 1 6.5 6.5
4 . Sandstouel 12 6 6 1.0 0.62
5 Limestone? 12 6 6 4.7 4.7
6 Aluminum3 - (4) - 10.8 10.8
7 Steel3 - (4) - 30 30
8 Limestone2 3 - (4) - 5.1 5.1

IThinly bedded (1/4 inch between
to major axis of the model.

beds), grain size about 1 to 2 mm; bedding parallel

2Very indistinctly bedded, grain size less than 1 mm; bedding normal to the major
axis of the model.

3Length, 10 inches; hoie diameter, 1.5 inches; outer diameter, 5-5/8 inches.
4Cylindrical.
To establish whethe: or not the method of placement of the gage would contribute

to errors in measurement, a series of experiments were performed in which the gage was
placed in the hole as follows: In the first set of measurements, the gage was placed

7These moduli of the rock niodels were computed from stress- strain measurements obtained
from laboratory tests. The moduli of the metal models are typical handbook values.
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FIGURE 12 - Photograph of Mcdels Used in Laboratory Tests

in the hole in the steel plate, and borehole deformations were measured as the plate
was longitudinally loaded (parallel to the major axis) to 15,000 psi and back to zero.
The gage was rccated 60 degrees clockwise and measurements were repeated. This proce~
dure was repeated until the measurements were reproduced 10 times, that is, deforma-
tions were measured along the three diameters over 10 separate cycles. Thais procedure
was also repeated for placements in which the gage was rotated counterclockwise.
Lastly, the gage was inserted in the hole, perhaps with one component at 0 degrees
(parallel to the applied stress) and deformations measured over the same pressure
cycle; the gage was removed and returned to the hcle so that different components of
the gage were randomly lccated along different diameters 60 degrees apart. These

measurements were repeated 20 times.
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To determine the differences between deformation measured individually along the
specific diameters (with a single component gage) and concurrently along three diameters
(with the three-component gage), the following proceduras and tests were performed:

Lines were scribed in l5~degree increments from a reference line parallel to the major
axis of the block; hence, the lines were at 15, 30, 45, 60, 75, and 90 degrees. First

a single component air gage was located in the hole in the steel plate, oriented so that
the component was parallel to the major dimension of the plate, that is, along the O-
degree line. Changes in borehole diameter were measured over three separate cycles as
the applied stress was increased io 15,000 psi and reduced to zero. This procedure was
repeated with the gage component parallel to the other lines at l5-degree intervals

from the reference line. The air gage used in this test was identical to .the device
used in the earlier investigations regarding borehole measurement (2). Next, a

lateral load, equal to one-third the maximum longitudinal load, was applied to the

model, and the borehole deformations were measured as the longitudinal load was increased
and decreased over the same range. The hydraulic device used to apply the lateral load
is also similar to the equipment used in preceding investigaticns (2). This procedure
was then repeated but the deformations were measured with a single componen: borehole
deformation gage, and the procedure was again repeated using the three-component gage.
Similar procedures and gages were used for the tests with the brass and magnesium plates,
with the three rock prisms, and with the cylindrical models of metal and rock. The
applied stresses used on each model are summarized in table 3. The stresses on models

6, 7, and 8 were biaxially applied (hydrostatic stress perpendicular to the major axis

of the model) with the cylindrical loading device shown in figure 13. The features of
the device and the procedure are described in a previous report (l). A photograph of
the steel plate subject to vertical and horizontal applied stresses is shown in figure 14.
The loading devices, x-y plotters and the universal press used for the uniaxial and
biaxial tests are shown in figure 15.

TABLE 3 - Stresses applied to models

Model Material Longitudinal stress, Lateral stress,
psi - pai
1 Steel 15,000 5,000
2 Brass 6,000 2,000
3 Magnesium 3,000 1,000
4 Sandstone 300 100
5 Limestone 1,500 2,000
6 Aluminum 2,000 5,000
7 Steel 5,000 5,000
8 Limestone 500 500

61



FIGURE 13 - Photograph of Cylindrical Model in the Cylindrical Loading Device

To determine the possible errors created by different contact force® on each
component, the following series of tests were performed in the steel plate: The
contacts in the gage were adjusted with shims so that each component was deformed
about 20,000 microinches when placed in the hole in the steel plate. The gage was
oriented with the component as 0, 50, and 120 degrees, and the pressure cycled from 0
to 15,000 psi and back to zero. The gage was then rotated 15 degrees clockwise and
the pressure cycle repeated. This test was repeated with the gage rotated 30, 45,
60, 75, and 90 degrees from the original position. Following this series of tests,
the contacts were adjusted so that the initial deformations were 5,000, 10,000, and
15,000 microinches; 5,000, 15,000, and 30,000 microinches; and 10,000, 20,000 and
30,000 microinches; and the differeat orientations and pressure cycles were repeated
for each combination of preset deformation.

8The contact force is defined as the present force on the cantilever (6). Because the
force-deformation curve is linear within the specified range of the cantilever strip,
the units cf deformation are reasonable estimates of the force. The equations relat-
ing the deformation of .he cantilever to strain and force are described in more detail
in (6).
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FIGURE 14 - Photograph of the Steel Plate in the Horizontal and Vertical Loading Devices

To quickly evaluate the computed stresses from data taken with the single- and
three-component gages, the gages were located in models 1, 2, and 3 at orientations
that represent three, 60-degree rosettes. The rosettes were 0, 60 and 120 degrees;
30, 90 and 150 degrees; and 45, 105 and 165 degrees. The models were uniaxially
cycled to 15,000, 6,000 and 3,000 psi, respectively, and deformations were recorded
over three cycles.

To determine the deformations with the three-component gage 1n mine rock and to
make comparisons with similar determinations with a c¢ingle component gage, stress-
relief overcoring techaiques were used in the porphyry rocks in the west wail of the
Kimbley Pit near Ely, Nev., and in the Climax Molybdenum Mine, Climax, Colo. These
sites were selected because the rock does not core exceptionally well, the modulus of
the rock changes from point to point, there was no active mining near the sites, and
borehole deformations were difficult to obtain with the single component gage. These
sites presumably represent a more severe condition than would sites where the rock can
be easily cored and the modulus of the rock is the same from point to point,
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FIGURE 15 - Photograph of the Loading Device, Model, and the Recorders

The overcoring stress reliefs in the pit were made at a location about 2 feet
north of and parallel to an overcoring hole in which stress reliefs were uasuccessfully
attempted using a single component gage. The test sites in the Climax mine were in
dead-end drifts in a newly developed arca. At this site the stress reliefs with the
field model of the three-component gage were made in a borehole parallel to and 18 inches
from the borehole used for the stress reliefs with the single component gage.

Procedures similar to those used for the single component gage were used in these
tests (3, 4). Briefly, the gage was placed in an EX-size hole with the components
oriented at angles of 30, 90, and 150 degrees from the right-hand horizontal; the gage
was overcored until relief was indicated by the measurements; the gage was moved for-
ward about 6 inches and overcored for stress relief. The deformations from all three
components were measured concurrent with the overcoring. Several attempts were un-
successful because the core broke before relief was complete. In these cases, the gage
was moved 4 to 6 inches beyond the depth of the overcore and stress relief repeated.
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DATA

The data obtained from the deformation measurements with the air gage and the single
component gage were reproducible to a value governed primarily by the operator's ability
to interpolate a scale division. For example, the divisions of the air gage are 50
microinches and the reading can be easily estimated (by any operator) to 10 microninches.
The divisions on the strain indicator are 10 microinches, and the reading can be easily
estimated to 2 microinches. Because the calibration factor (the deformation-strain
ratio) is about 6.5 (microinches deformation per unit microstrain), the optimum resolu-
tion for each device is about the same and is about 10 to 13 microinches; because the
operator could always obtain reproducibility within 20 microinches of the average of
three or more readings, this value is used as the estimated resolution of the gage.
Because the single component gage is simpler and easier to use for borehole measurement,
the single component gage was accepted as a standard. Several spot checks were made
between these gages during the measurements to assure that the single component gage
was an acceptable standard. These spot checks were always made at the O-degree orienta-
tion to reduce the possible errors that could develop by inaccurate placement of the
gage.9

The deformation data from the tests to determine the error created by the method of
gage placement were reduced as follows: The deformation measured at the maximum pressure
in each of the 10 cycles was recorded by rows, and the rows were identified by the
angles at which the deformations were measured. For example, for the first cycle on
the tests where the gage was inserted and rotated clockwise to the appropriate angle, the
deformation at 0 degree was 2,325 microinches; the deformation at 60 degrees was 55 micro-
inches; and the deformation at 120 degrees was 1,580 microinches. For the second cycle,
the deformations were 2,338, 67, and 1,603 microinches for 0, 60, and 120 degrees,
respectively. An identical listing of data was used when the components of the gage
were set at other angles; for example, at 30, 90 and 150 degrees and at 45, 105, and
165 degrees, etc. Further, the same listing was followed for the data from the tests
where the gage was inserted and rotated counterclockwise and where the gage was randomly
placed in the hole. Because these data are obviously very voluminous and are almost
identical to data obtained from tests of the gage with different, preset contact pre-
ssures, only the data obtained from the latter tests is included and presented in the
following section of this report.

9The relationship between the deformation and uniaxial applied stresses is
U = §% (i+2cos 26); see equation 3. Because the slope of the curve changes very

slowly as 6 approaches zero, small errors in orientation create negligible differ-
ence in the measurement of deformation whether the gage 1s oriented at precisely O
degree or at some angle close to O degree. On the other hand, the relationship
has an inflection point at 45 degrees and the slope changes rapidly; consequently,
small errors in the angle of gage placement near 45 degrees could result in
relatively large differences in measured deformation.
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The last 7 of the 10 pressure cycles produced deformations that were less than 20
microinches apart. The differen:e between the deformations recorded during each of the
first three pressure cycles on tte models were slightly higher but always within 50
microinches of the average of th. three readings. To illustrate, the deformations at
0 degree and 15,000 psi in the steel model were 2,325, 2,338, and 2,340 for cycles 1, 2,
and 3; the deformation at O degri.e and 6,000 psi in the brass model were 1,925, 1,876,
and 1,908 for cycles 1, 2, and =, respectively. In terms of percent, the readings
were within t 2.5 percent of th.: average .. the deformations (at angles less than 30
degrees. In most instances, tae reproducibility is within the estimated resolution of
the single component gage and is less than 1 percent of the total deformation.

In the tests to determine the agreement between the deformations measured with the
single- and three-component gages, the best cycle-to-cycle reproducibility was obtained
from the cylindrical models subjected to equal biaxial pressure (hereinafter called
hydrostatic pressure) and the deformations were always less than 20 microinches from
the average; the worst reproducibility was obtained at the 45- and 60-degree gage
orientations when the magnesium plate (model 3) was subject to uniaxially applied stress;
in most cases the reproducibility was within 30 microinches, tut there were a few cases
where the reproducibility was between 40 and 50 microinches. The worst reproducibility
is expected for the latter case because (1) errors could be caused by tangential dis-
placement and (2) the percentage difference between readings becomes greater because
the absolute magnitude of the deformation is closer to zero (see equations (2) and (3) ).
Because the absolute magnitude of those data are always reproducible within 50 micro-
inches and usually reproducible within 20 microinches of the average of three measure-
ments, the data are averaged and summarized graphically in figures 15, 17, and 18 (for
the tests on the metal models 1, 2, 3, and 7) and in figures 19 and 20 (for the tests
on rock models 4, 5, and 8). Also included on these graphs are the plots of deforma-
tions computed using equation (3) and the elastic modulus of the model material.

Because this curve 1s used only for purposes of comparison, the simplified theory for
a hole in an infinite plate was used to compute these curves.

Although the graphs in figures 16 and 20 are of data obtained at the maximum applied
Stress on each model, continuous plots (on x-y recorders) were obtained of the deforma-
tion versus stress. The stress-deformation curves from the metal models were reproducible
within the resolution of the equipment after the first stress deformation cycle. The
stress-deformation data from the rock models were not as reproducible as the data from the
metal models. The stress-deformation curves from the sandstone model (No. 4) showed con-
siderable hysteresis on the first cycle, and the hysteresis became less as the number of
stress-deformation cycles increased. The hysteresis curve was practically closed on the
third cycle.

The data from the tests to evaluate the differences in deformation measured when the
Contact pressures are at different preset values are voluminous. The data from the tests
when component 1 was at 0, 15, 30, 45, 60, 75, and 90 degrees are summarized in tables 4
through 10, respectively. The data obtained when components 2 and 3 were placed at these
angles are very similar to the data from component 1, and therefore for brevity these
data are omitted from this report. Because these Lests were performed with the field
model of the borehole gage as uniaxial stresses from 0 to 15,000 psi were applied to
model 1 (steel plate), comparisons can be made with these data and the data from the tests
with the laboratory gage. For example, the average deformation obtained with the
laboratory gage oriented at 0 degree in the steel model (at 15,000 psi) is 2,350 micro-
inches (see fig. 16). The deformation obtained with the field gage is the average of
readings 1, 2, and 3 given in table 4. These comparisons are summarized in table 11 where
the readings from the field gage (tablec 4 through 10) have been averaged.
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FIGURE 16 - Deformation Versus Angle-Steel Model
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FIGURE 19 -- Deformation Versus Angle-Sandstone Model

Table 12 is a summary of average deformations made both with the single-component
and the three-component, field gage at orientationz of 0, 30, 45, 60, 90, 105, 120,
150, arnd 165 degrees. The pressures applied to morels 1, 2, and 3 were 15,000, 6,000,
and 3,000 psi, respectively.
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TABLE 4 - Preset deformations measured at 0 degree with components
preset at different values,! in microinches

Component 1 (0°)

Component 2 (600)

Component 3 (1209)

Preset Change in deformation preset preset
deformation | Reading 1 Reading 2 Reading 3 deformation deformation

5,000 2,320 2,300 2,341 10,000 15,000
10,000 2,237 2,260 2,244 15,000 5,000
20,000 2,296 2,308 2,318 5,000 10,000
16,000 2,338 2,356 2,342 20,000 30,000
20,000 2,243 2,302 2,283 30,000 10,000
30,000 2,291 2,301 2,325 10,000 20,000

5,000 2,333 2,344 2,325 15,0100 30,000
15,000 2,274 2,274 2,294 30,000 5,000
30,000 2,325 2,356 2,341 5,000 15,000
20,000 2,316 2,332 2,305 20,000 20,000
20,000 2,307 2,285 2,313 20,000 20,000
. 20,000 2,358 2,326 2,342 20,000 20,000

IModel 1 loaded from O to 15,000 psi.

TABLE 5 - Preset deformations measured at 15 degrees with components
oreset at different values,® in microinches

Component 1 (159)

Component 2 (759)

Component 3 (1359)

Preset Change in deformation preset preset
deformation| Reading 1 Reading 2 Reading 3 deformation deformation
5,000 2,132 2,088 2,130 10,000 15,000
10,000 2,034 2,050 2,034 15,000 5,000
15,000 2,082 2,105 2,114 5,000 10,000
10,000 2,073 2,029 2,014 20,000 3,000
20,000 2,064 2,074 2,096 30,000 10,000
30,000 2,044 2,037 2,056 10,000 20,000
5,000 2,043 2,043 2,025 15,000 30,000
15,000 2,073 2,114 2,094 30,000 5,000
30,000 2,325 2,056 2,041 5,000 15,000
20,000 2,116 2,132 2,105 20,000 20,000
20,000 2,107 2,085 2,113 20,000 20,000
20,000 2,058 2,026 2,093 20,000 20,000

IModel 1 loaded from 0 to 15,000 psi.
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TABLE 6 - Preset defoimations measured at 30 degrees with cemponents

" preset at difforent values,! in microinehes-----

T Component 1 (300)

Component 2 (90°)

Component 3 (1500)

Preset ~ Change in deformation " preset preset
deformation | Readirg -1 Reading 2 Reading 3 deformation ‘deformation
5,000 1,527 1,527 1,518 10,000 15,000
10,000 - 1,556 1,573 1,556 15,000 5,000
20,000 1,599 1,600 1,628 5,000 10,000
10,000 1,588 1,610 1,617 20,000 30,000
20,000 1,553 1,546 1,572 30,000 10,000
30,000 1,601 1,590 1,619 10,000 20,000
5,000 1,576 1,564 1,566 15,000 30,000
15,000 1,523 1,520 1,549 30,000 5,000
30,000 1,578 1,562 1,582 5,000 15,000
20,000 1,569 1,557 1,544 20,000 20.000
20,000 1,587 1,543 1,516 20,000 20,000
20,000 1,585 1,533 1,586 20,000 20,000

IModel 1 7-aded from 0 to 15,000 psi.

.

TABLE 7 - Preset deformations measured at 45 degrees with components
preset at different values,* in microinches

Componéﬁt 1 (459)

Component 2 (1059)

Component 3 (1659)

Preset Change in deformation preset preset
deformaticn | Reading 1 Reading 2 Reading 3 deformation deformation
5,000 804 804 866 10,000 15,000
10,000 866 831 888 15,000 5,000
15,000 1,052 1,068 993 5,000 10,000
10,000 868 898 895 20,000 30,000
20,000 763 768 810 30,000 10,000
30,000 872 879 910 10,000 20,000
5,000 875 859 842 15,000 30,000
15,000 844 885 91e¢ 30,000 5,000
30,000 742 773 744 5,000 15,000
20,000 771 794 783 20,000 20,000
20,000 879 863 863 20,000 20,000
20,000 838 854 818 20,000 20,000

IModel 1 loaded from 0 to 15,000 psi.
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TABLE 8 - Preset deformations.measured at 60ude3reesuw1§h components
‘ preset at different values,! in microinches

- | Component 1 (60°) Component 2 (120°)| Component 3 (186°)
Preset _ Change in deformation preset preset
deformation | Reading 1 Reading 2 Reading 3 deformation deformation

5,000 53 88 65 10,000 15,000
10,000 63 27 44 15,000 5,000
15,000 19 23 65 5,000 10,000
10,000 94 67 58 20,000 30,000
20,000 44 39 44 30,000 10,000
30,000 23 23 50 10,000 20,000
5,000 50 50 23 15,000 30,000
15,000 78 88 71 30,000 5,000
30,000 27 34 41 5,000 15,000
20,000 0 6 6 20,000 20,000
20,000 66 78 100 20,000 20,000
20,000 23 50 50 20,000 20,000

IModel 1 loaded from 0 to 15,000 psi.

TABLE 9 - Preset deformations measured at 75 degrees with components
preset at different values,l in microinches

Component 1 (75°) Component 2 (135°) |Component 3 (1950)
Preset Change in deformation preset preset
deformation| Reading 1 Reading 2 Reading 3 deformation deformation
5,000 ~403 -355 ~448 10,000 15,000
10,000 -535 =521 =552 15,000 5,000
15,000 =497 =452 -491 5,000 10,000
10,000 -462 =429 =431 20,000 30,000
20,000 -459 =435 =461 30,000 10,000
30,000 =516 -506 =524 10,000 20,000
5,000 -339 -382 =419 15,000 30,000
15,000 =497 =497 -536 30,000 5,000
30,000 -487 =426 =436 5,000 15,000
20,000 -483 -486 -477 20,000 20,000
20,000 -509 =500 =490 20,000 20,000
20,000 =524 =530 -510 20,000 20,000

IModel 1 loaded from 0 to 15,000 psi.
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TABLE 10 - Preset deformations measured at 90 degrees with components
preset at different values,l in microinches .

Component 3 (2100)

L

T = O

T {"—-——~ e

Component 1 (909°) Component 2 (150°)

Preset .. Change in deformation preset preset
deformation | Reading 1 Reading 2 Reading 3 deformation deformation
5,000 680 | "-661 ~701 10,000 15,000
10,000 -660 -668 -664 15,000 5,000
15,000 -670 -672 -678 5,000 10,C00
10,000 -696 ~704 ~704 20,000 30,000
20,000 -653 =721 -691 30,000 10,000
30,000 -678 =714 -685 10,000 20,000
5,000 -660 -727 -690 15,000 30,000
15,000 -631 -648 =717 30,000 5,000
30,000 -690 -690 -730 5,000 15,000
20,000 -685 -720 -736 20,000 20,000
20,000 s -669 -680 -680 20,000 20,000
20,000 . -728 -717 -711 20,000 20,000

1M.odel 1 loaded from.0 to

15,000 psi.

TABLE 11 - Summary of data from tests on the steel model,
using the laboratory and field gages

Stress, psi Angle, degrees Deformation, microinches
' 7 ! Laboratory gage Field gage
15,000, . 0 2,350 2,310
15,000 15 2,050 2,072
15,000 30 1,565 1,567
15,000 45 805 855
15,000 60 52 48
15,000 75 -497 =472
15,000 90 -743 -690

TABLE 12 - Summary of deformations meagured in models 1, 2, and 3 with the
- single-component (1-C) and the three-component (3-C) field gage

Model | Material Gage Deformation, microinches

- 0° 300 459 60° 90° 105° 120° 150° 165°

1 Steel 1-C 2,475 11,754 | 883 | 142 | ~-717 | -528 {131 | 1,576 2,160
3-C [2,395[1,690| 888 | 83| -744 | -465 | 67 1,605 | 2,100

2 Brass 1-C | 1,961 [1,349| 746 | 52| -643 ]| -518 | 41 | 1,261 1,680
3-C {1,870 1,310 691 100| -568 | -396 45 11,26511,725

3 Magnesium | 1-C | 2,310 | 1,585} 747| 84| -813| -651 | 205 1,695} 2,185
3-C | 2,025 (1,405 | 745) 46| -626| -430 | 61 | 1,422 1,885
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FIGURE 21 - Borehole Deformation Versus Distance From the Edge of an Open Pit,
Three-Component Gage.

The data from field tests of the gage in quartz monzonite rocks near open pits
and underground openings are presented by plots in figures 21 and 22. Data obtained
from the single componer . gage in a hole parallel to the hole used for the three-
component gage are given graphically in figure 23. 1In these plots, the orientation
of the components are at 30, 90, and 150 degrees from the right-hand horizontal.

RESULTS AND CONCLUSIONS

As stated previously, the objective of this investigation was to develop a rugged,
three-component borehole gage that would have a range, sensitivity, and accuracy
approximately equivalent to the single component gage. Following a survey of various
transducers, components, and design features that would meet the specifications for
range and sensitivity, a gage was designed that would also meet the specifications
to withstand rugged environments.

The component-to-component errors created by longitudinal borehole displacements
were obviated by the design, but the possible component-to-component errors created by
tangential displacement could not be economically eliminated by the design and still
meet the requirements of ruggedness. Consequently, the larger part of the data from
this study was collected in an effort to determine inaccuracies caused by tangential
displacement in the borehole and adaptability of the gage to the rugged environment
associated with mining and stress-relief overcoring.

A routine analysis of variance was performed using the data from the tests to
determine errors from gage placement. This analysis established that the measurements
were not significantly different (at the 2.5-percent confidence level) whether or not
the gage was rotated to the proper angles of component orientation or randomly placed
at the proper angles.
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FIGURE 22 - Borehole Deformation Versus Distance From the Edge of an Underground
Opening, Three-Component Gage.

The laboratory tests made to compare the response of the three-component and single-
component gages in identicel models and under identical conditions disclosed small
differences that may be caused by tangential displacement. Examination of the data
summarized in figures 16 through 20 establishes that, on the average, the difference
between borehole deformations measured with the two gages was greatest when the models
were loaded uniaxially and was least when the models were loaded hydrostatically.
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Also, the difference between deformations under biaxial loads were, on the average, less

Opening, Single-Component Gage.

than the difference from tt. uniaxially loaded models and greater than the difference

from the hydrostatically loaded models.

as the ratio of the applied stresses approached unity and the decrease is consistent

with the decreases predicted from calculations using equation 2, the differences are pre-

sumed to be caused by tarngential displacement of the hole.

0f importance is the fact that the average absolute difference (that is, the
magnitude of the measurement of the three-component gage minus the measurement of
single component gage, or vice versa) of most of the deformations was less than 50

microinches (figs. 16 through 20).

Further, the largest absolute differences were
measured in the sandstone model, a material known to anisotropic (table 2).

Equally

important is the fact that these differences were not associated with any particular

angle,
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If the average differences were considered as an error in measurement, and this
error were substituted for the deformation, U, at 0 degrees, the computed stress
(uniaxial loads, T = 0) would be about 20 psi for a modulus of 1 x 106 psi; 60 psi for
a modulus of 3 x 106 psi; and 200 psi for a modulus of 10 x 106 psi. Obviously, the
magnitude of the estimated error would be much less from similar calculations using
data from the biaxially and hydrostatically loaded specimens. Because the errors are
small compared with stress magnitudes normally measured in mines and most stresses in
mine rock measured to date are biaxial or hydrostatic (4) for most if not all practical
applications, the differences in measurement of deformation with the single component
and three-component gage are small enough to be ignored.

Inspection of the data from the tests to determine the differences in measured
deformation when the three components were at various preset values (tables 4 through
10) discloses evidence that the differences are not large enough to significantly
affect the accuracy of the measurement. To verify this observation, a routine’analysis
of variance was made and the differences were not significant at the 95-percent con-
fidence level.

The deformations measured when the single- and three-compoaent gages were used at
nine different angles can be compared with the data obtained at six different angles.
For example, the data taken at five of the nine positions in the steel plate (see
table 12), can be compared with the data at the same positions presented in figure 16.
These five positions are 0, 30, 45, 60, and 90 degrees. Note that, in both groups of
data, the deformations measured with the single-component gage are usually slightly
larger than deformations measured with the three-component gage. A similar result is
noted in both the brass and magnesium models (see table 12 and figs. 17 and 18). The
deformations presented in table 12 can also be used to compute the applied stresses on
the models. To make these calculations, the handbook values of the modulus of elas-
ticity of the steel, brass, and magnesium models were used in the equations for the
60-degree deformation rosette (2). These computations are summarized in table 13.

The applied stresses on the models were uniaxial and equal to 15,000, :6,000, ‘and 3,000
psi. Therefore, if the models were infinitely large, thin plates and 1if all ‘the test
conditions and measurements were exact, the computed maximum stresses, S, for model 1
should have been 15,000 psi; the minimum stress, T, and the angle, 6, should have been
zero. Similarly, the computed maximum stresses in models 2 and 3 should be 6,000 and
3,000 psi, respectively, and the minimum stresses and angle should be zero. Although
the conditions of the test could not be exact, the computed maximum stresses are not
greatly different from the applied stresses (see table 14). A more noteworthy result
is tha& the standard deviation of the stresses calculated from three-component bore-
hole deformation data are less than the deviations computed from the calculated stresses
from single-component data. The computed angles from the three-component gage data
are all zero except one and no standard deviations are required because the quality of
the results can be noted by inspection (see table 14).

The computed stresses and angles from three-component gage data are more nearly
equal to the value of the applied stresses and have a smaller standard deviation. The
reason for this result is unknown; however, 1t is probably due to the fact that the
rosette angles (three angles, 60 degrees apart) are "fixed" in the three-component
gage. When using the single-component gage, the gage must be placed at all of the '
three rosette angles and the three-component gage needs to be set only ‘at one. Any
error in gage placement with the single-component gage would be reflected in both the
computed stresses and angles. Errors in gage placement with the three-component gage
would appear only in the computed angles. ‘ '
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& TABLE 13 - Computed stresses from data taken with the
' single-component (1-C) and three-component
(3-C borehole gages in models 1, 2, and 3

Model Rosette angles, S, psi T, psi 8, degrees
0 degrees 1-C 3-C 1-C 3-C 1-C 3-C
i 0-60-120 15,823 15,134 1,275 701 0 0
1 30-90-150 15,554 15,361 704 510 3 0
1 45-105-165 15,075 15,262 574 436 1 1
2 0-60-120 6,303 6,056 222 236 0 0
2 30-90-150 6,220 6,135 28 242 1 0
2 45-105-165 6,066 6,127 =2 286 3 0
3 0-60-120 3,442 2,962 312 116 1 0
3 30-90-150 3,866 3,061 10 117 1 0
3 45-105-165 3,027 3,005 268 112 0 0

TABLE 14 - Applied and computed stresses from data taken with the single-
component (1-C) and three-component (3-C) gages

Maximum stress, psi Minimum stress, psi

Model | Gage | Applied  Computed | SD! | Applied  Computed | spl
average average

1 1-C 15,000 15,484 279 0 851 372

1 3-C 15,000 15,252 113 0 582 145

2 1-C 6,000 6,196 120 0 142 180

2 3-C 6,000 6,106 43 0 255 27

3 1-C 3,000 3,445 420 0 197 163

3 3-C 3,000 3,009 50 0 115 3

1Standard dev;ations (SD) are listed for the computed stresses.

The data and results obtained with the three-component gage in model 3 (magnesium
plate) are particularly significant in that the modulus of elasticity of magnesium
(about 6.5 x 106 psi) is more closely equal to the modulus of rocks. The differences
in the applied and computed stresses for this model were very small and the standard
deviations were only 50 psi and 3 psi on the maximum and minimum stresses, respectively.

Because of closely spaced jointing and alterations in the rock, much difficulty
was experienced in the overcoring, stress relief measurements in open pits. To
illustrate, only one borehole deformation measurement was obtained between the depths
of 8.5 and 14 feet in rock near an open pit (fig. 21). Also, because of blasting
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fractures and weathering in near surface rock, stress reliefs could not be made between
the surface of the pit and the depth of 6.25 feet. A similar difficulty was experienced
when the same location was stress-relieved using the single component gage. In .fact,
the distances between the various stress reliefs were so large that the data from the
single component gage could not be accurately interpolated. To illustrate, in the
previous investigation, a stress relief was obrained at the orientation of 30 degrees
and a depth of about 8 feet. Because it is necessary to rotate the single component
gage to obtain the required three deformations (3, 4), the next relief was at a gage
orientation of 90 degrees and a depth of about 10.5 feet, and the third relief was at

a depth of 14 feet and an orientation of 150 degrees; therefore, the hole depth was
almost 15 feet before a second relief could be obtained at an oriencation of 30 degrees.
Consequently, the depths between the measurements at 30-degree orientations were far
too great for reasonable interpolation of the data. In the tests with the three-
component gage, readings were obtained at all three angles at the depths of 8.5, 10.5,
and 14 feet, which not only gives three times the data but also removes the require-
ment for the interpolation of data.

The stress relief measurements around openings in the Climax Molybdenum min.
were in a more favorable rock for stress relief measurements. As noted in graphs of
the data (figs. 22 and 23), stress reliefs were obtained on an average of about 1.5
reliefs per foot of hole. Consequently, deformations at a particular orientation of
the single component gage were usually repeated within 1.5 to 2 feet. Under these
circumstances, interpolation of the data would not materially affect the accuracy of
stress determinations made from the deformation data. Also, the inspection of the
data from the two gages (figs. 22 and 23) shows that, on the average, the deformat:ions
from each gage are in good agreement.

In conclusion, the results of the laboratory and field tests of the three-compon-
ent borehole gage indicate thar the instrument will measure borehole deformation with
sufficient accuracy to obtain engineering estimates of the stress in mine rock. A
primary advantage of the gage is the ability to reproduce deformations at a specific
angle at much shorter intervals in the hole; possible errors created by tangential
displacement of the hole are the primary disadvantage. However, this disadvantage is
not significant in most stress investigations because the type and magnitude of the
stress fields around mine openings is such that the possible errors in the measurements
are small enough to be ignored. Another primary advantage is the fact that the com—
ponents are fixed at angles 60 degrees apart. Because these angles are tixed, there
can be no error in the calculation of the stress caused by errsrs in the placement of
the gage with respect to some known direction; however, any error in gage placement
would be reflected in the calculations for the angles of the stresses with respect to
the known direction. Therefore, in field or laboratory measurement particula- care
should be .taken to oriert the gage toward a known direction.
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DEFORMATION OF A BOREHOLE IN Roc®

by

Robert H. Merxlll2 and Jon R. Peterson3

¥

SUMMARY

Measurement of the deformation of a borehole in rock subjected to a change in
applied stress can be used to calculate the magnitude and direction of the applied
stress, provided a satisfactory deformation-applied stress relationship exists.

In this investigation by the Bureau of Mines the deformation of a borehole in a
rock model subjected to a known applied stress was compaied with the theoretical
deformation of a hole in an elastic, isotropic plate and was found to be in good
agreement. Hence, this relationship can be used to calculate the applied stress on
a borehole from borehole deformation measurements.

INTRODUCTION

This report describes the first phase of an investigation the purpose of which
is to determine the direction and magnitude of the stress in rock surrounding an
underground opening. The basis for the method considered in this investigation is
as follows: (1) The deformation of a borehole in rock depends upon the direction
and magnitude of the applied stress; (2) the relationship between the deformation of
a hole in an infinite, isotropic, elastic plate and the evplied stress is known from
theory, and (3) if it can be shown that the deformation of a borehole in rock and a
hole in a plate are essentially the same, the stress in rock can be calculated from
borehole deformation measurements, using the applied stress-deformation relationship.

The purpose of this phase of the investigatiou was to study, in rock models, the
deformation of a borehole as a function of the applied stress and to compare the
results with those calculated from stress-deformation theory. This report presents
(1) the theory for the deformation of a hole in an infinite, isotropic, elastic plate
subject to a uniaxial or biaxial stress field and under the condition of plane stress
or plane strain, (2) the results of borehole deformation measurements in rock models,
and (3) a comparison of the stress applied to the model with that calculated from the

Ljork on manuscript completed January 1961.

2Physicist, Denver Mining Research Center, Bureau of Mines, Denver, Colo.

3Former Bureau of Mines physicist; now with U. S. Geological Survey,
Washington, D. C.
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In a report

1 l 1 covering the second
phase of this investi-
gation, a borehloe
deformation gage is
described togetf:her with
the results of measure-
ments in mine rock.

A
¥
THEORY
% The derivations
S -5 for the deformation of
Kq)/ a hole in a plate (for

the conditions for plane
- stress and plane strain)

subjected to uniaxial

and biaxial stress fields*

part A, The more impor-
tant equations and
special cases are as
follows:?

the hole in a uniaxial
stress fleld (T=0) and
in plane nrtress 1s given

' ] I The deformation of
T

FIGURE 1 - Cross Section of Hole in Plate by (see fig. 1)
ds
U= (142 cos 20), (1)
where
U = deformation of hole (change in length of a diameter),
a = radius of hole,
d = diameter of hole = 2a.
S,T = perpendicularly applied stress (for a uniaxial stress field T = 0),

® = angle (counterclockwise) from S to r (see fig. 1 and appendix I, part A), and
E = modulus of elasticity.

“In this inVestigation compressive stresses are positive, and tensile stresses are
negative.
Some of these equations have been published by Hast and Isaacson without derivation(3 4).
6Underlined numbers in parentheses refer to items in the bibliography at the end of this
report., 0

are presented in appendix I,"
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When 6 = 0, the deforma-
tion is in the direction
of the applied uniaxial
stress, and equation 1
reduces to
U= 2L (2)
= :

When 6 = 909, the de-
formation is

DEFORMATION, arbitrary units

U=-d5 (3)
E
and the minus sign s3igni-
=¥ : L 1 : L fies that as the stiress
13 30 45 60 75 90 increases, the hole (at
ANGLE 6, degrees that point) is expanding.

FIGURE 2 - Borehole Deformation Versus Angle 9,

The deformation versus the angle 6 for one quadrant of the hole (8 = 0° to 6 = 909°)
is plotted in figure 2.

For a uniaxial stress field and plane strain, the deformation is related to the
stress by (see appendix.I, part A, case 2)

va=45 (1 - v2) (1 + 2 cos 20), (4)

E

where v = Poisson's ratio.

When 6 = 0°,
v=398 g2, (5)
E
When 6 = 9009,
v=-2 a-.w, (6)

Equations (1) and (4) for the cases of plane stress and Plane strain differ only by
the quantity (1-v2). When Poisson's ratio is between 0.25 and 0.3 (which is the case for
most rocks), the difference between the deformation for the cases of plane stress and
plane strain is bout 6 to 10 percent.

For a biaxial stress field and plane stress, the deformation is related to the
biaxial stiwsses S and T by (see fig. 1 and appendix I, part A, case 3)
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When 6 = 0,

U= (3s-m,
and when 6 = 90°,

U= %‘ (3T-5).

FIGURE 3 - Cross Section for a 60-Degree-Deformation

Rosette.

V2E

5 - T = gdt=avyy LUy~

[(S+T) + 2(S-T) cos 26]

@)
(8)
(9)

For the case of plane
strain, the deformation is
(see appendix I, part A,
case 4)

2
U= -—————d(lEV ) [(s+T)

+ 2 (S-T) cos 28]. (10)

If the deformation is
measured across three differ-
ent diameters and the modulus
of elasticity and Poisson's
ratio are known, the magni-
tude and direction of the
stresses S and T can be com-
puted. (Derivation of the
equations is given in appen-
dix I, part B, case 1.)

If the measured deformations
are 60° apart (that is, a
60° rosette) the relation-
ships are (see fig. 3)

S+ T-=

&1(%2')' (U +0,+05) (1)

and

2 2 2, 1/2
U2) + (U2—U3) + (Ul-UB) ] . (12)
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The angle between S and the direction in which the deformation U1 is measured is.
=73 (U,-U)

I T s
2U1 U2 U3

tan 26. (13)

where

U1, U2, U3 = deformation across diameters 60° apart,
S, T = stresses, i
and 6; = the angle from S to U] measured counterclockwise.

Where the measured deformations are 45° apart, S and T are related to deformations by
(see appendix II, part B, case 2) '

S+ T= E(Ul‘l-UB) (14)
2d(1-v2) .
2 211
el s - 1 = BL(U-U)% + (U,-U,)2]1/2 (15)
2d /2 (1-v4)

and the angle between S and the direction in which the deformation U; is measured is
2U0,-U.-U

-tan 26 = "2 "1 "3
U-U; (16)

The conditions for plane stress are satisfied in the rosette equations when the
tern (1-v2) is equal to 1. For plane stress and a 60° deformation rosette, S and T

are given by

= E
S+7T-= 3q (U1+U2+U3) (17)
_JZE 1 32 32 _rr y241/2
S-T-= 6d [(U1 U2) + (U2 U3) + (U1 U3) ] ] (18)
and 61 is obtained from equation (13).
For a 45-degree-deformation rosette in plane stress, S and T are given by
s + 1 = E(UHUg) (19)
2d
1 22 o y2q1/2
and s - 1 = E[U;705)° + (U,-05)2)7" (20)

2d /2

and 6; is obtained from equation (16).
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The angle 67 could have two values 90° apart. The correct angle can be determined
by using the following rules:

For a 60° rosette (angular measurements positive in the counterclockwise direction
and all angles measured from S to Uj):

1. If U, >U,, 6; lies between + 90° and + 180° or 0° and -90°.

2. If Uy< Uy, 8, lies between 0° and + 90°.

3. IfU, = U3, and if

2

- =°.
a. U > U, =1, 85 =0
b. U, < U.=1U,, 6, =+ 90°

For a 45° rosette:

1. I1£U, > U, + U3, 8, lies between + 90° and + 180° or 0° and - 90°.
2
2. 10, >%1" Y3, 6 lies between 0° and + 90°.
2
3. IfU, = }’1 U3 and if
%)
a. U >Uy, 6, = 0°;

b. U, < U,, 8. = 90°,

These rules are similar to rules used for strain rosette calculations (5). In
instances where some doubt exists concerning the correct angle, the direction can be
easily checked by graphical methods (see reference (5) for examples of graphical analyses).
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MODEL STUDIES

To determine the agreement between the deformation of a borehole in rock and a hole
in a plate, two models were prepared from each of three materials, Indiana limestone,
Georgia marble, and hydrostone.(a high-strength gypsum cement). These materials were
known to have significantly different elastic properties and grain size (see table 1 and
fig. 4). :

TABLE 1 - Physical properties of materials used for models

Modulus of elasticity Elastic behavior
Material Grain size (x 106p.s.1i.) (shape of stress-
Longitudinal Lateral strain.curve)
Hydrostone Microscopic 2.6 2.2 Linear.
Indiana limestone 0.1 to 1.0 mm. 5.1 5.0 Do.
Georgia marble 1l to 5 mm. 7.0 5.0 Curved.l

1The slope gradually increased (see fig. 4).

The models were ground to a finished size of 5x5x 10 inches, and the opposite sur-
faces were parallel to within 0.002 inch. A l-inch-diameter hole was drilled through
each model at the center of a 5- by 10-inch surface (see fig. 5). The diameter of the
hole was large compared to the grain size of the model material. The model was suffi-
ciently large so that the deformation of the l-inch-diameter hole was not significantly
affected by the model dimensions.? The 5- by 5-inch end dimensions were chosen so that
a stress of 4,800 pounds per square inch could be applied by a compression machine having
a capacity of 120,000 pounds. The models were made 10 inches long to accommodate the
apparatus for applying lateral loads and to reduce the error caused by friction between
the model and the bearing heads of the compression machine.

Photographs of the model and test equipment are shown in figures 6 and 7. The
longitudinal load was applied by the compression machine on the 5- by 5- inch ends. The
lateral load was applied by a specially constructed hydraulic Press, the maximum capacity
of which was 30,000 pounds, or 1,200 pounds per square inch on a bearing area of 25
square inches. The press was calibrated in the compression machine and was accurage to
within ¥ 125 pounds at maximum load.

7If the surfaces of the model are 2-1/2 radii from the center of the hole, the effect of
the surface on the stress distribuction around the hole is less than 10 percent. (2 4).
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FIGURE 4 - Stress-Strain Curves for Hydrostone, Indiana Limestone, and Georgia Marble
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- : 5" —-I The borehole deforma-
r_ tions. were measured with a

precision air gage, which

has a sensitivity of 10

l 7 Ia microinches over a range of
0.003 ?nch (see fig. 7).
5 2 6 6 5 This type of gage offers no

Va resistance to the borehole
9 q I . 10 lnl D Ig deformation (1).
i

To determine if the
load applied to the model
was uniform over the cross
section of the model, sev-
eral resistance-type strain
FRONT BACK gages were bonded to the
exterior surfaces of the
model and in the borehole
(see fig. 5). The gages
were connected to a strain-

STRAIN GAGES gage bridge through a
strain-gage switching and
8 ! No.  Type balancing unit (see fig. 6).
1-6  A-7, uniaxial The estimated accuracy of
9 7-8  C-1, uniaxial the strain measurements was
oo =1 10" 9-10 CR-1, 60° rosette 19 microinches per inch.

ps = - -y

To obtain an estimate
of the bearing strength of
the models, one model of
each material was loaded to
failure or to the limit of

: L2 . the compression machine.

SIDES The limestone and marble
FIGURE 5 - Model Showing Position of Strain Gages. QZi:i:mdigagoz4fgéé :gu;::
per square inch) that could
be aprlied, whereas the hydrostone model failed at an applied compressive stress of
1,600 pounds per square inch. No further use was made of these models. The second
model of each material was used for the tests of deformation versus applied stress. The
maximum stress applied to these models was limited to one-half the stress applied to the
first model, 800 pounds per square inch for hydrostone and 2,400 pounds per square inch
for limestone and marble.

The hyd ostone model was longitudinally loaded (vertically) in increments of 80
pounds per square inch up to the maximum load (800 pounds per square inch) and was un-
loaded in the same incremeats to O pounds per square inch. Borehole diameters and
strains were measured at each increment of increasing or decreasing stress. These tests
were made for ailr-gage orientations of 0, 30, 45, 60, 90, 120, 135, and 150 degrees
(from the horizontal). These angles are denoted as ¢ = 0, ¢ = 30, and so forth (see
figs. 8-14). Next, the model was loaded laterally (on its side) over the same load range,
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FIGURE 7 - Apparatus Used for Biaxial Tests

in the same increments, and for air-gage orientations of 0 and 90 degrees. Strain gages
9 and 10 were removed for these tests (see fig. 5). For the biaxial tests the models

were longitudinally loaded in the same increments as used in the uniaxial tests and were
at a constant lateral load (side stress) of 6,000 pounds, that is, 240 pounds per square

inch.,

The same procedure was used on the limestone and marble models except that the longi-
tudinal stresses were applied in increments of 400 pounds per square inch up to the maximum
load (2,400 pounds per square inch), and the lateral stress was 1,000 pounds per square inch.

The data from the uniaxial and biaxial tests on hydrostone models were averaged and
are presented by graph in figures 8 and 9; data from limestone and marble models are pre-
sented in figures 10 to 13. Usually, the borehole-deformation measurements were repro-
ducible within * 2.5 percent. Samples of the data taken over a complete cycle from a
uniaxial test for each of the models are presented by graph in figure 14 to demonstrate this
reproducibility.
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FIGURE 10 - Limestone-Deformation Versus Uniaxial Stress
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FIGURE 11 - Limestone-Deformation Versus Biaxial Stress
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FIGURE 12 - Marble-Deformation Versus Uniaxial Stress

The strain-gage measurements taken from opposite surfaces of the model aad bore-
hole shcwed that in all cases the model was loaded uniformly. Representative samples
of these data are given in table 2.

TABLE 2 - Samples of data showing symmetry of stress
distribution in the meodel

Maximum applied Strain
Model Gage No. Gage position stress (p,s.i.) (4 in./in.)
Hydrostone 5 Inside hole (left) 800 900
Do 6 Inside hole (right) &00 905
Limestone 7 Front 2,400 400
Do 8 Back 2,400 420
Marble 9 side (left)l 2,400 342
Do 10 Side (right)l 2,400 359

lvertical component of rosette gage.

v Uniaxfisl stress, longitudinal




C B

RESULTS AND
CONCLUSIONS

The data in
figure 14 show
that for the three

o model materials,
=il the loading and
o 1 ol f r i unloading curves
=0 =20 *Hﬁﬂ- hutiy? were essentially
P=120° the same and that
when the stress
2,000 1 i 1 1 was removed, the
deformation re-
turned to zero.
Therefore, it can
1,600 1§ P be concluded that
Lateral stredr=1,000 pai ’ z:i Tg::;: ‘;::‘:

f the elastic limit.
1,200 The stress-
deformation plots
for hydrostone and
soot ! ! limestone shown in

figures 8 through
J 1 13 vere linear,

whereas the plots
400k ; ; - ’ L ) for marble were
curvad (with an
increasing slope).
This finding is in

LONGITUDINAL STRESS, psi

l—e i il ] ! Y i agreement with the
=400  -200 0 200 400 600 800 :3::3:;?:’::2;‘::'
DEFORMATION, microinches

the physical pro-
perty tests (see
fig. 4).

The deformation measurements at 0 and 90 degrees (with respect to the horizontal)
made on the hydrostone ard marble models (loaded first longitudinally and then laterally;
see figs. 8 and 12) indicate that these materials are aniscviropic. The largest per-
centage difference in deformation was measured for hydrostone at a gage orientation of 0
degrees and at applied stresses greater than 200 pounds per square inch. Also, in the
physical property tests on hydrostone, the modulus of elasticity in the longitudinal
direction was 18 percent greater than in the lateral direction (see table 1). For marble,
the modulus in the lateral direction was 14 percent greater than in the longitudinal
direction. Hence, physical property tests also show these materials to be anisotropic.
Both the models and the physical property tests on limestone showed this rock to be
essentially isotropic (see table 1 and fig. 10).

FIGURE 13 - Marble-Deformation Versus Biaxial Stress

The agreement between the deformation calculated from iheory (equations 1 through
10) and the deformation measured ir the models is shown graphically as a function of the
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FIGURE 14 - Representative Data for Deformation Versus Uniaxial Stress for
Hydrostone, Limestone, and Marble.
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angle in figures 15 through 20.
These comparisons are pre-
sented for both an applied
uniaxial and biaxial stress.
The measured deformations
plotted in these graphs are
from data taken at the maxi-
mum stress applied to the
models. To obtain the
calculated value, the hori-
zontal and vertical moduli
of elasticity presented in
table 1 were averaged and
substituted in equations

(1) and (7). The modulus

of elasticity of the mater-
ials can also be computed
by substituting the applied
stress and measured deformz-
tion into equations (1) or
(7) and solving for E.

These moduli are (uniaxial
loading, gage orientation
of 90 degrees) 2.2 x 106
pounds per square inch for
hydrostone, 5.0 x 106 for
limestone, and 7.7 x 106

for marble. The moduli are
within 10 percent of those
determined from the physi-
cal property tests (see
table 1).

For longitudinal
loading and for a uniaxial
stress, the agreement be-
tween meacured and calcu-
lated deformation was best
for angles between 30 and
60 degrees, and was poorest
for angles of 0 cr 90 de-
grees (see figs. 15-17).

In particular, the best
agreement for all gage
orientations was for marble,
and the poorest for mater-
ials was for hydrostone at
a gage orientation of 0
degrees.
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For the biaxially loaded cases, the best agreement between measured and computed l
deformations was also at gage orientations between 30 and 60 degrees (sees figs. 18-20).
The best agreement over all orientations was for the limestone; the poorest was for

marble. This result was to be expected because limestone was the most isotropic
material used in these tests. [

The deformation versus applied-stress curves for different angles should pass
through a common point when the longitudinal and lateral stress are equal. Figures 9, {
11, and 13 show these curves for hydrostone, limestone, and marble. The curves for '
limestone pass througn an approximate poiat, whereas the curves for hydrostone and
marble do not. Again, this is another indication of the isotropy of the material.

The agreement between the magnitude and direction of the stresses computed from
the measured deformation of the borehole in the model and the applied magnitude and .
direction of the applied biaxial stresses is shown in table 3. The deformations
measured at maximum applied longitudinal stress (see figs. 9, 11, and 13) were sub-

stituted into equations (13) and (16) through (2C) to calculate these stresses. The
calculations are presented in appendix II. l

TABLE 3 - Comparison of the magnitude and direction of the computed
gtresses and the applied biaxial stress

Longitudinal Lateral Angle l

Rock type Rosette stress (p.s.i.) stress (p.s.i.) a (degrees)l 1

Calculated Applied | Calculated Applied |Calculated Applied . 5

Hydrostone| 45-degree 808 800 177 240 -89 *90 ' ?

Do 60-degree 817 800 203 240 91 90 ]
Limestone 45-degree 2,340 2,400 920 1,000 88 90

Do 60-degree 2,355 2,400 9.5 1,000 88 90 U8

Marble 45-degree 2,200 2,400 1,180 1,000 99 90 F

Do 60-degree 2,215 2,400 1,125 1,000 -76 90 1

IThe definition of the angle a is given in appendix II.

The best agreement between the calculated stresses and the applied stresses was for
limestone, using the 60-degree-rosette equations. The poorest agreement was for marble L
and hydrostone, using the 45-degree-rosette equations. The best agreement between the
direction of the larger computed and applied stresses (longitudinal) was for limestone '
and hydrostone; the poorest agreement was for marble. Again, it was concluded that the l :
difference between the magnitude and direction of the computed and applied stresses was
due to the anisotropy of the hydrostone and marble.

In this report all calculations were made on the basis of plane stress, owing to the
conditiors imposed by the test. 1In application, when the purpose is to measure the stress
in rock media, particularly at depth, calculations made in plane strain may fit the test
conditions better than plane stress, a factor that should be considered in further ex- ¢
periments. However, the difference between the magnitude of stresses computed on the
basis of plane strain or plane stress would not exceed 10 percent for most rocks.
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APPENDIX 18

The equations for the deformation of holes in an infinite plate that is perfectly
elastic, homogeneous, and isotropic are presented in part A of this appendix. The
cases for uniaxial and biaxial stress fields in plane stress and plane strain are con-
sidered.

The equations relating the principal stresses in a medium to the deformation of a
hole as measured along three diameters 45 or 60 degrees apart are derived in part B of

this appendix. These equations are called the 45~ and 60-degree-deformation-rocette
equations.

The symbols used in part A are as follows (see fig. 1):

radial strain

m
[}

e tangential strain

0

Ard = shearing strain

c radial stress

r

<
(]

tangential stress

'r® = shearing stress

8 = angle measured counterclockwise from S to r
u = radial displacement

v = tangential displacement

E = Young's modulus

v = Poisson's ratio

a = radius of hole

d = diameter of hole

radial distance

r
S, T = perpendicularly applied stresses

U = deformation (change in length of a diameter) of the hole

8wilbur I. Duvall, physicist, Applied Physics Research Laboratory Bureau of Mines, College
Park, Md. has derived a part of the equations presented in this appendix.
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Part A, Case 1 -~ Deformation of a hole in a plate subjected to a
unidirectional stress field under-the condition of pl:ne.stress

[ L To obtain the deformation of a hole in a plate under plane .stress, the Kirsch equa-
tions (6) for the stress distributions around a hole are substituted in Hooke's law

i 2 equations for plane stress and integrated.

|- The relationships for the strain components and displacements in polar coordinates

are

’ ] (1)

and e =%+—, (2)

Hooke's law equations for plane stress are

1

e =%':- (cJr = Vi), (4)
[
Y

e, = —é— (0g = Vo), (5)
J and

hrg = 20XV (6)

The Kirsch equations for the stress distributions around a circular hole (uni-
directional stress field, T = 0) are

==

4al
5 (1 —7)+"(1-T+—4—)c0520

.l .
L2 ]
|

a S 3a4
6=E(1+;-2-)-_2_(1+;:T)c°s 20,

and 2a2

Tre—-—-(l+—2—-—4—)sin26

E— &3
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du _ 1, _
o =& O = V) (10)
u v _ 1 _
r ¥ 7o " G - Vo), (1
and
Su ., Sv v _ 2(1+v)
réo + r r E 're’ (12)

2 4
Salifay+Satda,

2 4
'%;"[% (1+%2—)-—§-(1+%2—)c0529]. T (13)

Integrating equation 13 gives

1 S a2 S 4a
u=E[§(r+?—)+§(r+-—-—3-)cosZB]
-3[§(r-—32)_§(r_a4)cosze]+ (6) (14)
E ' 2 T 2 3 g1 ’

where g8, (8) is an arbitrary function of 6 only.

Substituting equations (7), (8), and (14) 1into equation (11) and combining terms gives

v _ 1 S 4a2
CRE RS JCTEFE SRS
S 4a2  2a%
gl @ - By s - g (0. =
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Integrating equation (15) gives

1 S 2a2 ab
V=E[--2-(r+T+I_-§) sin 20 ]
{
-Xl—s-(r-zaz 4 2 ) sin 28 ] - (8) de + g, (r) (16)
E*‘'2 r 3 g 82

where g9 (r) is a function of r only.

Differentiating equation (14) with respect to 6, gives

4a2 g

4
Su [-S(r+T-~;3-)sin26]-%§-(r-%)sin26+£%%_(_e_)_. a7

86

1=

Differentiating equation (16) with respect to r gives

v 1 S 2a2  3ab
—6?=E[_-2-(1 _?2-__17}__) sin 26]
-2 2as Tzaz - 7;-334 ) sin 20 ] + $82 (¥ (18)
E 2 r r )

Sr

Substituting equations (9), (16), (17), and (18) into equation (12) and collecting terms
glves

_Gjée(e) + r6§]2: (r) +fg1 (6) d6 - z,(r) = 0. (19)

Since g, (8) is a function of 6 only, and gy (r) is a function of r only, the terms
contain}ng 6 and the terms containing r must be equal to zero; thus

r dg, (r)
ar -8 (=0, (20)

d2g; (8)
—3e2  te1(0)=

[
o

(21)




where total derivatives are used because g, is a function of r only, and g; i8 a
function of 0 only. Integrating equation %20) glves

'82‘ (r) = Cr. (22)

Integrating equation (21) gives

8 (8) = A sin 6 + B cos 0. (23)

As there can be no tangential displacements on either the x or y axis, the boundary
conditions are

0 when ©

0 for all values of r;

<
I

% for all values of r.

0 when 8

<
]

Substituting equations (2Z) and (23) and the boundary condition into equation (16) gives

A=0,B=0,C=0.

Because the constants in equations (22) and (23) are zero, the arbitrary functions g; (©)
and g, (r) are zero; thus, the displacements u and v, from equations (14) and (16), are

_ 1.5 a2 S 4a2 a4
u E[E(r+r_)+5(r+ . —r—3)c0826]
2 Al 4
v S a ] a
—E[E(r-—r—)—i(r—;—g)cosze], (24)
and ) ) 4
__ 1S .22, v (S, _22, a
v=-3 { 2 (r + T + =3 ) sin 260 ] T [ 2 (r -t =0 ) sin 26 ]. (25)

Equatior (24) and (25) describe radial and tangential displacements anywhere in the
medium. To obtain the change in any diameter, U, of the hole (deformation), substitute
T =ga-= % into equation (24); thus

U= %ﬂ (1+ 2 cos 28). (26)




Part A, Case 2 - Deformation of a hole in a plate subjected to &
unidirectional stress under the condition of plane strain

To obtain the deformation of 1
tions (equations (7), (8), and (9) a
plane strain which are

hole in a plate in plane strain the Kirsch equa-
re substituted in the Hooke's law equations for

er=%[(l-v2)cr—v(l+v')ce], (27)

ee=-é-'-[(l—v2)ce-v(1+v)cr], (28)

Ag o 2 (1 + V)
= E Tro. (29)

Equations (1), (2), (3), (7), (8), and (9) are valid under conditions of both plane stress .
or plane strain. Hooke's law equations for plane strain differ from the plane stress
equations only by the terms (1 - v2) and (1 + v). Therefore, the method of solution and

the boundary conditions are valid for both cases, and the radial and tangential Jlisplace-
ments anywhere in the medium are

1-v2 g a2 s
u=—'E_[E(r+r )+2(r+

2 4
4—:-—‘—:-3-) cos 20 ]

oy @A+ V) [ %.(

22 4
E r - f}-) - g-(r - %3 ) cos 26 |,

2a2 a4
E(r+—r—+r1-) sin 20 ]

_y @ty 5 282
2

al
7 T+?3')Sin26].

To obtain U, r = a ='% is substituted into equation (30); thus

u=%‘1(1-v2) (1 + 2 cos 26).




Part A, Case 3 - Deformation of a hole in a plate 3ubjected to a biaxial
stress field and for the condition of plane stress

The equations for the stress distribution around a hole are obtained by super-
position, and equations (7), (8), and (9) become

S+ T a2 S=-T,. 4a2  3a4
S (l-?z-)+ 5 (;—?2—+—r£)c0529, (33)
op =St (aaly 8- 3y o (34)
0 2 r 2 r4 5 ’

»m SI= T 2a2  3a4
T =" Q+ i ) <in 26, (35)

The solution for the displacements is obtained by the same method as used for
Case 1; the displacements are

1,S+T a2 S - T 4a’ gt
us=z [ > (r +‘;— ) + 3 (r + il ) cos 26 ]
vV  S+T a2, S -T ah
-E[__Z_(r_-r—)_ 3 (r—;s')coszel, (36)
and 9 4
_ 1 .8-T 2a a
V_-E[—-—2 (r+—-——r +B—)sin26]
2 4
V S-T 2a a
= E[ 5 (r - " +;3') gin 26]. (37)

To obtain the deformation of the hole, r = a = g-is substituted in equation
(36); thus

U=

-] [=R

[ (S+T)+2(S-T) cos 20 ]. (38)

Part A, Case 4 - Deformation of a hole in a plate subjected to biaxial
stress and for the conditions for plane strain

The equations for the stress distributions around a hole in a plate subjected to a
biaxial stress field, (equatiouns (33), (34), and (35) are substituted in equations (27),
(28), and (29). Then, the procedures outlined under Case 1 are followed to obtain

_(1-vHd

v E

[ (8+T)+2(S-T) cos 2t ]. (39)
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The equations for the deformation of a hole in a plate in biaxial stress fields
are used to relate the stresses in the plute to the deformations measured across three

Part B, Case 1 - The 60-degree~deformation-rosette equations

for a biaxial stress field and plane stress

diameters of the hole.

The symbols for Part A are the same in Part B; the following symbols are also used

(see fig. 3):

Uy = deformation measured across a diameter in the hole

Uz = deformation at angle 60 degrees from Uj -

U3 = deformation at angle 120 degrees from U,
61 = angle measured counterclockwise from S to the direction of U1
A, B, K = constants

The equation for the deformation of a hole in a plate in a biaxial stress field is

(see equation (38) )

U

If we let K = T A=5+T, and B=S - T, equation (38) becomes

=-% [ (S+T)+2(S-T) cos 26 1.
d

U = KA + 2KB cos 26.

To obtain Ul, Uy, and U3,

and

For a 60-degree rosette, 87 = 67 + 60° and 83 = 87 + 120°; equations (41), (42), and

Ul = KA + 2KB cos 26,
Uy = KA + 2KB cos 26,,
Uy = KA + 2KB cos 263.

(43) become

and

The cosine of the

Ul = KA + 2KB cos 267,
Uy = KA + 2KB cos 2 (8; + 60°),
U3 = KA + 2KB cos 2 (87 + 120°).

cos 267 + 120° = --% cos 28, -

cos 26; + 240° = --% cos 287 +

sum of the angles in equations (45) and (46) is

2

-[3—- 8in 26

2

(40)

(41)
(42)
(43)

(44)
(45)
(46)

sin 261

1°
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Substituting equations (47) and (48) in equations (45) and (46) and solving for A

and B gives e
Uu. + U, +uU
A== 1 2 3
3K
and
V2 2 32 )

? B = K [ (Ul -U ) + (U + (U U3) ] . (50)
Substituting equations (47) and (48) in equations (44), (45), and (46) and solving for
91 gives

tan 29, = -'/3 (U2 - U3) (51)
2Ul - U2 - U3
Because A =S + 7 and B = S - T, the sum and difference of the Stresses are
S + T=—— (U + U2 +U ), (52)
and /o
S-T———[(U-U)2+(U-U)2+(U -U)2]1/2 (53)

Hence, the stresses in the medium cah be obtained from a measurement of Uy, U2,
and U3y. The angle between the stresses and the angle at which U] 1s measured are

obtained from equation (51).

The conditions for plane strain can be obtained by dividing equations (52) and

(53) by the term (1 - v2).

Part B, Case 2 - The 45-degree-deformation-rosette equations

The solution for the 45-degree-deformation rosette is obtained
were used for the solution of the 60- -degree-deformation rosette.

sum and difference of the stresses are

E
S+T=—E(}JI+U3), (54)
and
o= E _ 2 _ 2 4 1/2
22 4d
and the tangent of twice the angle between the stress S and the deformation U, 1is
2U, - U
tan 26; = - 5 ; (56)
1 3

Agein, for plane strain, equations (54) and (55) can be used by dividing by the term

(1 - v2).

by the same steps as
The solutions for the

aa EE e [
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APPENDIX II

3,

U; = 210 pin.

N

- I! Example No. ‘1 - Hydrostone, 60-degree-deformation rosette:

Up = 1,020 pin.

o

, U3 = 160 pin.
( - E=2.2x 10% p.s.1. ]
1 d = 1.0 in.

From equation (17)

T P Ty RN T A

. g 6 .
: - s+ =22%x2107 9154 1,02 + 160) 107° = 1,020 p.s.1.
1 3x 1.0 .
|| From equation (18) :
:
V2 x 2.2 x 10° 2 2 2 . 1/2 . -6 }
S-T= - [ (810)° + (860)< + (50)° ] x 10 * = 614 p.s.i.
6 x 1.0 i
- S = 817 p.s.1i. (applied stress = 800 p.s.i.) f
- T = 203 p.s.1i. (applied stress = 240 p.s.i.). }

The direction of S with respect to U1 is given by equation 13.

p - /3 (1,020 - 160) _ !
. E Tan 26) = 32270 - (1,020 + 160) = L j

20, = 63° or 243°

= 0

1 121° (see rule for a 60-degree rosette, p.88).

—

The direction of U; was 30° counterclockwise from the horizontal. If o is the angle
between S and the horizontal measured counterciockwise from S, then a = 61 - 30°; thus

ey
et

a = 121° - 30° = 91° (angle of applied stress = 90°).

|
on
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Example No. 2 - Hydrostone, 45-degree-deformation rosette:

= 475 uin.
= 1,020 uin.

= 420 uin.

E=2.2x 105 p.s.1.
d = 1,0 in.

From equations (19) and (20), respectively,

_ 2.2 x 106
B Hl = T0

==, D I e

(475 + 420) 10°° = 985 p.s.i.

__ 2.2 x 108
2% Y2 x1.0

1/2 < 1076

[ (545)2 + (600)2 ] 10°° = 630 p.s.i.

808 p.s.i. (aprlied stress = 800 p.s.i.)
177 p.s.i. (applied stress = 240 p.s.i.).

The direction of S with respect to Uj is given by equation (16).

' _2x 1,020 - (475 + 420) _ _
Tan 26, (475 = 4209 = - 20.8

R

20, = - 87° or + 93°

8; = - 44° (see rule 1 for a 45-degree rosette, p88 ).

The direction of U; was 45° counterclockwise from the horizontal. If o is the angle
between S and the horizontal measured counterclockwise from S, then o = 87 - 459; thus

a = - 44° - 45° = - 89° (angle of applied stress = T 900),

Example No. 3 - Limestone, 60-degree-deformation rosette:

=

U; = 85 uin.

U, 910 uin.

et
l 4

U3 = 974 uin.
5.0 x 106 p.s.1.

1.0 in.,




R e o

e =ik

= ==

I

-

-«b,l
e

‘From equations (17), (18), and (13), respectively,

. 6 8
s+1=2202100 o0 o104+ 974) x 107 = 3,280 p.s.1i.
3 x 1.0
6 )
s-1=2 x :°g x 10 [ (- 8252+ (- 642+ (889)2 ] /2 4 147

= 1,430 p.s.1.
§ = 2,355 p.s.1. (applied stress = 2,400 p.s.1i.)

T = 925 p.s.1. (applied stress = 1,000 p.s.1.)

. - = ¥3 (910 - 974) _
tan 28) = 3285 - (910 + 974y = ~ 0-065
20, = - 4° or 176°
6, = 88° (see rule 2 for a 60-degree rosette, p.88).

The direction of U; was 0° from the horizontal. If o is the angle between S and the
horizontal measured counterclockwise from S, then a = 61; thus

a = 88° (angle of applied stress = 90°).

Example No. 4 - Limestone, 45-degree-deformation rosette:

[=1
n

85 uin.

630 pin.

=
N
]

U3 = 1,220 pin.

E

5.0 x 10° p.s.1.

d

1.0 1in.

From equations (14), (15), and (16), respectively,

5.0 x 106 -6
S+T-= 2 xio0 (85 + 1,220) x 10 ~ = 3,260 p.s.i.
6 -
§-T=2:0%10 [ (-565)2+ (-5002 112 5 1076 = 1,420 p.s.1.
2x /2 x 1.0
§ = 2,340 p.s.i. (applied streas = 2,400 p.s.1i.)
T = 920 p.s.1. (applied stress = 1,000 p.s.1i.)
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_2x63 - (85 +1 220)
85 - 1,220

tan 26 - 0.04

20, = - 2° or 178°

el

(e

T

88° (see rule 2 for a 45° rosette, p.88).

The direction of Uj was 0° from the horizontal. If a 1s the augle between S and the
horizontal measured counterclockwise from S, then a = 013 thus

]

= 88° (angle of applied stress = 90°)

=

Example No. 5 - Marble, 60-degree-~deformation rosette:

|
| ] |
] Uy = 675 uin. {] |
h7 Uy = 440 pin. | [J
U3 = 185 uin.
E=7.7 x 106 p.s.1. (; :
&9
= 1,0 in.

;f d

From equations (17), (18), and (13), respectively,

I o R

] 16 _

] s+1 =Ll X0 6r5 1 440 +185) x 1070 = 3,340 p.s.i. J

1 3 x1.0

4 6 _ :_.

7] . 2 172 107 [ (2352 + (255)2 + ( - 490)2 11/% x 107 J ]

= 1,090 p.s.1i. ;J 5

S = 2,215 p.s.i. (applied stress = 2,400 p.s.i.) L

T = 1,125 p.s.i. (applied stress = 1,000 p.s.1i.) [J 4

- /3 (440 - 185) k

Tan 26; = 3% 675 - (440 + 185) - - 081 ‘ [j i
207 = - 31.4° or 14¥.6° .

‘L 6, = - 16° (see rule 1 for a 60-degree rosette, p.88). L!

1 The direction of U, was 60° from the horizontal measured in the counterclockwise direc- l
tion. If a is the angle between S zad the horizontal, measured counterclockwise from S, 7
then o = - 60°; thus :

= (- 16% - 60° =-75° (angle of applied stress = t 90°). []
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Example No. 6 - Marble, 45-degree-deformation rosette:

U1 = 185 upin.

U2 = 520 uin.
E=7.7 x 106 p.s.1.
d=1.0 in.

From equations (14), (15), and (16), respectively,

6 _
ST = 7é7xx 18 (185 + 695) x 107 = 3,385 p.s.1.
6 _
s-r=llXI0 p o 3352, 17502 1/2 1076 L 1,022 p.s.i.
2 /2 x 1.0

S = 2,200 p.s.i. (applied stress = 2,400 p.s.i.)

T =1,180 p.s.i. (applied stress = 1,000 p.s.i.)

_ 2 x 520 - (185 + 695)

tan 26, = 185 - 695 = 0.314
20, = 17.4° or 197.4°
61 = 99° (see rule 1 for a 45-degree rosette, p. 88).

The direction of Uj was 0° from the horizontal. If o is the angle between S and the
horizontal measured counterclockwise from S, then o = 61; thus

@ = 99° (angle of applied stress = 90°).
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APPENDIX B
THE CSIR 'DOORSTOPPER'

This appendix is abstracted from The "Doorstopper'" and Triaxial Rock
- Stress Measuring Instruments Developed by the C.S.I.R., by E. R. Leeman
and published in the Journal of the South African Institute of Mining
and Metallurgy, Vol. 69, No. 7, February 1969, pp 305-339, with the
permission of the Institute. It may not be reproduced, in whole or

in part, without the permission of the Institute.
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THE DOORSTOPPER STRAIN CELL

It should perhaps first be explained that the name 'doorstopper' was given to
those strain cells because of their resemblance in colour, shape and size in the early
days to the red rubber cylindrical blocks used as doorstops in most homes. The name
therefore possesses no scientific connotation whatever!

The principle underlying the 'doorstopper' method of determining the stress in rock

A borehole is drilled into the rock to the depth at which it is desired to measure
the stress. Strain gauges are glued on the flattened end of the borehole. The depth
of the borehole is then extended using the coring crown used to drill the borehole to
the original depth. This is in effect an overcoring or trepanning operation which
relieves the stresses present on the flattened end of the borehole and results in change
of strain which are measured by means of the strain gauges. The strain readings are
multiplied by the elastic constants of the rock and the stresses which were present on
the end of the borehole before ovarcoring are obtained. If the relatiorship between
the stresses present on the flattened end of a borehole and those in the surrounding
rock is known, the stress in the surrounding rock (which it is desired to measure)

may be calculated.

The relationship between the stresses on the flattened end of a borehole and those in

the surrounding rock

The stress at a point in the rock can be represented by the system of stresses
ox, Oy, 0z, TXY¥, Tyz and tzx illustrated in Fig. 1(a). If a borehole be drilled as
shown in Fig. 1(b) in the Z direction of the co-ordinate system used to specify the
directions of the six stress components the stresses on the flattened end of the bore-

hole will be as shown in Fig. 1(c).

The stresses therefore which will be measured by

strain gauges glued on the flattened end of the borehole will be ¢'x, o'y and t'xy.
To obtain the stresses ox, oy, etc. in the surrounding rock from the stresses measured
on the end of the borehole the relationship between them must be known.

No theoretical relationship has yet been derived.
however, on loaded prisms and cylinders of steel, rock and araldite by Bonnechere

Laboratory measurements,
11, 12

and Van Heerdenl3 using electrical resistance strain gauges and photoelasticity to
determine the stress distributions on the flat end of boreholes drilled into the speci-
The object of their investigation was to
determine the effect of the stress components, oX, OvY, 0z, TXy, Tyz and tzx in the rock
upon the stress components ¢'x, o'y and t'xy acting upon the end of the borehole.

mens have thrown light on the subject.

They wrote ok, o'y and 7'xy as follows:

c'x = aox+ boy + ¢ o2
o'y = aocy +b ox + c oz

t'xy = d Xy

and found the following values, for a, b, ¢, and d

Bonnechere
a 1.25
b 0
c -0.75 (0.5 + v)
d 1.25
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Van Heerden

1.25
-0.064
-0.75 (0.645 + v)




(b) STRESSES ON THE FLATTENED END  (c) ENLARGEMENT OF THE FLATTENED
OF A BOREHOLE END OF A BOREHOLE

9x Oy  ¢a=0; ¢p=909; ¢o=2250
g
y

(d) DISTRIBUTION OF STRESSES ON THE END (e) CONFIGURATION OF STRAIN GAUGES
OF THE BOREHOLE (ACC. VAN HEERDEN) GLUED ON THE END OF THE BOREHOLE

Fig. 1 The Stresses on the Flattened End of a Borehole
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Other investigators have obtained other values, particularly for a but it is
believed that the above values are the most reliable available. The author is inclined
to accept the value of c obtained by Van Heerden since it is the result of several
measurements. ‘

It should be mentioned that the value of a = 1.53 obtained by, amongst others, the
author, resulted from using cubes instead of prisms in the laboratory tests. The
necessary conditions of uniform stress cannot be and were not achieved in the cubes
and caused the higher erroneous value of a to be obtained.

The value of d gives the effect of txy upon strain readings from strain gauges
glued on the end of the borehole. Since txy has the same effect as two normal stresses,
of equal magnitude and opposite.sign, acting at right angles to each other and at
45 degrees to 1xy, the value of d = 1.25, the same as a would seen to follow.

The shear components tyz and tzx would appear to have no effect on the stresses in
the XY plane. Since they have the effect of only rotating this plane around the X and
Y axes respectively strain gauges glued on it should not be influenced by them.

The value of b = -0.064 is small and may be neglected. Hence we can write

o'x = 1.25 ox -0.75(0.645 + v) oz (1)
o'y = 1.25 oy -0.75(0.645 + v) oz (2)
T'xy = 1.25 txy (3)

1 1
The distribution of <X ang L over the eand surface of the borehole, obtained

photoelastically, is showf in Fig?¥1(d). As will be seen from this figure g'x and o'y

ox oy
are constant over approximately the middle third of the end of the borehole having the
values of a = 1.25 and b = 0 (approx.). Strain measurements should therefore be made
in this area.

The determination of the stresses from doorstopper strain readings.
(a) Measurements in one borehole only

Since only three strain measurements are made with a doorstopper during any single
overcoring operation it is not possible to obtain any more information than the wagni-
tudes and directions of the principal stresses acting on the end of the borehole before
overcoring (and thence of course the stresses in the surrounding rock as indicated
previously).

Thus if measurements are to be made in only one borehole, it should be drilled
parallel to one of the minor principal stresses. The end of the borehole then becomes
the principal plane in which the major and the other minor principal stress act.

If as shown in Fig. 1(b) the borehole is drilled in a direction parallel to the oz
principal stress, the stresses ¢'x, o'y and T'Xy (see Fig. 1(c) ) will be measured by a
doorstopper glued on the end of the borehole.




If the configuration of the gauges in the rosette is as shown in Fig. 1l(e), and
they are glued on the end of the borehole so that the A and B directions are parallel
to the X and Y directions respectively, then the normal stresses ¢'pA = ¢'x and o'g =
o'y and T'Ag = T'xy are given by (see Appendix)

vho oo, _EJeA+eR  fA- v

o'A =o'x 5 { a0 + TED (4)

tne 1y - EJEA+CB  EBA - OB

0'B= o’y 2{1-\) 1+v (5)
2ec - (eA + ©B)

‘ t—}

AB = t1'xy=> 5 { T+ v } (6)

where E and v are the Young's modulus and Poisson's ratio of the rock and ©A, ©B, and
eC are the strains measured in the A, B, and C directions respectively.

If t'xy = 0, then o'x and o'y are the principal stresses and the directions of the
gauges A and B are parallel with the principal directions.

If t'xy # 0, then ok and o'y are not the principal stresses which are then given by

. E 1 1
1,27 20T - V) (A +eB) £ T+ V) /{2Zec - (CA+ B2 + (A - B)7Y (7)
and their directions by

2(e - €j)
' -
tan @ 1,2 1,2 (8)

2ec - (eA + eB)

where @'is measured anti-clockwise from the OA direction as shown in Fig. 1(e).
The stress in the surrounding rock ox, oy and txy are then given by substitution
in equations (1), (2) and (3).

(b) Measurements in three boreholes

As will be seen from equations (4), (5) and (6) the normal components of stress
o'p and o'p and shear stress component T'Ap on the end of any borehole are easily
obtained from the doorstopper strain readings €A, €B, and €C.

If measurements are made in three boreholes inclined at any angle to one another,
it is necessary to resolve the components ¢'p, 0'p, and t'pp measured in each borehole
in three artitrarily chosen orthogonal directions in order to bring them into relation-
ship with each other.

The stress at any point in a body can be defined by six independent stress com-
ponents ox, 0y, 0z, TXy, 1yz, and tzx with respect to any arbitrarily chosen co-ordinate
system represented by three axes 0X, OY, and 0Z as shown in Fig. 2.

The normal component of stress ¢ acting on any plane PQR has the direction
cosines 1, m, and n and is given by

120x + m2oy + n20z + 2lmtxy + 2mntyz + 2nltzx 9

The tangential component of stress 11 acting in the 11, mI, nl direction will

be given by

= 111 ox + mml oy + nnloz + (mnI + mlin) Tyz + (n1l + nI1) t2x

+ (1mI + 1Im) xy (10)
A similar expression will be given for 711 acting on the 111, mII, Il 4irection.
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Figure 2

Generalised co-ordinate system

Figure 3 A

Normal stress components in three boreholes
drilled in the 0X, OY, and 0Z directions
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Thus if measurements are made in three orthogonal borcholes drilled in the OX, _1
OY, and OZ directions as shown in Fig. 3, the direction cosines of o'p(1), o'g(1), and L
T'AB(1) 1in each borechole are given in the table in Fig. 3 and when substituted in
equations (9) and (10) give the components of 0'p(1), o'g(1) and t'aAg(i) namely o'z(1)
o'y(1) and t'xy(1), t'yz(1i) and t'zx(1) in the OX, OY, and OZ directions.

The components ox, oy, o0z, TXy, Tyz, 7zx in the surrounding rock will be found by
substitution in equations (1), (2), and (3) as follows:

U'A(l) = o'x(l) =30 g % eg, (11)*
U'A(B) = o'x(3) =ao +c o (12)* |
U'B(l) = o'y(l) =80 tco, (13)* mj
O'B(Z) = U'y(2) =ao +co, (14)* :!
UZA(Z) = 0'2(2) =aog,tco (155
U'B(B) =0, =809, te¢ oy (16)* 'J
amd Ty T T 2 Ty an |
Ta@ T Tyz T Tya O |
Tar3) T T ax(d) T ® Tax ot J

If measurements are made in three coplanar boreholes (a configuraticn usually
more suited to underground circumstsnces) a similar procedure to the above is followed.

Thus, if as shown in Fig. 4 the three boreholes 1, 2, and 3 are drilled parallel to
and at angles of §p and 83 respectively to the OZ axis, the direction cosines of each

stress component and their components in the three directions are as shown in the table J
in Fig. 4. .

The components o0y, Oy, 0z, Txy, Tyz and T,y in the surrounding rock will be found
by substitution in equations (1), (2), and (3) as before (see corresponding equations
for three orthogonal boreholes - (11) to (19) ).

=

3

*Only three of these six equations are required to obtain oy, oy and Ozs €.8. U'x(l).

U'Y(l) and 0'2(2)- If, however, all six are measured, a useful check on the results is
obtained.
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DIRECTION COSINES SUBSTITUTING THE

BOREHOLE MEASURED DIRECTION COSINES

No. STRESS IN EQUATIONS
1 m n__ (9) and (10)

olA(l) 1 0 0 ala@) = olx(1)

1 alB(1) 0 1 0 ol = oly()
tlap) 1,0 0,1 0,0 thAB(1)= tixy(1)

ola(2) 0 0 1 cla) =dlz2)

2 alg(2) 0 2 /2 alp(2) = oly(2)
TIAB(Z) 0,0 0/5 0/% TIAB(2)= lez(z)

ola@3) 0 0 1 alace) = aly(3)

3 013(3) /é 0 /% 013(3) = 012(3)

T AB(3) l.Vé 0,0 0./% thaB(3)= tlzx(3)

Fig.3B Normal Stress Components in Threc Boreholes Drilled in the 0X, OY, and 0Z Directions

DIRECTION COSINES

TIAB(l) 1,0 0,1

STRESS SUBSTITUTING THE DIRECTION COSINES
- COMPONENT 1 m n IN EQUATIONS (9) AND (10)
- ol 1 0 0 ol =gl
A(1) A(1)®9°x(1)
alp(1) 0 1 0 olp(1)=aly(1)

0,0 T AB(1)=Tixy(1)

olA(z) cosd?g 0

013(2) 0 1

L) TIAB(Z) cos2,0 0,1

sindy UIA(2)=01x(2)c09262+012(z)sinz 52+2%12x(2)sin62c0862
0 olp2)=c’y(2)

sind3,0 TIAB(Z)’TIYZ(Z) sin62+rlxy(2) cosdy

UIA(3) c0863 0

013(3) 0 1

TIAB(j) cosé3,0 0,1

bl

sinéj UIA(3)-01x(3)c08263+012(3) sin263+2112x(3)sin63 coség
0 alp(z)=oly(y

siné3,0 TIAB(3)=11YZ(3) sin33+11xy(3) cosdq

lJ Fig.4B Normal Stress Components in Three Boreholes Drilled in the XZ Plane at 8,9, §,°,
and §3° to the 0Z Ordinate
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Normal stress components in three boreholes
drilled in the XZ plane at 6§;°, 620 and §4°
to the 0Z ordinate
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(a) BS BOREHOLE DRILLED TO THE REQUIRED DEPH AND END
FLATTENED AND POLISHED WITH DIAMOND TOOLS.

{EH

C

=

(b) STRAIN CELL BONDED ON TO END OF BOREHOLE AND STRAIN
READINGS RECORDED.

=

i THEREBY STRESS RELIEVING THE CORE.

1 :

- (d) BX CORE, WITH STRAIN (CELL ATTACHED, REMOVED AND STRAIN
: READINGS TAKEN.

| (c) BOREHGLE EXTENDED WITH BX DIAMOND CORING CROWN [T

Fig. 5 The Overcoring Technique Using a Doorstopper -~
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Similar procedures are followed for boreholes drilled at any angles' to one another.

The three principal stresses in the rock (04 =) 01, 02 and 03 are the three roots
of the well known equation:

043 - 012 (ox + Oy + 0z) + 01 (0g oy + 0oy 0z + 05 Oy - TXYZ - Tyg? -

T2x2) - (ox Oy 0p'= Ox Tyz2 - oy rxy2 + o, rxy2 t 2Ty Ty, Tax) = 0

This can be written in the forms
013 + Boi2 +Coy+D=0
and
Wid + oWy + B ‘= 0
where
oy =Wy - %
@ = 1/3 (3C - B2)

. (2133 - 9BC + 27D)
27
Equation (22) has real roots Wi, Wy, and W3 if

82 a3
5 ta7c

and have the values

0

'W]_ _

WZ_

L o822
where ¢ =cos i,\/:'?i'
‘ 27
Thus it 1s possible to determine Wl, Wy, and W3 and hence o7, g2, and o3,

The direction cosines 1, mj, nj of each principal stress 0f = 01, Og, Og are
found by substitution in equation (9) written as

gy = 112 oy + my?2 oy + ny2 oz + 21 my Txy? 2my ny Ty + 2nyly T,y




- The overcoring technique used with doorstoppers
The overcoring technique used is represented diagrammatically in Fig. 5.

A standard BX diamond coring crown is used to drill the borehole (approximately
2 3/8 in. diameter) to the depth in the rock at which it is desired to determine the
- stress as shown in Fig. 5(a). The end of the borehole is ground flat and smooth with
specially prepared square faced and flat faced diamond impregnated bits, photographs
of whicih are shown in Fig. 6.

The direction in which the borehole is drilled should be parallel to one of the
minor principal stresses as indicated in a previous paragraph if measurements in only
one borehole are. to be made. If measurements are being made in three boreholes to
determine the complete state of stress then the directions in which the boreholes
are drilled is governed by the considerations outlined in the previous paragraph.

Having'cleaned and dried the end of the borehole, a doorstopper is glued on to
it and strain gauge readings taken when the glue has hardened. The installing tool
is then removed leaving the doorstopper stuck on the end of the hole as shown in
Fig. 5(b).

Using the same BX coring crown as was used to drill the borehole, the length of
the borehole is extended as shown in Fig. 5(c) - thereby relieving the stresses on the
end of the borehole. The core is broken off the end of the hole as shown in Fig. 5(d)
with the doorstopper still attached to it and the strain relieved readings taken from
the doorstopper strain gauges. ‘ '

The stresses present on the end of the borehole before overcoring may then be
calculated from the change in strain readings as indicated in the previous paragraph.

Description of the doorstopper strain cell equipment

As will be seen from the diagrammatic sketch of one of che strain cells ('door-
stopper') 1in Fig. 7, a rectangular strain gauge rosette (consisting of three strain
gauges measuring in the 0 degree (horizontal) 45 degree and 90 degree (vertical)
directions) is moulded into a rubber casting which fills a plastic shell. Four gold
plated connector pins are moulded in the plastic shell, as shown in Fig. 7, in such a
way that when they are plugged into the inserting tool (described later) they effect
electrical contact between the strain gauges and the strain indicating instrument.
The connections to the pins ar~ shown in the lower illustration in Fig. 7.

The presence of a keyway in the plug section of the plastic shell, ensures that the
'doorstopper' can be plugged into the installing tool with only one possible orientation.

The diameter of the 'doorstopper' was chosen so that it can be used in a standard
BX diamond drilled borehole which is approximately 2 3/8 in. in diameter.

When a 'doorstopper' is installed on the end of a BX borehole, changes in strain
on the surface of the rock resulting from the overcoring operation are transmitted to
the strain indicating instrument via the strain gauges which are glued on the rock.
The rubber and plastic shell serve to protect the strain gauges from damage and from
water during the overcoring opera“ion. Normally, sufficient glue would be used to
ensure that the base of the plastic shell is also glued to the rock surface.
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| Fig. 6. The diamond bits used for drilling the BX borehole and preparing 4
the end of the borehole. 3

5,

crla s

Fig. 8 A doorstopper (left) showing the rosette strain and gauge and
and (right) glued to a short lenght of core.
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4 CONNECTOR PINS

PLASTIC MOULDED BODY
RUBBER CASTING

ROSEITE GAUGE

KEYWAY ALIGNED WITH
- VERTICAL GAUGE

'PIN CONNECTED TO 45°
GAUGE

PIN CONNECTED TO (°
HORIZONTAL GAUGE

COMMON PIN

PIN CONNECTED TO 90°
VERTICAL GAUGE

Figure 7

Details of a doorsfopper

\ " VIEW OF ROSETTE LOOKING
IN DIRECTION "X"

THIS CORRESPONDS TO THE
VIEW LOOKING DOWN THE
BOREHOLE AXIS FROM ITS

MOUTH
COMPENSATING

ORIENTING GAUGE IN DuMMy SPRING PRESSURE LEAD CONNECTING

SWITCH \, STRAIN CELL SWITCH PLUG

STRAIN CELL" COMPRESSION VENTILATION ELECTRICAL
PLUGGED INTO  SPRING HOLES CABLE
.TOOL :

Fig. 9 Doorstopper Strain Cell Installing Tool
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A photograph of doorstoppers is given in Fig. 8, one showing the strain gauge
j rogeicte, the other glued to a short length of core.

A cross sectlonal drawing of the installing tool used to glue a doorstopper on
the end of the borehole is given .in Fig. 9 and a photograph in Fig. 10. As will be
| seen in Fig. 9, the 'doorstopper' and compensating gauge plug into a piston unit which
slides against a compression spring inside a simple brass tubular unit. An orienting
mercury switch is also housed in the piston unit to enable the doorstopper to be
accurately oriented. The electric lead cable is connected 'to the instrument through
L an eight-channel plug. Ventilation holes, visible also in the photograph in Fig. 10,
are machined in the tubular body of the tool to ensure that the temperature of the
{ disc of rock on which the dummy gauge is glued reaches the same temperature as that
LJ upon which the measuring 'doorstopper' is attached as quickly as possible.

of BX core of the rock in which the stresses are to be measured. 1In fac:, this is
prepared initially by gluing a 'doorstopper' upon the end of the borehole in which the
stresses are to be measured, overcoring and cutting off a 1/2 in. length from the core
[J at the end on which the 'doorstopper' is glued. This 'doorstopper' is very eas’ly
j plugged into the inner plug of the piston unit and acts as a termperature compensating
dummy gauge.

lﬂ The compensating dummy gauge consists of a 'doorstopper' glued to a 1/2 in. length

I When the installing tool with a 'doorstopper' plugged into it is pushed up to the
- end of the hole by means of specially designed installing rods, and pushed against
the end of the borehole, the piston unit is forced into the tubular body of *the tool
| against the compression spring unt.! the spring pressure switch, shown in Fig. 9,
- closes. A lamp lights up in the control box to which the installing tool is connected
and indicates that the desired load of approximately 10 1b is being applied to the
{ 'doorstopper'. This must be maintained until the glue has hardened. The installing
{ tool can then be removed from the borehole leaving the doorstopper glued to the
end of the borehole.. . .

A photograph of the control box is shown in Fig. 11. This houses the electrical
lead, the installing tool, spare doorstoppers, the strain indicator and control panel.
On the control panel are two lamps, one connected to the mercury orienting switch
and the other to the spring pressure switches in the installing tool. A three-way
switch is provided to enable readings from each of the three strain gauges in the
doorstopper rosette to be made in turn.

L Glues and rock drying agents used

Any of the commerically available strain gauge cements may be used to glue the
doorstoppers to the rock. Araldite strain gauge cement has been found very reliable.
Its setting time is, however, rather long. The setting time should on the other hand
not be so short that the dcurstopper cannot be installed before the glue has wholly
or partly set.

In coal, Philips strain gauge cement No. P.R. 9244/04, a quick setting cement,
has been successfully used.
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} Fig. 10. The doorstopper installing tool showing a doorstopper in the
foreground.

e

Fig. 11. The control box/carrying case for the doorstopper equipment.
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The use of a water dispellant has also been proved very beneficial in producing
reliable and consistent gluing on of the doorstoppers. In this connection a 10 per-
cent mixture in pure alcohol of Union Carbide Silare Coupling Agent No. A 1120 has
been found to be very effectivel5. This enables doorstoppers, and triaxial cells for
that matter to be used in wet rock.

The doorstopper borehole assimulator

The determination of the stresses from the doorstopper strain measurements
described in a previous paragraph requires a knowledge of the elastic moduli of the
rock. Due to the variations in these properties, depending upon the locality and the
reliability of the laboratory methods used to determine them, serious errors can be
introduced in the calculated stress results.

In order to overcome this difficulty a so-called 'borehole assimulator' was de-
signed in which the stress relieved core to which the doorstopper is glied, is loaded
in such a way as to restore the stresses which 2xisted in it before the core was over-
cored. Two radial loads at right angles are applied to the core hydraulically and the
oil pressures required to restore the doorstopper strain readings to their values
before overcoring are a measure of the original stresses on the end of the borehole.

It can be shownl®: 17 that if a cylindrical core is loaded biaxially under the
pressures p and q, each uniformly distributed over a quarter of its circumference as
shown in Fig. 12 the radial, tangential and shear stresses at the centre are given by

ox = 12 [ora+d G- o cos 2

ag 1/2 [(p + q) --f; (p - q) cos 29]

Tro = %-(p - q) sin 26

The radial strains for 6 = 0°, 45%, and 90° are given by Hooke's Law for plane
stress as follows:

-;—E- [(l—v) (p+q)+-:f(1+v) (p-q)]

l1-wv
E (p +4)

4 [a-vero-tary - @)
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Fig. 12-A cylindrical core subjected to hydraulic pressures p and q over four equal segments
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Fig. 13 The Hydraulic Assimulator
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Fig. 14. An assimulator built into a suitable carrying case.




The components of stress on the end of a borehole in a uniform stress field with
principal stresses P and Q are given by

o'y lég— [(P + Q) + (P - Q) cos 26]

o'g [(P +Q - (P - Q)] cos 20

'8 (P - Q) sin 26

where the value of 1.25 is the factor a referred tc on page 121.

The radial strains for & = 0°, 45°, and 90° are given by Hocke's Law for plane
stress as follows:

Pl—wcr+m +u+v>@—qﬂ

®+Q

[u—v>@+q>—u+v>@—aﬂ

' =
€ r90°
Thus for the state of stress in the core in the assimulator to be identical to
at the end of the borehole: g

]
e e
ro® ro®

= |
€r450 = & r450

e'

€r900 ¥ € gg°

Solving for P and Q in terms of p and q we obtain

8 e+ (1-2) o
) oo (1e4) 4]




Thus by applying the hydraulic pressures p and q on the rock core to restore the
strain, the original principal stresses P and Q in the rock can be obtained, without
requiring any knowledge of the properties of the rock.

A diagrammatic sketch of an assimulator* is given in Fig. 13 and a photograph
in Fig. 14. As can be seen in Fig. 13, the pressures p and q are applied around the
circumference of the rock core via the neoprene seals which fit snugly around it. In
Fig. 24 the assimulator is shown assembled in a carrying case. Pressure pump handles,
pressure gauges and protractor for orienting the core can be clearly seen in the
photograph.

The assimulator is used as follows: Having obtained the three strain readings
after overcoring, the directions of the principal stresses represented by 6 are deter-
mined from equation (8). L

The core with the doorstopper glued to it is inserted in the assimulator and
oriented at angle 6. The hydraulic pressures p and q to be applied to the core will
then act in the same directions, relative to the gauges on the core, as the principal
stresses P and Q before overcoring. The pressures p and q required to restore the
strain readings to those before overcoring are obtained and substituted in equations
(23) and (24) to obtain P and 0.
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The accuracy of doorstopper stress measurements

e

Van Heerdenl3 has carried out tests to determine the accuracy of doorstopper
stress measurements in coal which could be no means be described as the classical
material from the point of view of homogenity, isotropy and continuity assumed in
elastic theory. 1In these tests large 3 ft x 3 ft x 6 ft high coal specimens were cut
in situ in coal pillars underground and known uniaxial compressive stresses were
applied to them by means of hydraulic jacks. The stresses in the pillars were mea-
sured by means of doorstoppers installed in them and this enabled a compariscn to be
made between applied and measured stresses.
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The results obtained are included in Table I from which it can be seen that the
vertical stresses 0] obtained by using the assimulator agreed remarkably well with the 3
applied stresses. The horizontal stresses 09 were zero and very small stresses were
measured. |

On the other hand the stresses obtained by calculation using the elastic moduli
determined in compression tests on small cylindrical specimens in an underground
laboratory (to eliminate influences of temperature and humidity changes) in most
instances did not give very good results (see Table I). It must therefore be emphasized
that for materials such as coal reliable results cannot be expected, if they are cal-
culated by multiplying the strain readings by the elastic constants obtained on small
laboratory specimens, and that the assimulator should be used to obtain the stresses
in such materials. It is in fact recommended th.t the assimulator be used in stress
measurements even in hard homogeneous rock in spite of the fact that reliable results
using the elastic constants can be expected in such rock.

*For reasons of accuracy two versions of the assimulator have been developed, one
for low strength rock such as coal, and one for high strength rock such as quartzite.



TABLE I

COMPARISON OF RESULTS OBTAINED IN COAL USING THE ASSIMULATOR AND BY
CALCULATION BASED UPON ELASTIC CONSTANTS OBTAINED IN THE LABORATORY.

Stresses
Results obtained with the assimulator obtained using Actual
Relief of strain elastic constants vertical
during overcoring 3tress 03
of doorstopper Strain readings Assimulator Principal Principal applied by
(micro strain) obtained in the pressures stresses stresses jacks on the
assimulator (1bf/in.2) (1b£/4in.2) (1bf/in.2) coal pillar
(1bf/1in.2)

eggo e,5° egg° e45° 90° 0° o1 o9 gy

+ 485 + 55 485 -155 400 1.6

+1,045 -1,045 =200 425

+ 625 625 -240 400

+1,130 -1,130 -120 325
+ 805 805 -195 350

+2,570 -2,570 -400

+ 570 570 =250
+ 465 4G5 -280
+ 790 =230

+1,500 -400
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In solid homogeneous rock, consistent and reliable results are easily attainable.
Attention, in this connection is drawn to a recent publication 18 in which the results
obtained with doorstoppers were compared with 'those obtained with a borehole deforma-
tion gauge. The test showed remarkable agreement in the results and demvnstrated that
the doorstopper was very much easier to use. g

Numerous measurements with doorstoppers throughout the world have confirmed
the faith placed in this technique and the doorstopper equipment is now being commer-
cially manufactured.
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Appendix

THE USE OF A (09, 45°, 90°) THREE GAUGE ROSETTE TO
DETERMINE THE STRESS COMPONENTS AT A POINT

Suppose the strains at any point 0 on the surface to which the rosette is glued

are measured by means of a strain gauge rosette containing three strain gauges Gp, Gpg,
and Gp oriented relative to two axes X, Y as shown in Fig. A,

By a simple resolution of the strains in Fig. A it can be shown that the relations

between the strains ep, ep, and e; measured by the strain gauge Gy, Gg, and Gg and the
state of strain at 0, are given by:

e, = ex cosz¢A + ey sin2¢A + Yxy sin ¢, cos ¢, (A.1)
ep = ey cosz¢B + ey sin2¢B + vxy sin ¢g cos ¢p (A.2)
ec = ex cosz¢c + ey sin2¢c + ny sin ¢¢ cos ¢¢ (A.3)

where ey and ey are the normal strains in the X and Y directions and Yxy the tangential
strain at O.
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- If now the strain gauges are arranged as shown in Fig. B such that G measures in
the direction X, Gg in the direction Y and Gg measures at 450 to Gy and Gg then

- =y L
¢A-0’ ¢ 4'2 ¢-4

and substituting in equations (A.l) - (A.3) we obtain.

TV ¢

eB=eY

ec = e450 = 1/2 {(ex + ey) + YXY}
1/2 {(eA + ep) + YAB)}

<"« YAB = 2eC - (ep + ep)

.

The magnitudes of the principal strains, e; and ep may be calculated from the
strain gauge readings ep, eg, and ec given by Gy, Gg, and Gg by substitution in the
- following equation:

- N

ey, = 1/2 {(eA + ep) T /I(ep - ep)? + YABZ]}

=1/2 {(eA +ep) ¥ VI(ep - ep)? + <2ec - fep + eB)}Tr]} (A.4)

Their directions may be calculated from the following expressions:

e
o

- .YAB _ 2¢ec = (ep + ep)
eA - ep ep - ep

tan 2¢p

Writing /[(eA - eg)4 + 2eC - (ep + ep) ] = VX

On_¥

sin 2¢p = SAR- = 2ec - (ep + ep) (A.5)
VX VX
i
cos 2¢p = EA T CB (A.6)
{] VX
L
_ 2(e1,2 = ep)
tan 91,7 = 2ec - (ep + ep)

Notice, from (A.4) that

e] + e =ep+ ep (A.7)

and e - ey = VX (A.8)




o B

Now if g; and oy are the principal stresses on the surface of the borehole.

==y

E ’ “
01 = 757 te1 + vep) (A.9)

s

E
o2 = T2 (e2 + vep) (A.10)

¢
_ =

where E = Young's modulus of the rock

v = Poisson's ratio of the rock W)
The components of the normal stresses o and op in the A and B directions respec- ?
tively and the tangential stress Tpp are given by: | §
op = 1/2 (o1 + o) + 1/2 (0 - 02) cos 2¢p ‘- (A.11)
: &
- o = 1/2 (01 + 03) = 1/2 (01 - g3) cos 2¢p (A.12) -
tag = 1/2 (01 - 03) sin 2¢p (A.13) |
t’
3 In terms of strain, substituting for o; and oy from (A.9) and (A.10) in (A.11) to
] (A.13)
| _E lepy+e e - e LY
°A'2[1-v TIF ‘”52%] (A.14)
., o =% [—L—Le Te2 Sl o 2¢p] (A.15)
} 1-v 1+v
} =)
TAB =% [%%%L sin 2¢p] (A.16) L
{
! and substituting (A.5) to (A.6) in (A.14) to (A.16) we obtain
_Ef[eaten ep - eJ;] {
A =72 |1-v TTiFy
on = E[eaten _eA‘elL] t"’
1 B 21 1-v l+v
(
¢ T _E [ 2ec - (ep + eB)] La
AB 2 | 1+v
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APPENDIX C

THE PHOTOELASTIC STRESSMETER

This appendix is a reproduction of A Laboratory Study of the Photo-
elastic Stressmeter, by A. Roberts, I. Hawkes, F. T. Williams, and

R. K. Dhir, International Journal of Rock Mechanics and Mining Sciences,
Vol. 1, No. 3, 1964. It may not be reproduced, in whole or in part,
without the permission of the licensee of the copyright for Pergamon
Press Journal back files, namely Microfilms International Marketing
Corp. Fairview Park, Elmsford, New York 10523, and payment of the

required copyright fee.
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A LABORATORY STUDY OF THE PHOTOELASTIC
STRESSMETER

A. Roberts, I. Hawkes, F. T. Williams and R. K. Dhir

Postgraduate School in Mining, Sheffield University
(Received 1 December 1963)

Abstract - A glass plug inserted into a borehole in a rock and illuminated
by polarised light, acts as a biaxial gauge, the birefringence in the gauge
produced by subsequent increase of stress in the rock identifying the
ambient stress field in magnitude and direction.

The calibration characteristics of such a gauge are described, in stress
fields ranging from uniaxial to hydrostatic, and in various materials of
different modulus of elasticity.

INTRODUCTION

During the past few years the needs of mining and civil engineers to measure in-
situ rock stresses has lead to the development of a wide range of equipment and tech-
niques. In order to evaluate any particular technique it is necessary to understand
the exact nature of the problem. Stresses inside a rock mass or massive structure are
always three dimensional and in order to define the state of stress it is necessary to
know the magnitude of the three principal stresses, which act at right angles tn each
other, and their directions in space. Nearly all the meters developed for measure-
ment of in-situ stresses are uniaxial, so that from a single instrument only one
randomly orientated stress component can be obtained. The complete evaluation of the
stress system thus requires the measurement of independent stress components from six
individual meters orientated in a fixed manner[1].

Theoretically it is impossible to measure stress directly. A known stress can be
applied to a body provided only that the loads, cross-sectional areas and geometric
concentration effects are taken into consideration, but the stresses produced by an
unknown load can only be calculated from the resultant strains and a knowledge of the
elastic moduli of the body. This gives rise to difficulties, particularly in the case
of rocks, as the relationship between stress and strain is seldom uniform ani depends,
amongst other factors, on whether the rock is being loaded or unloaded, the direction
of loading and the nature and past history of the rock.

It is with all these problems in mind that the photoelastic stressmeter has been
developed in its present form.

THE PHOTOELASTIC STRESSMETER

The photoelastic stressmeter has been described in several recent publications

[2, 3]. It is illustrated in Fig. 1 and consists essentially of a plug of optical glass

in the form of a cylinder containing an axial hole, together with a light source and
filters producing circularly polarized light. In use, the meter is bonded around its
peripheral surface into a borehole in such a manner that the face of the plug remote
from the light source can be viewed by an observer looking down the borehole. If the
meter is than subjected to stress the nature of the resultant strain can be made appar-
ent by using the birefringent property of the glass material. The full theory of bire-
fringence can be found in any standard text book on photoelasticity, but as applied to
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FIG. 3. Fringe pattern observed in a photoelastic stressmeter set in an
acrylic resin slab, under uniaxial compression.
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the photoelastic stressmeter, it simply means that if the me:ter is illuminated from
behind with circularly polarized light and viewed from the front through a combination
of two filters, referred to as an analyser, the shear strain in the glass cylinder will
be revealed as a coloured pattern. In this pattern there are zones of very distinct
changes of colour between blue and red or green and red areas. These are very easily
identified and are called 'tints of passage' as they mark the boundaries between fringe
orders in a birefringent pattern. If a coloured filter is incorporated in the analyser
the coloured pattern is replaced by a pattern consisting of black lines seen against a
uniformly coloured background. The black liues or zones are referred to as 'fringes'.

In both cases the number of fringes is directly proportional to the shear strain in
the glass. By means of the process of goniometric (Tardy) comper=ation in which the
plane polarising filter in the analysing viewer is rotated relative to the quarter wave
plate, the observed fringe pattern can be optically advanced or retarded to obtain values
of fractional fringe orders.

The object of the present paper is to describe the results of a laboratory investi-
gation of the optical characteristics of the stressmeter. In thie investigation certain
relationships of an empirical nature have been deduced which, together with accepted
theory, enable the stress field in a body within which the meter has been inserted to be
defined in terms of the number, shape, and orientation if the interference fringes
observed.

THEORETICAL CONSIDERATIONS

Three dimensional or triaxial stress field analyses are very complicated and in
order to make a theoretical study of the behaviour of the photoelastic stressmeter, the
analysis must be limited to the biaxial case. This is quite justified as the photo-
elastic stressmeter acts as a biaxial gauge in that *he shear strains observed as inter-
ference patterns are those produced by the stress components acting in the plane per-
pendicular to the axis of the meter, and the remaining stress component acting along the
axis of the meter does not effect these shear strains. Theoretically, therefore, the
meter can be considered as a circular inclusion in a body subjected to a biaxial stress
field. The relationship between the stress induced in a rigid inclusion, and the stress
in the surrounding material has keen studied by Sezawa and Nishinuira [5], Coutinho [6]
and Wilson [7]. Using their results the shear stress induced in a rigid inclusion is
given by: ol- 3

S a—o 2 (1)

K-k

Where 0] and oy are the principal stresses in the surrounding materials and K and k are
two constants dependent on the elastic properties of the surrounding material and inclu-
sion. K and k have been defized by Wilson in the form:

g =Lt up) (3- 4up)  Ep 5 - 4up , (2)
8(1-ua) (1 + pap) Eg  8(1l-up)

(1 + up) (1 - 4up) ( Ejy  bup—-1

8(1~-ua) (1 + wa) Eg ~ 8(1-wa) ° (3)

Where Ej and Eg are the modulii of elasticity of the surrounding material and inclusion
respectively and uA and up are the relevant Poisson's ratios.
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FIG. 2. Theoretical and observed fringe patterns in a phoyoelastic stress-
meter.

(a). Theoretical isochromatics in a uniaxial stress field (Hiramatsu et al),
(b). Observed isochromatics in a uniaxial field.




Coutinho plotted values of K and k against the ratio Eg/Ep for various values of
Ep/Ep and showed that for ratios of Ep/Ep greater than 2 the values of K and k remain
sensibly unaltered. The elastic modulus of the glass used in the photoelastic stress-
meter is approximately 10 x 106 psi and this very important theoretical conclusion
indicates that if the meter is used in a material having a maximum elastic modulus below
5 x 106 psi any non-linearity of the stress-strain relationship will not influence the
stress induced in the meter. In all materials having a modulus less than 5 x 106 psi
the shear stress induced in the meter is also independent of the modulus and proportional
only to the stresses in the surrounding material. Since the glass used in the meter is
elastic, the fringe patterns generated are directly proportional to the stress in the
glass and therefore directly proportional to the stresses in the surrounding material.

The stresses induced in a solid circular inclusion however are theoretically
uniform throughout the innlusion. In order to produce the differential stresses necess-~
ary for interference fringe patterns it is essential to disrupt this uniform shear
stress in the meter. This is best achieved by providing the meter with an axial hole.
Hiramatsu, Niwa, and Oka [8] have carried out a detailed mathematical analysis of the
shear stress pattern induced in such an inclusion. Their results are best illustrated
in graphical form and Fig. 2 (a) which shows the shear stress in a meter set in a body
under uniaxial compression was calculated by their method. Figure 2 (b) is a photograph
of a fringe pattern taken by the authors from a photoelastic stressmeter inserted in a
block of rock (Darley Dale sandstone) under uniaxial stress. It will be noted that the
shape and symmetry of the fringe patterns coincides closely with the theoretical form.

The theoretical conclusions which can be drawn from the studies of Coutinho and
Hiramatsu et al. may be summarised as follows:

1. The orientation of the two principal stresses in the plane of the meter
are given by the two axes of symmetry, i.e. in Figs. 2 (a and b) these are
vertical and horizontal.

The major and minor axes are identified by the distribution of the fringes
in the two axes of symmetry. For example it will be noted that in Fig. 2
the distribution of fringes in the upper and lower halves of the meter is
quite different from the distribution in the two horizontally adjacent
halves. It is not immediately obvious from Fig. 2 which is the major and
which the minor axis. The technique for determining these will be discussed
later.

The magnitude of the principal stresses in the material surrounding the meter
is proportional to the number of fringes in the meter. If the meter is
inserted into a body with an elastic modulus below 5 x 106 psi the modulus

of the material will not effect the sensitivity of the meter. For example
the fringe/stress relationship with the meter inserted into sandstone should
be equal to that for coal or any other material with a low modulus.

The relationship between the principal stresses in the surrounding material
will be identified by the shape of the fringe pattern in tle meter.

All the theoretical treatment of the pbotoelastic stressmeter is based on
the assumption that the meter is perfectly elastic, and that it is in perfect
contact with the surrounding materiai, which is also completely elastic.

All of these conditions are rarely obtained ia practice.
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The problems which have to be resolved in order to fully evaluate the photo-
elastic stressmeter can be considered to fall into the following groups:
(a) Transmission of stress from the body to the stressmeter. The main problem
here 1s the influence of the nature and thickness of the cement bond on the
fringe patterns in the meter.

The design criteria of the stressmeter. The problems in this category are
concerned with the ratio of the outside diameter of the plug in relation to
its internal diameter and the overall dimensions of the meter as they effect
the sensitivity and ease of reading.

Fringe pattern interpretation. The problems associated with the interpre-
tation of the pattern fall into the following subgroups:

(L) Identification of the directions of principal stresses.
(2) 1Identification of the major and minor axes.
(3) Identification of the magnitude of the individual principal stresses,

The effects on the stressmeter of creep and of non-linear stress/strain char-
acteristics of the surrounding material.

(e) The effect on the stressmeter produced by non uniform stress fields and the
influence of the meter on the stress distribution in the surrounding material.

Many of these problems are, of course, interelated and the object of the experi-
mental investigation was not necessarily to isolate one particular problem, this fre-
quently being impossible, but to examine the behaviour of the stressmeter in a range of
different materials under various loading conditions.

EXPERIMENTAL PROCEDURE

In order to examine the behaviour of the meter when inserted into various materlals
subjected to stress it is essential that the stress field within the test piece is fully
understood.

There are two problems in this respect; the first is to ensure that the influence
of the inclusion or meter on the stress field does not reach the free surfaces of the
test plece; and secondly that the stress field in the area of influence of the meter is
'niform and predictable. There is considerable literature on the theoretical stress
distribution around a hole in a uniform stress field, the major part of which has been
fully confirmed by photoelastic model studies. From this work, which has been summar-
ized by Savin [9], it can be concluded that the influence of the holz does not signifi-
cantly effect the stress field in the surrounding material for a distance greater than
2d (where d is the diameter of the hole) from the edge of the hole. When the hole is
filled by an inclusion having the same modulus as the surrounding material the inclusion
has no effect on the stress field which remains completely uniform. Work carried out
by Stephen and Pirtz [10] indicates that when the inclusion has a modulus of around 4
times that of the surrounding materfal the area of influence of the inclusion is roughly
one diameter from the edge of the liole.

Tests carried out by the writers have confirmed these general conclusions.
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FIG. 4. Arrangement for calibration of stressmeter.

(a). Meter inserted in a cube of rock, set between rock platens.
(b). Meter inserted in a slab of rock.
(c). Biaxial cezlibration of stressmeter.
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CALIBRATION IN TEST SLABS

The system of testing the stressmeter in cubes »f material is not a practical one
for biaxial stress fields and it was decided to investigate the calibratior of the meters
in slabs of material having a thickness equal to the stressmeter length. To compare the
results obtained in the slabs with those obtained in the cubee and also to check on the
required size of the slab relative to the stressmeter diameter, a series of experiments
was carried out as follows:

A 1 1/4 in, diameter stressmeter of 1 1/2 in. length was set in an 8 in. cube of
Darley Dale Sandstone and calibrated uniaxlally, the cube being placed between 12 in.
cube platens of the same material. The test cube was then systematically reduced in size
by slicing it in a direction normal to the meter until a slab 1 1/2 in. thick was obtained,
the meter than occupying the full thickness of the slab. In this form the calibration
was repeated between the rock platens and then between steel platens as illustrated in
Fig. 4(b). The results are given in Fig. 5 as graphs A, C, and D. The slight difference
between the three calibrations is sufficiently small to be neglected. It can be concluded,
therefore, that meters calibrated in slabs between steel platens are in a uniform and
predicrable stress field.

The required size of slab relative to that of the stressmeter was checked by setting
a meter in a slab of acrylic resin 10 in. square and 1 1/2 in. thick. The nieter was
calibrated repeatedly as the slab was progressively reduced in sizes in stages of 1 in.
until a 5 in. slab remained. No significant change in the stress/fringe order sensitivity
was observed.

A wide range of slab sizes were subsequently tested with various sizes of stress-
meter. In all cases the length of the slab side was not reduced below 2 * 5 d where d
was the diameter of the stressmeter.

Figure 4 (c) illustrates the biaxial loading system used by the authors. In this
case the meter is shown set in a slab of Darley Dale Sandstone.

CALIBRATION PROCEDURE

All the calibration experiments were made with the meter illuminated by transmitted
light. The procedure for calibration consisted of setting the test tube or slab, with
meter installed, between the appropriate loading platens, taking care to obtain uniform
loading. The load was then increased in stages, the fringe pattern being read at each
increment of load by viewing the meter through a Precision Hand Viewer illustrated in
Fig. 4(a). When loading slabs biaxially the loads along both axes were increased
simultaneously, keeping the ratio between the major and minor lcad directions constant.
The fractional fringe orders at each increwent were measured by goniometric compensation
in the manner which will be described in a subsequent section of the paper.

INTERPRETATION OF FRINGE PATTERNS

or sodium light, both of which give the same fringe sensitivity. The effects of using

The results given in the following sections are related to the use of white light ' %
1
coloured filters are discussed in a later section. .
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Figure 3 illustrates a stress meter set in a slab of birefringent acrylic resin {

under uniaxial compression. It will be noted that the stress concentration in the mater— !
ial surrounding the meter extends for approximately one diameter above and below the meter. {I i
Under biaxial loads a stress concentration would also be produced at the sides of the '
meter. From these studies it was concluded that the minimum distance from the edge of

the hole to the sides of the test specimens should not be less than twice the diameter of s' |
the meter. (s

The design of the loading system required to produce uniform and predictable stress i
fields has been stuwdled in detail by scveral workers. Cliakravarey [11] carried vut such i
a study using the photoelastic coating technique and he showed that uniform stress fields
are produced in the centre third of a specimen having a height to diameter ratio of 3:1.
i This wore fored the baols of the edbe eulibeaeion teetitidyoe.

CALIBRATION IN TEST CUBES

In order to obtain uniform uniaxial comgressive stresaes, tast cubes af Darley Dale

Sandstone were placed between larger cubes of the same material and loaded in s 100 ton f
testing nachine. Figure 4 (a) illustrates this rock platen loading system, Figure 5 {
shows the calibration obtained with this system (graph A) as compared with that obtained ’
with steel platens (graph B). It will ke seen that the error in calibration when it is

! assumed that the steel platens give a uniform stress field is of the order of 50 percent.

{ This efr# s 10E @de L0 aueven cuntact but to the filctlonal elfects between the steel
and rock and the different Poisson's ratios of these materials. In all the test work
very great care was taken to ensure that the loading surfaces of the test specimens were }
flat, smooth, and parallel. The surfaces of the cubes were cut in one pass by a 2 ft. i
diameter diamond saw and the resulting face was surface ground and then finally tested,
observing the amount of light passing between the rock and a straight edge laid on the

rock surface. Spherical seating washers were also employed to ensure axial loading of
the specimens. ) =

] - R I S s

Stress, psi

Fringe order (white light)

Fig. 5 Calibration characteristics of a photoelastic stressmeter (length 1 1/2 in.)
under uniaxizl compression, using the 45° compensation points.

A meter set in a cube, between rock platens,
B meter set in a cube, between steel platens,
C meter set in a slab, between rock platens,
D meter set in a slab, between steel platens.




All the experimental work has so far been carried out with the meter subjected only
to compressive stress. The transmission of tensile stresses to the meter is a separate
problem which 1s not within the scope of the present paper.

PRINCIPAL STRESS DIRECTIONS

In all the tests carried out, the axes of symmetry of the fringe pattern in the
meters were found always to be in the directions of the applied principal stresses. An
example of this is shown in Fig. 3 where the direction of loading and pattern symmetry
are clearly visible. As the meter is illuminated by circularly polarised light, the
axis of orientation of the fringe pattern is dependent only on the strecses applied to
the meter from the surrounding material., The accuracy with which the directions of the
principal stresses can be interpreted depends entirely on the method of transferring
the orientation to some independent datum. For example, by aligning the crosshairs of
a telescope with the axis of the pattern, the orientation can be measured with precision.,

The next stage of the cbseration is to establish which is the major principal
stress direction. Figures 6 and 7 illustrate a range of typical patterns in which the
major stress direction is vertical, i.e. from the top to the bottom of the page.

Figure 7 (e) 1s a special case of hydrostatic uniform loading in which there is no
direction of principal stress. Figures 6 (a), (b), (c), and (d) are fringe patterns
photographed from a meter under gradually incressing uniaxial compression. It will be
noted that the fringes are generated about the minor axis subsequently moving outwards
and around towards the major axis. Figure 7 whicih shows five biaxial patterns at an
exact fringe order of 3 shows a similar effect. It is thus possible to establish
readily which is the major axis by the symmetry of the observed pattern. A check can
be made by observing the movement of the fringes in the process of goniometric compensa-
tion. The handle of the Precision Hand Viewer is first aligned with the assumed major
stress direction, If the alignment is correct, rotation of the analyser in a clockwise
direction from its zero position will retard the pattern, i.e. the fringes crossing the
minor axis will shrink towards the central hole of the meter. Holding the meter at 90°
to this position with the handle aligned on the minor stress axis will produce the
reverse effect, the fringes expanding outwards along the minor stress axis.

COUNTING THE FRINGES

The fringes, which are generated at the inner surfuce of the central hole in the
meter about the minor stress axis, are not uniformly distributed throughout the metor
but tend to pack very closely together near the periphery of the hole. This effect can
be seen clearly in Fig. 8(a) which illustrates a meter under a biaxial stress field of
1 : 1/2. This concentracion of fringes near the hole makes a precise fringe count
very difficult at high loads. In order to overcome this difficulty it was decided to
blank off the area of the meter immediately around the centre hole by fitting an opaque
collar,

Figure 8 (b) illustrates the same meter as in Fig. 8 (a) under the same load but
with the collar inserted. In Fig. 8 (b), three full fringes can easily be seen and
counted. With this arrangement the fractional fringe order is measured by ccmpensa-
tion, i.e. rotating the analysing polaroid, until the fringe nearest the collar is
brought back to its edge on the minor axis as shown in Fig. 8 (c). The fractional
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FIG. 6. Uniaxial fringe patterns.

(a). 1 fringe.
(b). 2 fringes.
(¢). 3 fringes.
(d). 4 fringes.




FIG. 7. Biaxial
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fringe count. 1In the example shown in Fig. 8 the final reading 1s 3 - 50 fringes.

This technique of compensation to bring the last fringe to the collar edge 1s used

for all fringe orders and Principal stress ratios. The points to which the last fringe

must be compensated are also clearly seen in Fig. 7 in which all the meters read 3 ) i
fringes. '

fringe order is then read off the scale of the viewer and then added to the whole il;

UNIAXIAL STRESSES

The fringe pattern in a uniaxial stress field may be considered as a special case
in that there are four very distinct points on the pattern at any of which the fringes
can be counted and to which they may be compensated. Figure 9 shows two fringe patterns
taken from a meter (without the centre collar) set in a sandstone slab under uniaxial
compression. Figure 9 (a) shows the meter under a particular stress, and Fig. 9 (b)
shows the finges compensated to four points marked 'X' which 1lie on lines passing through {
the meter centre at 459 to the principal stress directions. At those four points the
fringes develop quite suddenly and very distinctly as the stress increases. Because of
the ease at which the fringes can be recognised and compensated at these points they
may be used in preference to the technique of compensating to the collar edge 1f desired.
Figure 6 previously referred to show these 45° goniometric compensation points for a
range of one to four fringes.

ACCURACY OF READING FRINGE ORDERS

The accuracy with which the fringe orders can be read is dependent on the judgment
of the observer in retarding a given fringe pattern to an exact point. A trained
observer can compensate a fringe to a predetermined point with an accuracy of ¥ 0.01
fringes. To check the performance of an average observer, ten laboratory technicians,
who previously had never used the equipment were asked to measure a series of fringes
in uniaxial compression, compensating the fringes back to the collar edge. Where the
fringes were not absolutely symmetrical the fringes were compensated to each side of '
the collar and the average taken. The results are given in Table 1. It will be noted
that even in the case of these untrained observers the deviation amongst them is small. |

% Table 1. Fringe Orders Read From a Photoelastic
: Stressmeter Set Under Two Levels of Uniaxial Stress

Observer Stress level A Stress level B

1 2.41 1:71
2 2-43 1+69
4 3 2.41 1:70
4 2+ 44 1:72
5 2-41 1:69
6 2-40 1:72
? 7 2+40 1-71
8 2-42 1:75 L
1 9 2-43 172
10 2°42 1-72 !




FIG.

(a).
.
(c).

8. Stressmeter in a biaxial field (ratio of principal stresses 1 : 1/2),

Appearance of meter without axial collar.

Arpearance of meter when fitted with axial collar.

Appearance of meter when fringe pattern is compensated to the collar
edge on the minor stress axis.
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FIG.9.Stressmeier in a uniaxial field.

(a). Appearance of meter as observed before compensation.
(b). Fringe pattern compensated to four reading points (x) at
45° to axes of symmetry.

160




EVALUATION OF THE MAJOR PRINCIPAL STRESS

The biaxial stress field existing in the plane of measurement of the meter may range
from uniaxial, i.e. only one principal stress to 'hydrostatic' in which both stresses have
equal magnitude. It is convenient to interpret the fringe pattern in terms of the major
stress, as this is likely to be the more important one, and then to evaluate the propor-
tional value of the minor stress.

LINEARITY OF THE FRINGE ORDER-MAJOR STRESS RELATIONSHIP

Figure 10 shows the relationship between applied uniaxial stress and fringe order
for three different materials, brass, Cornish granite and Darley Dale sandstone. These
may be considered as typical for metal, igneous rock and sedimentary rock respectively.
The Young's moduli for these materials are:

Brass 14 X 106 psi
Granite 8.5 X 106 psi
Sandstone 2.4 X 106 psi

When the meter is set in brass and granite slabs the calibration 1s completely
linear with no evidence of hysteresis between loading and unloading cycles. The results
shown are averages of several loading and unloading cycles. The scatter of the results,
which is relatively small, is indicated on the graphs.

When the meter is set in Darley Dale sandstone however, there is evidence of a
certain amound of non linearity and hysteresis between the first and second loading cycle.
The results given in Fig. 10 relate to a slab of rock not previously loaded and after
the first loading cycle the meter response followed the second cycle pattern of reading
shown., 3000 r

2500 |- #,f’
/

2000 /' /

1500

*Jg;rqﬁs

-"‘"fGranite

\
\

Stress, psi

Sandstone
1000

500

Fringe order (white light)
Fig. 10 Calibratilon characteristics of the 1 1/2 in long stressmeter in three materials
(Uniaxial stress field).




It is interesting to note that the inclination of the loading portion of the graphs
are parallel and linear for th¢ two cycles, and that the unloading cycles after changes
in direction at near maximum st<esses are also nearly parallel to the loading cycle
graph.

In all, 15 different materials were used in calibration tests of the stressmeter
and in all cases linearity in it: response to stress was observed. Several of the
sedimentary rocks exhibited the aysteresis phenomenon. The results are given in Table 2.
Several slabs of material were ~alibrater under biaxial loiading conditions. Figure 11
shows the calibration of Darley Dale sandstone under a range of biaxial loading condi-
tions. The response of the mster in terms of stress increment per fringe varies in
the different stress fields but for any particular ratio of principal stresses the
relationship is constant. In other words, in any stress field, if the ratio of stresses’
remains constant, the response of the meter is linear.

EFFECT OF THE CEMENT LAYER

The cement used to bond the meter into the surrounding materials is a cold setting
epoxy resin containing a finely ground hard filler. Experiments were made with three
different cements and varying quantities of fillers with meters set in acrylic resin
slabs. No appreciable changes were observed in the calibration figures obtained.

15001

1000

Stress, psi

500

0 1 ) 3 2 5

Fringe order (white light; 1 1/2 in. long stressmeter)

Fig. 11 Calibration characteristics of 1 1/2 in. long stressmeter in sandstone, under
various biaxial stress fields (Ratlos of principal stresses indicated)
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Fig. 12 Calibration characteristics of stressmeters in different materials & cemen:s.

A Meter set in 'perspex' slabs 1 1/2 in. thick.
Bwith 1/32 in. cement layer.
*with 1/16 in. cement layer.

B Meter set in glass slab 1 in. thick.
Owith no cement.
xwith 1/32 in. cement layer.

Table 2. Effect of Young's Modulus of Test Piece Upon Fringe
Sensitivity of the Meter

Young's modulus E Meter sensitivity

Material psi psi/fringe
Perspex 4 X 103 317
Coal 5 X 10 320
Brick 2.0 X 106 306
Red Sandstone 2.0 X 106 304
Fossiliferous Limestone 2.4 X 106 318
Darley Dale Sandstone 2.4 X 106 316
Portland Limestone 3.6 X 106 297
Coarse Ground Sandstone 3.8 X 106 299
Concrete 4.2 X 106 320
Marble 6.1 X 106 430
Granite 8.5 X 106 470
Glass 10.0 X 106 504
Brass 14.0 x 106 635
Steel 30.0 X 106 1270
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To test the effect of variations in the cement layer thickness two identical
meters were set in acrylic resin slabs having cement layer thicknesses of 1/16 in.
and 1/32 in. respectively. The results are shown in Fig. 12 graph A from which no
significant difference is apparent between the two sets of results.

A further investigation into the effect of the cement layer between the meter and
surrounding material was carried out as follows:

A 1l in. thick slab of glass was very accurately ground into a rectangle 9.2 x 8 in.
and a 1/4 in. hole was drilled thrcugh the centre. The slab was then loaded and the
fringe orders were read around this central hole using the special uniaxial compensation
technique previously described. The hole in the glass was then overcored using a
diamond drill 1 1/4 in. internal diameter and wall thickness 1/32 in. The resulting
cylinder which is, of course, in the form of a stressmeter, was then cemented back into
the hole in the glass slab, and the fringe pattern in it again calibrated against applied
stress.

The results of the two calibrations, with and without the cement band are given in
Fig. 12, graph B. No significant influence due to the cement was observed. In view of
the linearity of the results of other materials it is a reasonable assumption that in
so far as stress transmission to the meter is concerned the effect of the cement can be
neglected within the range tested. Theoretical work on the transmission of stress to
a high modulus inclusion by Wilson [7] suprorts this general conclusion.

EFFECT OF VARIATION IN DIMENSIONS OF THE STRESSMETER

Theoretically, as has been mentioned earlier, the area of influence of a hole in an
elastic body subjected to stress extends to a diameter of approximately 5 d, where d is
the diameter of the hole. It would therefore be expected that, in a stressmeter of {
diameter D, variations in diameter of the central hole below D/5 would have no effect on U
the sensitivity of the meter. Figure 13 illustrates the results of tests made to sub-
stantiate this point. It will be noted that as the ratio OD/ID decreases the sensitivity |
of the meter increases. It was decided however to standardise on a ratio OD/ID ratio L
of 5 : 1 as with lower ratios the lst and 2nd fringes tend to be lost from the field of
meters in which the OD/ID ratio is 5 : 1 except where otherwise stated. |

From Fig. 13 it will also be noted that there is no scale effect, i.e. the 3 in. dia. L
meter with a 1/2 in. dia. central hole gives exactly the same reading as a 1 1/4 in. meter
with a 1/4 in. hole.

Theoretically the sensitivity of the meter is directly proportional to the length of
the light path, i.e. the length of the meter. Tests made with meters ranging from 6 in.
down to 1 in. length, illuminated by transmitted light, have completely substantiated
this fact.
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INFLUENCE OF THE MINOR STRESS

Figure 14 shows the relationship between the sensitivity of a streassmeter for a
given major stress and various ratios of major to minor stress. This relationship is
dependent upon the position of the point to which the op:ical patterns are compensated
and it is therefore determined by the diameter of the collar relative to that of the
meter. The variation in response for a meter 1 in. in lenEth is from 510 to 575 psi
per fringe which represents a divergence of approximately ¥ 5 percent from the mean
value of 543 psi per fringe.

Point A represents the sensitivity of the meter under uniaxial compression using
the special 45° compensation points. The sensitivity with this system is higher than
when compensating to the collar with the diameter chosen but this is purely incidental
and in fact the reverse could be the case if the collar diameter were reduced.

INFLUENCE OF THE YOUNG'S MODULUS OF THE SURROUNDING MATERIAL ON THE STRESS/FRINGE
RELATIONSHIP

Fifteen differeunt materials ranging from steel with a modulus of 30 X 10% psi to
Acrylic resin with a modulus of 4 X 105 psi were tested in the form of slabs, uniaxially
stressed under identical cori'itions, and with similar stressmeters cut from the same
slab of optical glass.

The results are given in condensed form in Table 2.

The E values of the materials tested were obtained by the authors, loading uniax-
ially 1 in. dia. X 3 in. long cylindrical specimens and measuring the strain in the
centre third of the specimen using a special detachable linear transformer gauge
originally developed by Murrell [12] and subsequently modified by Ramez [13). The
determination of stress/strain relationships for rocks of many types has been the sub-~
ject of much study in the Mining Department at Sheffield University. Based upon the
experience gained, the modulus measurements made for the purposes of this paper were
obtained from the portion of the stress/strain curves over the range 1000-4000 psi.
This avoids the effect of porosity etc. observed at low stress values.

The stress/fringe values, which are those for a 1 1/2 in. long stressmeter com-
pensated to the 459 compensation point, are shown graphically against E values in
Fig. 15 graph A. Also in Fig. 15 1s the uniaxial (45° compensation point) fringe
order per in. stressmeter (graph B) and the average fringe order for the biaxial stress
field per in. length of stressmeter (graph C).
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Calibration, psi/fringe

(white light)

| [} i | [
5x10° 1x106 5x100 10x106 50x106
Young's modulus E, psi

The effect of the Modulus of elasticity of the surrounding material upon the
calibration characteristics of the stressmeter.

in. long stressmeter in white light, read at the.45° compensation points.

Uniaxial stress field.
long stressmeter in white light, read at the 459 compensation points.

stress field.
long stressmeter in white light, biaxial stress field (ratio of principal

stresses 1 : 1/2) compensated to collar edge on minor stress axis.

Uniaxial

From Fig. 15 (c) it will be noted that when the E value of the surrounding material is
below 5 X 106 psi the fringe sensitivity of the meter is quite independent of the
modulus of the surrounding material at a figure of 540 psi/fringe/in. length of meter.

In the special uniaxial case with 45° point compensation the more sensitive figure of
450 psi/fringe/in. length of meter is applicable. Above 5 X 106 psi the sensitivity
decreases to a figure of 2300 psi/fringe/in. length of meter at an E value of 30X106 psi.




THE USE OF COLOUR FILTERS

At high fringe orders, using white light, the fringes are difficult to distinguish
due to the colours becoming 'washed out'. 1In order to overcome this difficulty it is
then preferable to view the stressmeter through a colour filter. In this way meters
can be easily read up to six fringes above which the pattern tends to be confused.

When the fringe pattern is viewed through a filter the observed fringe count

A differs from that with white light and the sensitivity of the meter is changed to an
extent depending upon the colour. Table 3 gives the extinction wave lengths of three

filters employed in these experiments together with those of white and sodium light.

The fringe sensitivity of the stressmeter is given in each case.

Table 3. Use of Colour Filters

Fringe sensitivity per 3
Colour Wavelength of fringes in. meter psi '
Biaxial Uniaxial i
45° point i
White 2:27 X 1075 in, 540 450 )
Sodium 2:27 X 10-5 {in. 540 450
Red 2:48 X 10-5 in. 590 490 ]
Blue 1-87 X 10~5 in. 445 370 }

DETERMINATION OF THE MINOR PRINCIPAL STRESS

Theoretically tae ratio of major to minor principal stress can be obtained by
measuring the fringe order at two points equidistant from the centre of the meter and
at specific angles relative to the axes of symmetry of the pattern. The technique
requires special instrumentation to estatlish the necessary orientation for the com-
pensation points and this has proved unsuitable for practical purposes. Two alterna-
tive techniques can therefore be considered i.e. a pattern identification system and
a model comparator technique. The pattern identification technique consists of the
following:

The observed fr*nge pattern is compensated to an exact fringe order. The pattern
is then compared with photographs of the type shown in Fig. 7 which are standard ratios
of 1 :0,1:1/2,1: 3/4 and 1 : 1, and the nearest ratio taken. It was expected
that this system would allow the minor stress to be obtained within + 12 1/2 percent of
the major stress. In practice, however, the figure has proved to be near * 15 percent.

A comparator is being developed to determine the ratio of principal stresses more
accurately where this is required. It consists of a portable biaxial loading frame on ,
which any biaxial pattern can be set up in an optical gauge by the application of known ?

loads. The observed pattern in a stressmeter can then be matched on the comparator and ’
the principal stress ratio determined directly. 7
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SECONDARY PROBLEMS IN INTERPRETATICN

The field application of stressmeters is frequently very different from laboratory.
testing conditions and various problems arise which affect the confidence with which the

results can be interpreted.

NON-UNIFORM FRINGE PATTERNS

The appearance of an irregular fringe pattern in a meter might result either from
incorrect setting of the meter or from a non-uniform stress field in the material
surrounding it. Should the cenent bond be incomplete or the cement incorrectly dis-
turbed around the meter this is made obvious by the appearance of fringes generated in
the region of the faulty bond as well as at the periphery of the axial hole. This is
due to the fact that at such places there is a region of the meter free from stress,
adjacent to a stressed area. In this respect the meter is self checking and meters
having irregular patterns can be ignored.

The effect of a non-uniform stress field is to cause the pattern in one portion of
the meter to develop more rapidly than others. This 1s especially liable to happen
where a meter is set in reinforced concrete close to a reinforcing rod. In this case
the various parts of the meter are read separately and a mean result obtained.

LONG TERM STABILITY

The problem of long tern stability can be considered from two aspects, the stability
and creep properties of the meter itself and the creep properties of the material surround-
ing the meter. Glass is probably the most stable birefringent material that could be
used for this technique. 0./ ervations made on the glass used by the authors over a 1
year period have shown no s.gnificant evidence of creep at normal ambient temperatures
likely to be encountered in the field,

Where the meter operates as a high modulus inclusion, that is, when it is set in low
modulus materials a concentration of stress appears around it. Stephen and Pirtz [10]
have shown that under uniaxial conditions of loading and for a ratio of meter modulus to
material modulus of 4 : 1 the stress was increased above and below by some 25 percent
(see also Fig. 3). These higher stresses could under certain circumstances produce
localised creep of the material or of the cement arcund the meter. The passage of time
would then result in a decrease in fringe order in the meter. It is however very diffi-
cult to separate this from general creep in the material. Creep is essentially a stress
relieving phenomenon. If a material under load creeps then the stress distribution in
the material must change, and it must be expected that the fringe pattern in a meter set
in such a body would alter accordingly. This has been observed in laboratory tests, and
is the subject of further study at the present time.




CONCLUSIONS

This paper describes a stressmeter of essentially simple construction, the working
part of which is a glass cylinder having an axial hole. A necessary addition to this is
a 1’ght source and circular polarising filter. Observations of stress magnitude and
directions are obtained by means of a simple viewing device consisting of a quarter
wave plate and a linear polarising filter, the latter being allowed to rotate with respect
to cthe quarter wave plate, with means of measuring the rotation. This combination of
stressmeter and viewer forms a biaxial stress measuring system which enables the direc-
tions of principal stress in a plane perpendicular to the meter axis to be determined
with accuracy, and by further interpretation of the fringe pattern the values of the
individual stresses can be obtained.

It is the experience of the authors that compensation of the fringe pattern to
obtain fractional fringe orders, recognition of fringe directions and estimation of the
ratio of major to minor stress ratios is not difficult, the technique being mastered by
most people after only a few days training.

Deep insertion of the stressmeter below the surface of the body under investigation
results in no difficulty in reading, a telescope fitted with an aralysing device being
used in thiy case. Further, the use of a borehole camera enables permanent records of
the state of stress to be made.

In field investigations the chief advantages of the device lie in its simplicity
with consequent low cost, and the large amount of information obtainable from a single
meter. A consequence of the radial symmetry and biaxial nature of the meter is that no
previous knowledge of stress directions in a plane perpendicular to the meter axis is
required before the meter is set, and further, that no difficulties arise when during
a serles of observations the stress directions change with time. The advantages of
using a meter which consists of a hard inclusion in the body under stress are, of course,
well known.

Briefly stated, they are firstly, that no accurate knowledge of the value of
Young's Modulus is required and secondly, that changes in modulus during an investiga-
tion are of no importance provided that the modulus does not exceed 5 x 106 psi in the
case of the glass stressmeter. In materials of higher modulus an appropriate calibra-
tion must be determined in a test piece of the material, or alternatively if the
modulus is known the calibration may be obtained from the graphs of Fig. 15,

In many circumstances the design of a structure to be examined is such that cer-
tain stressmeters can only be subjected to uniaxial load. Such meters are best read
makirg use of the special calibration system employing thie 45° compensaiion points in
order to gain maximum sensitivity from the observations. Where biaxial loading is
expected it is recommended that the 'biaxial system' of fringe counting be employed.
That is, the points chosen for compensation should be on the minor stress axis at the
edge of the collar fitted into the stressmeter. The czlibration facter C“or the two
systems are different, and for highest accurary of stress determination .u the latter
case the calibration factor may be chosen according to the ratio between the major and
minor principal stresses (Fig. 14).
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APPENDIX D

THE GOODMAN JACK

This appendix is abstracted from:

Slope Indicator Co. , 3668 Albion Place North, Seattle
Washington 98103

(ii) The Measurement of Rock Deformability in Bore Holes,
by Richard E. Goodman, Tran K. Van and Francois E. Heuze.
This paper was originally presented at the 10th Symposium

on Rock Mechanics, May 1968, at the University of Texas, L
Austin, Texas, '

(i) The Goodman Jack Instruction Manual, issued by the [';

with the permission of the Company and of the American Institute of =
Mining, Metallurgical, and Petroleum Engineers, Inc., 345 East 47 Street,

New York, N. Y. 10017. It may not be reproduced, in whole or in part, ]

without the permission of the Company or the Institute.
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THE GOODMAN JACK
Part 1

1. Introduction

The Goodman Jack is a borehole probe with movable rigid bearing-~plates
for the measurement of wall deformation as a function of applied load. Data
obtained from the load-deformation measurements give the elastic modulous of
rock directly. The probe is deésigned to be used in an NX borehole. Hydaulic
pressure is transmitted to the rock through the movable plates. Two LVDT dis-
placement transducers are mounted within the jack at each end of the movable
plates. The system also includes a portable solid-state indicator for measur-

ing displacement, hydraulic pump, pressure gauge, hydraulic hose and electri-
cal cable. TIhis Jack is shown in figure 1.

2. Specifications

Borehole Size. The jack has been disigned to be used in NX boreholes which
have a nominal diameter of three inches.

Effective Jack Force. The area of the operating pistecns in the jack is
such that the maximum hydraulic pressure, 10,000 pei, produces the following
forces unidirecticnally against the rock:

Bearing Plate Total Force

Pressure (psi) Against Rock (1b)
Model 52101 (12 pistons) 9,300 158,000
Model 52102 ( 3 pistons) 5,544 94,248

LVDT's. The two linear variable differential transformer displacement
transducers are mountwd within the jack. These are Schaevitz type E-100D
which have a linear range of +0.1 inches. The linearity over this range is
within +17% of the full scale linear range. Linearity beyond this displacement
is approximately 87 of the total jack expansion. '

Displacement Indicator. The LVDT transducer readout is a portable
Schaevitz Tr-100 solid-state instrument. The displacements are indicated on
an illuminated projected scale 8 inches in length. Five displacement ranges
or scale factors are selectable on the front panel. These set full scale on
the indicator equal to jack displacements as shown on the calibration curves.

Displacement Ranges. The system is calibrated so that the linear range
of the LVDT's (+.1 inch) is displayed on the scale which reads 100 - 0 - 100.
The scale has 20 major divisions and 100 minor divisions which makes each
minor division equal to 0.002 inch. Interpolation to 0.001 inch is easily read.
This provides precision measurements from a jack diameter of 2.9 to 3.1 inches.

With the range selector set to different scale factors, the displacement
of the jack can be indicated from the fully closed position to the fully upon
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FIGURE ! The Goodman Jack.
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‘position but with a reduced linear relationship. A calibration curve of dis-

placement versus scale factor is provided.

Operating Point. Adjustments can be made within the jack to shift the
operating point of the LVDTs. This allows precision measurements at greater
or less expansion of the jack whenever borehole size variations or elastic
modulous values necessitate shifting the operating range. For example, in
softer rock, the LVDT operating point can be shifted to set the indicator
scale to display jack diameter from 3.0 to 3.2 inches or any other suitable

range.

Jack Extension Range. The total displacement or extension of the jack is
0.50 inches. When the jack is fully closed, the diametrical distance between
the outside surfaces of the two pressure plates is 2.75 inches. When the jack
is fully open the diametrical distance is 3.25 inches. '

Pressure Range. 'The jack and the hydraulic components are designed for
a 10,000 psi maximum working pressure. The hydraulic pump (Enerpac P-84)
produces a maximum output pressure of 10,000 psi.

Pressure Gauge. The pressure gauge, Marsh Type 200, has a bourdon tube
sensing element. The accuracy of this gauge is +.25% of full scale. The
full scale pressure is 10,000 psi. The smallest division of the scale is
equal to 50 psi. Other gauges with different ranges can be easily adapted

when necessary.

AC Voltagé Source. The Schaevitz TR-100 Indicator operates from any
standard 60 cps power source, 105 to 130 volts, single phase, at 8 watts.

Operating Temperature

LVDT -65F to*+180F
TR-1G0 Indicator OF to +130F
Hydraulic 0il : =50F (pour point)
Dimensions.
Jack Length 48 inches

Diameter (Closed) 2,75
Pump 27 x 7 x 6 inches
Indicator 4 x 9 x 6 inches
Weigihts.
Jack 33 pounds
Pump 33 pounds
Indicator 6 pounds

Twin Hose and Electrical Cable 76 1b/100 ft.
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Part 2

Bore Hole Jack Data

Quantitative interpretation of measurements made with bore hole jacks
involves a more difficult formula because the loading is not continuous over
the circumference of the bore hole wall. 1g‘urther, except in the case of
Jaeger and Cook's Quadrantal curved jacks™~, the force is directed at an
inclination to the normal to the bore hole wall at all points except the line
of symmetry. The boundary condition to be satisfied is one of constant dis-
placement rather than constant pressure. The steel plates are much stiffer
than the rock and will be driven out with very little bending. The boundary
pressure will not be uniform and pressure readings will represent an average
value over the steel-rock boundary. However, as will be shown, constant dis-
placement solutions are very little different from constant pressure solu-
tions in this class of problems if the average pressure and average displace-

" ‘'ment over the plate - rock contact area are used in computations.

(a) Radial Pressure Over Diametrically Opposed Sectors of the Bore Hole Wall

15
The solution to this problem was obtained by Jaeger and Cook using the

complex variable method. The complete derivation is given in the Appendix.
The radial displacement (ur) at an angular distance 6 from the center line of
the plate, where the plate extends from +8 to -8 (figure 3a) is given by

u - 1 ‘
(1"+Ev) arQ =-28 -:E:.% (%57:5% t o i T ) cos 2n6 sin 2nAB ()
n=1

The average displacement of plates of given angle 28 may be obtained by inte-
gration. The resulting formula for E would only apply in the case of jacks
with radial applied pressure; as yet there are none. This formula should not
be used to interpret uniaxially acting bore hole jacks.

(b) Unidirectional Pressure Over Diametrically Opposed Sectors of the Bore
Hole Wall

This is theoretically the problem posed by the use of uniaxially acting
bore hole jacks. A unidirectional constant pressure boundary condition from
-8 to +B may be resolved into a constant radial boundary pressure over the
bore hole section of width 2 B, and shear and radial pressures distributed
sinusoidally over the width 2 B as depicted in the Appendix. In the course of
this investigation, a solution was obtained for the sinusoidally varying shear
and normal force on the wall (Appendix). Superposition with Jaeger's
solution (Eq. 2) yields the following formula for the radial disnlacement of
a point on the wall at 6 from the line of symmetry.

176

W—

|

T

s




)
u

T E T L
i L. 25 1+ @3 4v)c0826]+zm sin 2m B

m=1

[-Q-—-—ﬂ)- cos 2(m+ 1) 6 + H cos 2 m 8

2m + 1 .

+
Ta+1 ®2m0 T g

E I cos 2(m - 1) é] (3)

The average displacement is found by integrating the horizontal dis-
placement over the vertical component of each arc segment in contact with the
plate, i.e. from -8 to +8. The result, shown fully in Eq. 31, Appendix, may
be written

A
E = 35273 K (v,8)

where Aud is the average diametral displacement for a given increment of

pressure A Q and d is the bore hole diameter. Values of K(v,B) are given in
Table 2.

BORE HOLE JACK TEST - DISCUSSION OF DATA INTERPRETATION

Influence of Plate Width

Figure 2a, plotted from Table 2, shows the variation of K with change in
B, the angle subtended by half the plate width of arc. The quantity K, accord-
ing to Eq. 4, is the slope of the line relating E to the ratio of the measured
quantities AQ and Au,/d. The variation of K with B thus affords a comparison
of the sensitivity og jacks designed for different plate widths. The max‘mum
sengitivity -- the highest value of K —— occurs at values of B about 45° (fig-
ure 2a), the width selected in designing the NX plate bearing test device. It
should be noted here that for small values of B, corresponding tonarrow plates,
a punching failure of the rock might take place. However, this would hardly
be the case when B iz as large as 45°.
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Effect of Poisson's Ratio

Figure 2b shows that for a given AQ and Au,/d, the interpretation of E is
fairly insensitive to Poisson's ratio (v}, except at high values of v. A 50%
overestimation in v, from 0.2 to 0.3, would lead to a 3.25% underestimate of
E. If v were taken as 0.4 rather than the assumed true value of 0.2, and
error of 100%, the value assigned for E would be underestimated by 8.50%. As
opposed to E, v is not subject to large discrepancies between field and labora-
tory values. Thus simple testing on cores retrieved from the bore hole would
give a value representative enough to preclude such large errors on the
Poisson's ratio, hence reducing the error on E to a negligible amount.

Effect on Non Linear Rock Properties

Qualitative interpretation of bore hole jack or dilatometer data in rock
exhibiting non linear stress - strain behavior is entirely appropriate and

' meaningful. However, as the entire analytical discussion assumes linear

elastic relations, quantitative interpretation using these results, even in
incremental form, may be erroneous.

Effect of Steel Plate

The mathematical solution to the bore hole jack problem was derived for
a condition of constant horizontal pressure on the inner boundary. In actual
fact the boundary condition on the loaded border of the bore hole is complex
and unknown owing to the unknown coupling between the steel plates and the
rock surface. Figure 3a presents a reasonable characterization of the actual
boundary condition in the bore hole plate bearing device. A uniform hydraulic
pressure bears against the inner sides of the plates. Except in very hard rock,
the plates are so much stiffer than the rock as to be driven outward with little
bending. The result is a nearly constant horizontal displacement of the rock
border; other components of displacement may be considered to exist and be
unequal according to the friction and Poisson's ratio contrast between the
steel and the rock.

To assess the significance of this departure from the assumed boundary
condition, constant displacement and constant pressure solutions were compared
for v = 0.25 using the method of finite element analysis in plane strain. A
fine mesh was used with 775 nodal points and 720 elements. The pressure dist-
ribution and displacement vectors along the wall of the bore hole are compared
for the constant pressure and constant displacement solutions, in figures 3b,
¢ and 3d, e, respectively.

The procedure consists of inputing a constant pressure (or constant X dis-
placement) along the boundary jack-bore hole, computing the average X displace-
ment (or pressure) from the output, and using the average value obtained in
Eq. 1. For B = 45° and v = 0.25, one obtains K = 1.250 for the constant X dis-
placement case and K = 1.235 for the constant pressure case as compared to K =
1.254 for the exact analytical solutioms. The constant X displacement case is
believed to be the more representative of actual field behavior and its simu-
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lation by finite element analysis gave the closest resul* to exact solutinns
(K = 1.250 versus K = 1.254). This is the extent of the .inite element approxi-

mation.

Effect of Finite Test Length

The plane strain solution assumes an infinite test length. In actual fact
the NX bore hole plate bearing device has a length to diameter ratio of 8"/3".
To calculate the effect of the finite plate is a difficult three dimensional
problem in prismatic space which could not be solved in closed form.* However,
an estimate of the end effect was nbtained by performing a three dimensional
finite elggent analysis using a new computer program developed by Professor E.
L. Wilson“". 1In this approach, a load of finite length is applied to a portion
of a longer space whose cross section is constant. The variation of load along
the length of the space is achieved by Fourier expansion making repeated
cumulative passes through the problem.

Figure 4 gives the variation of displacement at the border of the bore
hole over the width and length subjected to uniform pressure (v = 0.25). The
value of K corresponding to the average displacement under the loaded area is
1.06. The corresponding value from finite element analysis of the plane strain
approximation is 1.23. Thus the finite length may be taken into account by
reducing by 14% values of E derived from Eq. 4 and Table 2, i.e.

AQ

E= 0.8 K (v) Aud/d

In the NX bore hole plate bearing device, d = 3 inches, and Q'is\93% of
the hydraulic pressure Q . Putting these values in Eq. 5 yields the following
eanation for interpretation of field data in tests with this instrument.

AQh
E= 2.40 K (V) o (6)
: d

*The related three dimensional problem of a hydrostatic pressure of finite
length 2 ¢ in a circular hole of radius a was solved by Tranter in 1946 (Qtly
of Applied Mathematics, vol. 4, p. 298). The three dimensional effect was
37% for c/a = 0.5 and was decreasing rapidly with increased load length. 1In
the NX plate bearing test, c/a = 2.67.
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TABLE 3

Values of Constants in Equation 6

—

v 0 0.5 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

K (v) 1.38 1.29 1.29 1.28 1.27 1.25 1.23 1.20 1.17 1.13 1.09

2.40 K (v) 3.07 3.10 3.10 3.07 3.05 3.00 2.95 2.88 2.81 2.71 2.62

Rock Stress with the Borez Hole Jack

The complex variable method leads to series formulas for the stress com-

' ponents in the rock, as presented in the Appendix. The thrusting apart of

the bore hole by the action of the jack leads to a tangential tension on the
wall of the bore hole at 6 = 90°,

= - Q
L 4 B .

For the NX bore hole plate bearing device, B = /4 giving a tangential stress
concentration at 6=90° of -1.0. The onset of tensile cracking at this point
could be used as a measure of the tensile strength of the rock if a bore hole
camera is used concurrently. From Eq. 32, one also obtains at 0 = 0°,

Oy = 0.8/5 Q (compressive).

The stresses around the bore hole expressed as a concentration of the jack
pressure are presented in figures 5a, b, and c.

Influence of Possible Crack Formaticn

In all that precedes, the rock has been assumed to be homogencous, isotropic
and linearly elastic. Moreover, no failure criterion has been considered around
the tore hole. However, owing to the magnitude of stresses which the jack can
induce, superimposed onto the in situ stress concentrations, it is not unlikely
that cracking might develop around the bore hole particularly in soft or weak
rocks. Cracks could be originated and propagated primarily in those regions
where high tensile stresses are found to develop; the critical ones will be the
tangential stresses. Then, upon data analysis, corrections shall be introduced
to take care of the apparent reduction in the cemputed modulus of elasticity
to obtain the true value for intact rock. Both concepts presented above are
now discussed.

The complete tangential stress field at selected points (on the walls of
the bore hole and in the planes of principal stresses) around the bore hole can
be readily obtained by superposition of the effects of in situ biaxial stress ,
field (S, T) and of jacking (Q). Figure 6a gives the tangential stress concen- &
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tration factors. Depending upon the ratio S/T, the stress pattern before jack
. pressurization can take different forms. They are shown on Figure 6b assuming
; — that S/T = N=v / (1L - v) (lateral constraint). If S and T have been actually
measured, the proper value will then be used. Upon application of a jack
pressure Q, the additional tangential stress induced is for B = 45° at 6 = 90°,
L) Oq =-Q and at 6 = 0°, 05" 0.875 Q. Accordingly, the complete

tangential stress p?ttern at the selected pnints is shown on Figures 6¢c and 6d
1 when jacking takes place in the direction of either principal stress. These
3 are the two extreme cases in terms of tangential stress magnitude. It can be
] seen that the most unfavorable situation is when jacking takes place in the
! direction of the minor principal stress. High tensile tangential stresses
! Ld will then be induced in the plane perpendicular to the direction of jacking
L

L

AL

and the lower the Poisson's ratio of the rock, the higher their magnitude.

In the eventuality of crack formation in a plane perpendicular to the
4 . direction of jacking, the observed displacement of the jack plates will be
4 greater than the one taking place in an intact body. Thus, the modulus of
elasticity computed from load - deformation curves will be lower than if no
1 crack is initiated. Evaluation of the required correction on E was attempted
b, simulation technique. The constant X displacement finite element model
L was used according to previous conclusions. Cracking was simulated by allowing

no tensile strength for a certain distance d from the bore hole along the plane
perpendicular to the direction of jacking. Three cases were considered:

d = a/2 (crack extending to a half radius distance)
d =a (crack extending to a one radius distance)

d = 5a (simulates a half infinite medium for all practical
purposes)

The results are compared in Table 4 with the case of no cracking.

TABLE 4

Influence of Possible Crack Formation

~

Length of Crack K Variation in.K Apparent Decrease in E

0 1.250 + 0 -—

a/2 1.410 + 13% - 13%
a 1.553 + 24% - 247
5a 1.614 + 29% - 29%
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a) TANCENTIAL STRESS CONCENZRATION FACTORS AROUND A BOREHOLE IN A BIAXIAL STRESS FIELD.

Case v=0 Case v=0.25 Case v=0.5
N=0 N=1/3 N=1

0 2s
3s035 2.66 st.ss & 29Q 28
- s

b) TANGENTIAL STRESSES AROUND BOREHOLE - NO JACKING.

-(s+Q) 2s-Q
3s+ A QP 3s+ 2.66s+ | 2.66s+ 2s+ W4 q pj2s+
B15Q”-TH $75Q .875Q .875Q  .875Q Y= .8750
-(s+Q) 28-Q

c) JACKING IN DIRECTION OF MINOR PRINCIPAL STRESS.

-8+.875Q .875Q 2s+.875Q

3s-Q[ tq) 3s-Q 2.66s8-Q 2.66s-Q 2s-Q s 28-Q
-s+, 875Q '875Q 25+.875Q

d) JACKING IN DIRECTION OF MAJOR PRINCIPAL STRESS.

s=Major principal stress (positive in compression)
T=Minor principal stress (positive in compression)
Q=Jack pressure (positive)

FIGURE 6
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Unless indicated by a break, or yield point, in the load deformation curve,
cracking a depth in a borehole would be monitored by means of bore hole camera,
but its extent from the wall inside would be extremely difficult to measure.
However, from figure 5b, one can see that at a distance, d = 1 radius, the maxir
mum tensiie tangential stress induced by jacking has decreased to 0.1 Q (maxi-
mum value = 93¢ psi)., Moreover, within a short distance.from the bore hole,
the in situ stress field is again compressive. Thus it js viry unlikely that
a crack could propagate bayond between 1/2 and 1 radius from the bore hole even
in the weakest rcck. Accordingly, the corresponding maximum correction to be
introduced in the computed modulus of elasticity will probably never exceed 15%,
This is well within the limits of accuracy required for epgineering purposes
knowing that usually results of any test are checked against results obtained
by other methods. In case of jacking across a joint intersecting the borehole,
the required correction could reach close to 30% and it is suggested that a
close examination of jacking explacements be made before actual testing in order
to avoid the influence of major discontinities in the rock mass.

Influence of Wall Roughness and Roundness

30 31 '
Other investigators d have analyzed the influence of borehole wall

roughness and roundness on the accuracy of stress determinations from borehole
deformations. They conclude that with modern diamond drilling equipment and
honing devices the morphology of the bore holes enable accurate measurements.
In the case of jack testing, crushing of asperities might take place at the
beginning of loading but the modulus of deformation is obtained from the linear
portion ol tgs load deformation curve which correspongs to a uniform loading.
After Suzuki””, roughness can be limited to_about 10-° inches, whereas, plate
displacement is of the order of several 10-“ inches, so that for practical
purposes, no correction will have to be introduced.

- The Size of Bore Hole Jack Tests

A bore hole jack produces non homogeneous stress and displacement fields
in the rock around the bore hole. Figures 5a, b, and c give the rate at which
the applied pressure decays with depth, and figure 7 presents the decay of dis-
placement with depth. The size of the test can be expressed by the volume of
rock significantiy stressed, say to a minimum of 1,000 psi, and within which
most, ca. 90%Z of the displacement has occurred. At a plate pressure of 9,000
psi this volume extends about 4.5 inches deep from the wall of the NX bore hole.
Thus, the test may be considered as operating on an irregularly shaped rock
domain roughly one foot in maximum extent. It is much larger than laboratory
tests, and somewhat smaller than conventional plate bearing tests conducted in

adits.
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COMPARISON OF BORE HOLE JACK AND OTHER IN SITU TESTS

NX bore hole. plate bearing tests were conducted in three underground test
chambers where extgnsive in situ testing programs had been completed or were
in progress. These were at the Tehachapi tunnel near Bakersfield (California
Department of Water Resources); Dworshak dam near Orofino, Idaho (Walla Walla
District, U. S. Coips of Engineers); and the Crestmore mine near Riverside,
California (American Cement Co.). The equipment used in these tests included
the NX bore hole plate bearing device, two Schaevitz servo indicators, a
double acting 10,000 psi hand pump, and Bourdon pressure gages.

At the test gallery of the Tehachapi project an adit to the discharge
tunnel, the rock is a closely fractured diorite gneiss with seams of clay
derived from the rock by hydrothermal alteration. Several hard, fresh
pleces of core were obtained in drilling the NX holes for the bore hole plate
bearing tests but the overall recovery was only fair. Four bore hole jack tests
were conducted in two horizontal holes.

In situ tests included stress measurements, seismic measurements, and plate
bearing tests. Four plate bearing tests were performed; and analyses were made
of the data assuming both uniform and rotational deflections, as discussed by
Kruse, et al.27, for similar tests at Orville. Figure 9a presents a typical
pressure versus diametral displacement curve for the bore hole jack tests at
this location. The average value of E from plate bearing tests was 700,000 psi;
the average value of E from bore hole jack tests was 840,000 psi in the same
pressure range.

The Dworshak dam tests were conducted in a ‘est gallery employed previously
by Skannon and Wilson28 for a comprehensive program of in situ rock tests. The
rock at this site is a massive to moderately jointed epidote quartz-diorite
gneiss. The in situ tests included plate bearing test, a chamber test, and
selsmic measurements.

There was great scatter in the results of plate bearing tests; the mean
modulus of elasticity in plate bearing was 3.4 million psi with individual
resuits ranging from 500,000 psi to 5 million psi. Fourteen bore hole jack
tests were conducted in eight bore holes, three of which were water filled. The
average mddulus from these tests was 2.1 million psi, with little scatter. A
typical curve of pressure versus displacement for bore hole jack tests is
shown in figure 9b.

An extensive program of in situ tests were completed by Heuze' and Goodman29
at Crestmore mine, an underground room and pillar mine in massive, coarse,
crystalline marble. In situ tests included flat jack measurements, plate bear-
ing tests, and field seismic measurements. Bore hole jack tests were conducted
in two horizontal bore holes at the site of the flat jack emplacements. The
modulus of elasticity values computed from the load deformation curves on
pressuring the flat jacks averaged 1.8 miilion psi. The bore hole jacks gave
an average value of 1.5 million psi for E. A typical curve of plate pressure
versus diauetral displacement for the bore hole tests is given in figure 9c.
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Table 5 is a summary and comparison of test results from the three areas.

At each of the sites, E was measured, additionally, in unconfined com-
pression tests on NX core specimens in the' laboratory. These values were,
in all cases, considerably higher than the results of static tests in situ =--
by a factor of 3 or more. This discrepancy between field and laboratory
values is a common one in rock testing. Laboratory testing is usually
conducted on sound samples which are not fully representative of the rock mass
with its defects. The results of the bore hole jack tests were comparable to
those of other in situ tests. Ld

-

L

CONCLUSION

Bore hole jack tests are well suited to measurements of rock deform-

ability at engineering sites. The tests are easier and less costly to conduct 1
than plate bearing, flat jack, and other in situ techniques; thus many more
measurements can be made. Furthermore, being conducted in drill holes, rock
volumes remote from the surface can be tested. These facts allow one to
-establish the attributes of the rock mass quantitatively and qualitatively in
every rock member reached by a work. The values obtained from these tests in
three cases discussed herein were comparable to values obtained by other more
costly in situ techniques. L
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TALLE 5

SUMMARY OF TEST RESULTS

Comparison of In Situ, Core, and Bore Hole Jack Tests

6
Young's Modulus, 10 psi

Unconfined Bore
Compression Plate Flat Hole
Rock Poisson's (Laboratory Bearing* Jack¥* Jack#*
Site Type Ratio (Average) (In Situ) (In Situ) (In Situ)
.Tehachapi diorite 0.35 11.3 0.53 0.61
Tunnel gneiss; ¢ k
fractured ° o
and seamy 0.83 1.03
Dworshak . granite 0.20 7.5 0.5 1.54
Dam - gneiss; to to
massive to
moderately 5.0 2.70
Jointed
Crestmore marble; 0.25 . 6.9 1.74 1.79 1.35
Mine unassive to % to
2.72 2,98 1.70

*in the same pressure range 0-3,000 psi
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APPENDIX
gpLUTION OF UNIAXIAL STRESS PROBLEM

BY COMPLEX VARIABLE METHON

Bound dition at r = a, ¢ =0, and T = 0
undary con n - q Xy

Q -8 <6<B , T~-B<O<B+T
o , (1;

0 B<O<m-B , T+B<O<2T~8

At 0 from x ~ axis (Q = 2 p):

Op = p + pcon B
oy = P = pcos 2@ (2)
Teg = - pwn 28

>

The problem can be conveniently decomposed into two more simple problems, A and B.
- Eash problem will be solved separately, and the results are added. The displace-
ment relations and the stress relations are expressed in complex forms.
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A. UNIFORM STRESS OVER TWO SYMMETRICAL PORTIONS OF THE CIRCﬁLAR BOREHOLE*

¥
) B8
.l' 5
Boundary conditions at r = #
T8 = 0 o (3)
o'r ‘= fp -8B <H<pg T-B<O0<n+8
(4)
0 B<O<w=-8 T+B8<B8<27~8
in6
. -i [
o T = zm e (5)
n-—“
where 2T
"An = 1 f(o_;-i'rfe) e 108y g ' (6)
2w -
0
E T T e 0 @+ P @ - [ () X (2) e L

*This problem was first solved by Jaeger and Cook in State of Stress in the Earth's
Crust (W. R. Judd, ed.), Elsevier, 1964, p. 381-396.
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(8)
X" (z) = an z
a5 = bo - 0
(9)
(3 al + bl = 0
Solve for a_ and b :
n n
¢' (z) = Z a z ¢ = ) aZm sin 2 m B z-2m (10)
E mT
n=0 m=1 1
-n 2 -2 2(n+l) _
X" (z) -Z bnz = -28p a‘z + Z.Zﬂga sianBzz(m,J‘) (11
n=0 . L m=1
Determination of Displacement:
26 W, +1u) = [E¢(2)-2¢ (2 - X (] e ~1° S

(2m-1)
m(1l-2m)

26 u w Real (R.H.S.) = -28ppa +Z asin 2 mpBcos 2mé

- " m=1
(2m-1)
- PP asin2m B s 2 m 6
. mw
m=]

» :
+ 2 ZLP (wt1) asin 2mpB cos 2m B (13)

m=l T (2m + 1)
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3

= . S——— | Se—

=10

{ I {

r
p-l--a- i
| g 3 1
E . .
2Gut‘pa"ZB"’m‘_i -m[2m-1 +2m+1]Bin2ch932me

Stress Determination:

+°r = 4Rea1[?' z) 1

Og = O, + 2Ty = 2] Z 9" (2) +X (2) ] %O

g— = -2892+ZZ% pzm(mp"‘-m+1) sin 2mB cos 2mé
' m

] % = 28p" + 2 ;];p'Zm (m+1-mpz) sin 2mB cos 2mé

= 2(1 - p©) pZm sin 2m6 sin 2mp
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B. THE EXPONENTIAL BOUNDARY CONDITION PROBLEM: r-1ir, =p

ré
y

A

L,
'Bgundary Condition at v = a
o, :

- pcos 20 - B<0O<B
Tie’ = ~psin26 T -B8<O<u+B
(20)

% = 0o . . B<@<m-8
Tty = 0 T+ B < 6<2m - B

With boundary conditions (5) and (7) where An is lefined by (6), the Fourier
series representacion of boundary conditions:

21

P (cos 2 6+ 1 sin 26) = P e e, B<O8<B, T~-B<O<T+8 (21)

0 s B<O<u-B, T+B<H < 21-8

*To the authors' knowledge this problem has not been solved before.
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- Using (9) and computing for a and bn:
bed <} X -]
2m

o' (z) .Z az™" = -2—5:—3 a%z? 4 Z {T’-a:—_-l—) sin 2(m-1) 8 z~2" (22)

i n=0 . m=2
-] 2 4 i
x" (z2) = b z-n=-P—a—sin2Bz-z-P—a—sin4Bz-4+-6—P—Ba4z-4
n m 27 m
L n=0
I‘" . 2m + 1) 2(mt1 =2
+ X T(T?:_l)—u- p e ( )sim 2 (-1) B z (m+1)
[ m=2
| - 2(m+1) ' :
| =2(mt+1
- -Z ﬁT]TsinZ(m+l)Bz'( ) (23)
l m=2
l ‘ Calculation of Displacements:
Using (12) at p = 1
2 B - , . i __&
) urpa 2EBcos 26 Z m[2m+1c032(m+1)e
m=1
211:1 cos 2(m-1) 8 ] sin 2 m 8 (24)
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Calculativn of Stressgs:

Using (15) and (16) ;

o<

2

i R ) m :
% % =68 9_4 cos 29 - Z. -zTn%]-._ [ 2 m-2~(2m+1) p2] sin 2(m-1) B cos 2 m ©

m=2

2(m+1)
_ z e ) sin 2(m+l) B cos 2 m © (25)

m=0

= 2m
L 2
o, ; =88p cos 26+ mZz %ﬁ) [242m- (2m+1) p2] sin 2(m-1) B cos 2 m ©

b o o2 i 2 (w4 1) Bcos 2m e (26)
(m+1)

0 La=2p2 (2-3p2) gin 2 6

Z p2m. 3
+ @-1) [2m- (2m+1) p° ] 8in 2 (m-1) B sin 2 m ©
m=2 :
2(m+1) '
p sin 2 (m+l) B sin 2 m ©
+ Z T D sin m 27)
r=(
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C. NET RESULTS -- Obtained by Summing Solutions of A and B.

Net Radial Displacement

Add (14) and {24) to obtain the net radial displacement relation:

0

I . - ' 1 1 5
26u, oa 28 (L+E cos 20) stianB[zm_i_lcosZ(nrl-l)e
‘ m=1
+ (=t =) cos 2 m 6 + = cos 2 (m-1) 0 ] (28)
‘ 2m-1 = 2mtl 7 2m-1
+At 6 = 0, radial displacements is ﬁaximum.
[ ]
BLAEPTE _ 4 (E+1) 4
2 G U ax =3 2 B(1+£) Z (It (21 sin 2 m B (29)

m=1

For the application of the results to the calculation of modulus of deformability,
it is necessary to obtain a relaticn containing the integrated value of displace-
ment. ’

4 dy = ds cos 6 = a cos 6 d 6

ds

. L]
_—
. 8

[ 26 Gr —P-"—a] asin g = [ [R.H.S. (28)] a cos 8 d 6 (30)
J
0
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Replacing € = 3-4 vin the result gives:

Ll 3-2 Y sin 3 8]

P a

] sin 8 = -2 8

sin B +

- 5=4 v
[2Gur [2

-Z L gin2ms [3'4 v [ &in (2mtl) 8 . sin (2m+3) B

2 m 2m+1 2m + 1 2m + 3
m=]1
-4 v 1 sin (2m-1) 8 , sin (2m+l) B
*lomi Yl g R ]

+ 1 , sin (2m-3) B8 + sin (2m-1) &5 ]
2m-1 * 2m - 3 2m - 1

Net ce

Add (17) and (25) and re;arrange the terms.

= 2(m+1)
oe%--28p2+68p4c0329+z %—sinZ(m*l)B

m=0

[cos 2m6+ [ (ml) p2-m] cos 2 (m+l) 6

."'[(2m+3)02-2m-2]c032(m+2)6]

At 6 = 1r/‘2, p =1 Og is maximum. Replacing

+1 m=20, 2, 4, ...
cos 2 m 6 =
-1 m'1,3’5’00-
into {32)

% m/p = -8 B8

For 8 = n/4 Q= 2p), o'e = -Q

This result checks with finite element analysie.
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r......mr—..-...__

At 6 =0, p=1,

m : 3
op 3 " 48+ Zm+lsin(m+1)2s
n=

Foer%

09-:—-1r+3Arc t:am1==-1r+-3—41 thence-1.75p~0.875Q

Net ©
r

Add (18) and (22’)) and rearrange the terms.

2(m+1)

O laap p2 [1+(4-3pz) cos 2 8] + Z P ~ 8in 2 (m+l) B
P m+l

m=0

E’:os 2 m 9+[mt+2-{mt+l) p2] cos 2(mt+l) 6

2
+ [2mH4-(2m+3) o ] cos 2 (mrt2) e] (35)

Net Tre

Add (19) and (27) and rearrange the terms.

. 2 2 ® 2 (m+l)
Top =280 (2-3p)sin29+2p sin 2 (m+l) B
m-
1 2
[msin2m9+2 (1-p ) sin 2 (m+l) ©
1 2
+ 1 [2m + 4 - (2m+5) p ] 8in 2 (mt2) 9] (36)
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Equation (31)‘;5 used in the calculation of the modulus of deformation in
terms of applied pressures and corresponding deformations. Using Q = 2 p,
u; = 2ur, d=2a, and G = E/(2(14+v) ), (31) can be rewritten as:

- 1 a+») d g_.[
E = o5ig o = |Ron s.]
Yd

E = K(v,8) 34 (37)

Y4

' Values of K(v,B) are expressed in Table 2 for different values of v and B.
Q is the pressure actually applied to the rock (see 37). The variation of K
(v,B) with respect to B is shown in Figure 2 for values of v = 0.25, 0.40, and
0.10. It is observed that K hes # maximum value at B = 459, the case of the

NX bore hole uniaxial jack.

NOTE: R. H. S. signifies the terms to the right of the equal sign in Equation (31).
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APPENDIX E

THE USBM CYLINDRICAL PRESSURE CELL

This appendix is a reproduction of Determination of the Modulus of

Rigidity of Rock by Expanding a Cylindrical Pressure Cell in a Drill

Holo, by Louis A. Panek, Edward E. Hornsey, and Robert L. Lappi.
This paper was originally presented at the 6th Symposium on Rock

Mechanics, University of Missouri at Rolla, 1964.
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DETERMINATION OF THE MODULUS OF RIGIDITY OF ROCK
BY EXPANDING A CYLINDRICAL PRESSURE fELL
IN A DRILLHOLE

by
Louis A. Panekl, Edward E. Hornseyz, and Robert L. Lappi3.

v

ABSTRACT

The modulus of rigidity of rock can be determined by a fairly simple procedurec in
which a cylindrical pressure cell is fiist calibrated by expanding it inside two metal
test cylinders and then is expanded inside a drillhole in rock. The two test cylinders
have different expansion characteristics (different material and/or different wall thick-
ness), which make possible the determination of two calibration constants. Change of
diameter of the pressure cell is determined f-om the volume of fluid pumped into it.

The essential apparatus consists of a cylindrical pressure cell, a Bourdon pressure gage,
a volume-metering fluid pump, and two test cylinders. Some advantages of the method are
that a rock sample is not required, a diamond drill is not required, and the rock is
tested in place.

1Supervisory Physical Research Scientist, Bureau of Mines,
College Park, Maryland.

2Formerly Mining Research Eugineer, Bureau of Mines,
College Park, Maryland.

3Mining Engineer, Burcau of Mines, College Park, Maryland.

Work on manuscript completed June 1964
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INTRODUCTION

The cylindrical pressure cell (CPC) is a device for determining the modulus of
rigidity G of rock by direct measurement from an in situ test inside a smail drillhole by
pumping fluid into it at pressures up to 10,000 psi. Most tests to date have been made
ijn 1.5-inch diameter drillholes using 8-inch-long pressure cells. This report deals only
with the 1.5-inch CPC, although the principles are the same for any size cell.

Change of volume of the drillhole per increment of applied hydrostatic pressure was
measured during the test. The results were interpreted by means of the classical thick-
wall cylinder equations for an elastic body. The objective was to develop a convenient
apparatus and a technique for making routine field determinations of G in mine and tunnel
rocks. The method has the usual advantages of an in situ test, namely that no test
specimen need be drilled out, transported to the laboratory, prepared (shaped, gages
applied), and tested. Laboratory tests are time ronsuming and are open to the objections
thzt the rock properties may be affected by exposure to the atmosphere, and the test
specimen necessarily does not include major defects.

The ratio E/(l+v) appears frequently in equetions involving the convergence of an
opening in a strained medium, the design or a tunnel lining, and the like (1, 4, 8)4.
This method yields the value of G = E/2(1+v) from a single test in rock, as compared to
conventional testing in which the modulus of elasticity E and Poisson's ratio v must be
separately determined. Because E can be calculated from G and (1+v), and (1+v) typically
has a value of about 1.3, a large error in v has relatively little effect on (1+v), which
means that E can be calculated with relatively little error by using only a rough estimate
of v. In this sense the method is a practical one for determining E as well as G. Of
course if the value of v is known, the method determines E as accurately as G.

“Underlined numbers in parentheses refer to jtems in the list of references at the end
of this report.
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EQUIPMENT AND PROCEDURES

The equipment is simple. lightweight, and rugged. As shown in figure 1, the CPC
(cylindrical pressure cell) consists of a l-piece steel core to which is silver-brazed
a copper shell and a connecting tube (1/4-inch diameter steel tubing). The steel core
prevents extension of the CPC during test and provides a strony thread, which is needed |
to withstand repeated extraction operations. When the copper shell fails or is damaged, |
it is removed and a new one is brazed to the steel core. 1In use, the tube is connected
by means of cone-type high-pressure fittings to a valve-gage unit (Bourdon pressure gage
brazed onto a high-presaure stainless-steel needle valve.) Glycerin is pumped into the
CPC by means of the Bureau of Mines pressure control mechanism (PCM), figure 25 which
serves also to meter to within 0.0002 cubic inch the volume of fluid that is injected.

Change of diameter of the borehole is proportional to the volume of fluid injected -
into the CPC. To accurately determina the volume change of the drillhole and the hydro-
static pressuve applied to the wall of the drillhole, some account must be taken of such
factors as the fluid pressure that is required to expand the copper shell, the "end effects.
of the CP(, the compression of the fluid and the expansion of the "plumbing". This is
accomplished by performing two calibration tests, expanding the CPC inside two metal tubes,
to determiie the values of two constants. The calibration tests are performed at the
test site immediately preceding the test in rock, to eliminate the need for a temperature

correction.

The usual test procedure to determine G ig as follows. After fabrication, the CPC
and valve-gage unit are vacuum-filled with glycerin. The CPC is placed inside a steel
cylinder (6~inch. o. d. 1.445-inch 1. d.) and proof-tested to about 10,000 psi, to pre-
clude failure in the field. For a series of field tests, all CPC's to be used, as well
as the two calibration cylinders, are taken into the mine several hours before the tests
are to be performed (usually the day preceding the tests), to reach equilibrium with the
ambient temperature. A CPC is connected to a valve-gage unit and pressure control
mechanism (PCM), figure 2; the CPC is coated with a thin film of oil (to facilitate
extraction) and is inserted in the first calibration cylinder. The fluid pressure is
raised by the PCM to about 7,500 psi, decreased to about 500 psi, then raised to about
7,000 psi, and decreased to zero; fluid is injected at the rate of 1/4 turn per minute of
the PCM piston (lturn = 0.0192 cubic inch); which corresponds to a diameter expansion of
about 0.0003 inch per winute; the fluid pressure 1s recorded at each multiple of 1/4 turn.
The CPC is extracted from the first calibration cylinder (figure 3), inserted in the
second calibration cylinder (figure 4), and the Pressure-volume cycling repeated. The CPC
is finually inserted in the drillhole in rock, the pressure-volume cycling is repeated, and
the CPC extracted from the drillhole (figure 5). The effective or active length L of the
CPC is measured to within

5U.S. Patent No. 3,108,716, granted October 29, 1963 to L. A. Panek and J. A. Stock, and
licensed for public use by the Department of Interior.
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FIG. 1. Cylirndrical pressure cell,
showing core, 1l.5-inch shett, and
brazed assembly.

FIZ. 2. Cylindrical prassure call
connected to valvegage unit and pressure
control mecharism, ready for test.



FIG. 3. CPC being pushed out of a calibration cylinder by use of a hy-
draulic ram.
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'FIG. 4. CPC being pushed into a calibration cylinder by use of a hy-
draulic ram (the pulling bar is threaded into the end of the CPC).
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FIG. 5. CPC being withdrawn from
a drillhole by use of a hydraulic ram.
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FIG. 6. Pressure-volume relationship
obtained bty expanding a 1.5-inch diameter
CPC inside a 6-inch diameter steel cylinder.
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1/25-inch and recorded; visual inspection clearly reveals the raised portion of the L
copper shell that was in contact with the wall of the drillhole. Unless the measurement
indicates ‘a large deviation, the value L = 6.9-inches (an average based on experience) is
used ior data reduction.

-

The general form of the pressure-volume graph for a CPC in a cylinder or a drillhole
is shown in figure 6. Along path a the copper shell is being expanded (plastic flow) to
meet the wall of the hole. Along b the cylinder or drillhole is being dilated, and thus
the slope is much steeper than along a because of the additicunal pressure that must be
supplied to achieve each increment of dilation. Pressure de¢rease occurs along c; the
slope is steeper than along b because both the cylinder and the copper shell recover only ||
elastic strain. Subsequent pressuring cycles tend to follew path c if P; <p<p2,

In routine testing, two pressuring cycles are performed, data being recorded only
for the second cycle. The essential piece of information derived from a dilation test is
the siope of the graph along path c, Ap/AT, expressed in the units psi/turn of the PCM
piston. As the slope varies with the total fluid volume contained in the system (approxi-
mately 2 cu. in.), the latter must be kept constant (no fluid bled off or added) during
the calibration test and subsequent rock tests.

QUANTITATIVE INTERPRETATION OF DILATION TEST

The measurement of Ap/AT that is obtained at the PCM must be related quantitatively
to the dilation of the cylinder or drillhole. We therefore proceed to find expressions
for the dilation pradicted by elastic theory and for the dilation indicated by the PCM
piston displacement. The radial displacement u, of a point in a thick-wall circular
cylinder is given by Love (3), and may be presented in the form

2 2 22
(1+v) (1 Zv)(pi LI 3% N ) (l+\))(pi po) r r, |

u_ = 2 _ 2 r-vre + 2_. 2

r E (ro r, ) z rE (ro r, )

(1)
where r = radial distance to a given point, inches, from the cylinder axis,

r, = inner radius of the cylinder, inches,

r = outer radius of the cylinder, inches,

Pi = hydrostatic pressure, psi, against the inner wall of the cylinder,

P = hydrostatic pressure, psi, against the outer wall of the cylinder

€_ = uniform longitudinal strain, inches/inch,

E = modulus of elasticity, psi,

v = Poisson's ratio.

Equation (1) is a plane strain solution that incorporates a uniform strain in the longi-
tudinal direction. For the tests discussed in this report, there is exerted an internal
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pressure p; but no external pressure p,. Setting p, = 0 and r = rj in equatior (1) we
obtain the following expressicn for the displacement of a point on the inner wall of a
cylinder with respect to the cylinder axis, that is, the change of internal radius uy
due to py:

3 2
(1+\))(1—2\))piri (1+\))piro r,
u, = 2 _ .2 - vr.e_+ 2.2 (2)
i E(ro r, ) i~z E(ro r, )
Pi .
7 =
2, 2 2
[1+ri /ro 2v vEsz
where R ='r o 2,.2 tv=-_9, 9. - (4)
it1 r, /ro r, /ri 1 Pi

Analysis of test data shows that the measured longitudinal strain €; of a calibration
cylinder being dilated by a CPC is neither zero, as in the usual definition of plane
strain, nor does it correspond to the plane stress condition, defined by o, = 0. Equa-
tion (2) takes account of this longitudinal strain, and therefore is sufficiently general
to be applied to a calibration cylinder.

Equation (2) applies also to a dilation test in a drillhole. The rock surrounding
the drillhole is a thick-wall cylinder for which r, approaches infinity. Because of the
superposition principle of the theory of elasticity, the change of internal radius ujy of
a drillhole is not affected by the stress system that ordinarily is present in the rock
before or during a dilation test. For the test in a drillhole, €, is assumed to be zero,
owing to the confinement of the rock (the test is performed several feet from the collar
of the drillhole). Substituting these values of ro and ez in equation (4):

Ririllhote = Fi(1+v). (5)

From equations (3) and (5), we find for the dilation test in a drillbole that

o-E-_F % ()
uy R ry (I+v) 1y

because G = E/2(1+v). The dilation test is therefore a direct method for determining
the modulus of rigidity G of the rock.
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Physically, however, the Pressure is not applied directly to the wall of the drillhole

Moreover,
suring the
ere is negligible change

but to the inside of the copper shell, which transmits pressure to the rock,
uy is not determined by measuring the change of drillhole diameter, but by mea
change of the volume contained inside the copper shell. Since th

of volume of the copper itself (uj/ry is very small), the change of volume inside the

copper shell equals the change of volume inside the drillhole, and thus
= 2 2
AVi = 1r(r12 - T )L
where
A Vi = change of drillhole volume, cubic inches,

T r., = inner radius of drillhole, inches, at any two internal
Pressures Pil and PiZ’

L = active length of the cylindrical pressure cell, inches (length of
actual contact with the wall of the drillhole).

Since ui/ri is very small, and r, -

12 1 = u1 » We may substitute

in eq. (7), which becomes

A Vi = 21rri Lui.

Dividing both sides of eq. (9) by Py»

A Vi ) 2nriL

Substituting the relationship pi/ui = E/R, from equation (3)

A Vi 2nriL

Pi E/R

The rela?ionships (10) and (11) apply to the inner wall of a cylinder or drillhole,.
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As stated earlier, expanding the CPC against the wall of a calibration cylinder or
drillhole yields a value of A V/A p, where A V is measured in terms of the PCM piston
isnlacement and Ap is the corresponding change of fluid pressure. We may logically
expect to find a consistent relation between the latter and the A Vi/py at the innmer wall
of a calibration cylinder or drillhole. Counsider the implications if this relationship
is of the form

a Vy AV
l-—] Cylinder or = A+ B {——-] PCM (12)
Pt drillhole Ap

The calibration constants A and B are in effect correction factors. A, which has
dimensions cubic inches/psi, corrects primarily for apparent change of fluid volume that
is not due to change of hole diameter, such as compressiom of fluid in the system (in the
tubing and the PCM as well as in the shell), and expansion of the auxiliary apparatus and
connecting tube. B corrects mainly for the fact that a given increase of fluid pressure
is not transmitted und iminished to the wall of the cylinder or drillhole, because a small
portion is used in expanding the copper gshell. The form (12) is therefore a logical one;
equation (12) is also a useful form hecause it automatically corrects for both constant
and proportional effects, whether or not they are known. A series of tests was conducted
to verify that equation (12) is in fact adequate to describe the relationship between

A Vi/py at the inmer wall of a cylinder or drillhole and the A V/A p observed at the PCM.

Finally, equation 13 is derived by substituting the expression given by equation (11)
for the left side of equation (12) and dividing by A T in the numerator and denominator
on the right side:

{2wriL] [A V/ A T]
e Cylinder =A+B PCM (13)
E/R or drillhole bp / AT

Equation (13) is the basic equation of the CPC. AV / AT, 0.0192 cubic inch displace-
ment per turn of the PCM piston, is a constant for the PCM. The primary purpose of
every CPC expansion test, whether in a calibration cylinder or in a drillhole, is to
determine m=Ap/AT, the slope of the pressure-volume graph, which depends on the ratio
E/R and on the calibration constants A and B. In the calibration tests the E/R ratios
are known; equation (13) is gsolved for A and B. When the CPC is subsequently expanded
in a drillhole, A, and B are known; equation (13) in effect is solved for the ratio
E/R of the rock, which equals 2 G/r, as shown by equation (6). By substituting the
latter relationship into equation (13), we obtain the following equation for G:

2
{1’-’1—7—] Drillhole = A + B {AK‘%—T—A—Z] PCM (14)
o P
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The fundamental interpretation of equation (14) becomes evident upon substituting

2
1 ) Drillhole = ™3 L (15

in the left side of equation (14), and equation (12) for the right side of (14):

t v

Vi) prilihole = [Avi]

GRock p 1~ Drillhole (16)
from which

G = Pi

Rock avi/Vy Drillhole (17)

That is, the rock G equals the ratio of the hydrostatic pressure, applied to the wall
of the drillhole, to the fractional charge of drillhole volume. Measuring the change
of volume of a drillhole as it is dilated is therefore a direct method for determining
G'

REDUCTION OF DATA

Based on the foregoing principles, calculation of the calibration constants A
and B from two calibration tests and calculation of the modulus of rigidity is done
as follows:

2nr
Let = C, a constant for any calibration cylinder;
E/R
L K, volume displaced per turn of the pistun, a constant for any PCM;
AT
A

m, the slope of the pressure-volume graph that is obtained by dilating
AT (with CPC) a calibration cylinder or drillhole.

Substituting C, K, and m into equation (13), the two calibration tests (subscripts 1, 2)
yield the followin; two equations:

C1L=A + BK/m1 (18)
CZL=A + BK/m2
from which
(C,-C,)L m, m
1
Ba—=t 2 2 (19)
K mo=m]
A= C, L—BK/ml . (20)
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Expanding the CPC in a drillhole (or another cylinder) yields the new value m,, which,
with the A and B obtained from the calibration tests is substituted in equation (14)
to obtain the modulus of rigidity:

ﬂr32 L

“ A+ BK/mgy (21)

G

where the subscript 3 refers to the test in the drillhole.

The numerator of equation (21) is the volume of the part of the drillhole that is
dilated, which is determined from the pressure-volume test data as follows. The
difference in PCM piston displacement as between the CPC in a calibration cylinder and
in the drillhole at the same pressure, say 1,000 psi, equals the difterence in volume
between the calibration cylinder and the drillhole. That is, for example,

K (T3 - Tl) = v3 -V, . (22)

Substituting the relation

Vy -V = L(ry? - 11%) (23)

in equation (22), we obtain

K (T3 - Tl)
= 4?2 (24)
TL

Each of the two calibration cylinders (1, 2) yields a value of r32; the average of
these two values is used for r32 in equation (21).

In summary, it may be observed that the cylinder constants C1, C2, rl, r2, the
PCM constant K, and the effective length L are known before the tests are made. The
two calibration tests and the drillhole test yield m], mp, m3, and an average r32 (from
T3 - T1 and T3 - T2), which suffice to calculate the calibration constants A, B, and
the modulus of rigidity G.

VERIFICATION OF THE BASIC CPC EQUATION
The linearity of equation (13) was demonstrated by a number of tests of CPCs in

metal cylinders that had E/R ratios ranging from 2.91 to 14.25 x 106 psi/inch,
table 1.
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Table 1 - Specifications of calibration cylinders

Outer Inner Avg,
Cylinder Material E diam., diam., €z/p v E/R,
106 psi inches inches ue/103 psi 106 1b/in3
A Steel 30.57 2.124 1.455 -5 .253 14.25
B Aluminum 11.00 4,984 " -1 .297 10.29
C " 11.00 2.999 " -7 " 8.03
D " 11.00 2,251 " -12 1 5.72
E " 11.00 2,001 " =14 u 4.45
F " 11.00 1.874 " -18 .287 3.66
L Steel 30.57 2.124 1.490 -8 .253 13.10
M Aluminum 11.00 2.251 " =14 297 5.34
N " 11.00 1.874 " -13 .287 3.30
P Steel 30.57 2.124 1,525 -4 «253 12,24
Q Aluminum 11.00 2,251 " -16 .297 4.98
R " 11.00 1.874 " =22 . 287 2,91

These tests simulated the behavior of rocks with E values ranging from about 2 to

11 x 106 psi (assuming v = 0.25), because from equation (3), E/R = pj/uj, and therefore
all cylinders that have the same E/R ratio (a calibration cylinder or the rock around a
drillhole) will experience the same change of internal radius uj in response to a given
internal pressure pj, irrespective of the dimensions of the cylinder or the elastic
constants of the cylinder material. As can be seen in table 1, the E/R ratio for a cy-
linder of given inside diameter depends primarily on its outer diameter and the E of
the cylinder material. E and v were determined by compressing each cylinder axially in
a press and measuring the resulting strains with two-element resistance strain gages
bonded to the outer surface. The same strain gages provided values of ez/pj for each
cylinder from several calibration tests, the average value of which is used in eq. (4)
to calculate R.

Figure 7 shows the results for tests of four CPCs in metal cylinders; the linearity
of the relation (12) or (13) is apparent. CPCs of 1.5 inch nominal diameter were tested
in cylinders of three different internal diameters: 1.455 inch diameter, which was the
standard elze of cylinder for calibrating a CPC before testing it in a 1.5 inch drill-
hole; 1.490 inch diameter, an intermediate size; and 1.525 inch diameter, an arbitrarily
chosen upper limit that was considered to provide a range of expansion sufficient for
drillhole tests. The tests show that the calibration constants were unaffected by the
amount of CPC expansion (plastic deformation); therefore the values of A and B deter-
mined from a calibration test in 1.455 inch internal diameter cylinders will be the same
for a test at a larger diameter inside a driilhole.
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Figure 7. Tests of CPC's in metal cylinders, showing the linear relation-
ship between CL[A V4/py] cylinder or drillhole and K/m=[A V/A p] PCM.
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The tests in metal cylinders having shown that the pressure
for a CPC is described by equation (12) and that it does not cha
expanded (within limits), the final step was to pe:
that the value of G as determined by this method is in fact "correct".

TESTS IN DRILLHOLES

tained by testing 11 CPCs are summarized in table 2.

Table 2 - Modulus of rigidity G of cylinder B and of

limestone, determined frow CPC tests.

-volume relationship
nge as the CPC is
form tests in drillholes to show

Results ob-

Calibration Cylinder B Limes tone

CPC constantsl G Drillhole .(/mz, g,
No. A B 106 psi No. 10-%in3/psi 10° psi
29 -13.47 1.34 - 2 12.51 3.7
31 -13.64 1.34 - 1 12.63 3.7
35 -11.06 1.15 - 1 12,54 3.6
38 -7.77 1.21 - 1 9.47 3.3
40 - 9.03 1.37 3.8 1 8.99 3.7
41 -13.82 1.41 4.6 2 12.14 3.6
43 -10.77 1.33 4.2 2 10.45 3.8
46 - 8.80 1.14 4.3 2 10.49 3.7
47 -10.35 1.29 4.3 2 10.38 3.9
48 - 8.59 1.23 4,2 2 9.62 3.6
49 -10.29 1.19 3.8 2 11.70 3.3
Avg. 1.27 4.2 3.6

lrrom tests in calibration cylinders A and D.

As verification of the method was the prime objective,
ties was desirable for test purposes.
wall limestone of No. 4 mine,
exhibited desirable characteri
in two drillholes, 3.5 feet from the collar
designated 1 and 2, were only a few inches
and "F", respectively,
(7). Cores from five h
elastic constants, thus

a rock with uniform proper-

The tests were therefore performed in the hanging-

test work (7).

Bethlehem Cornwall Corp., Cornwall, Pennsylvania, which had
stics in earlier

All tests were performed

» over a three-month period.
away from the 6 inch overcoring holes "E"

The two drillhole

which are nearly opposite each other on the two sides of the drift
oles in this drift were tested by other methods to determine the

making possible a comparison of results.
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only cre test in rock, in order to obtain information as to the variation in CPC char-
acteristics. Since the rock E was known to be of the order of 10 x 106 psi, calibration
cylinders A and D were selected so that the drillhole 4ilation would be intermediate
between those of the two calibration cylinders. Figure &, a typical example of the

test data, shows the second-cycle graphs for tests of CPC 31 in the calibration cylin-
ders and in the drillhole, from which mj, m2, and m3 were determined graphically.

Six of the CPCs were calibrated in three cylinders, instead of only two as in the
standard procedure, for purposes of checking the calibration. The third calibraticn
test could be averaged with the other two to obtain a more accurate estimate (in the
statistical sense) of the calibration constants A and B. However, it is instructive
to look upon the test in the third cylinder (cylinder B) as simulating a test in a
drillhole and to compare the average G obtained by the CPC test procedure, 4.2 x 106
psi, with the G obtained by the uniaxial compressive test, which is also 4.2 x 106 psi
( = 11.00 x 106/ 2(1+0.297), values from table 1). In view of the close agreement,
there is little likelihood that the standard test procedure will yield an inaccurate
value of G in a drillhole in rock because the thick-wall cylinder equations are equally
vaiid whether the outer diameter of the cylinder is finite or infinite.

.he average G of the limestone was found to be 3.6 x 106 psi, with a range of
% 10 pct. The relatively large variation in calibration constant A is due to deliberate

changes in the total fluid volume of the system, as different plumbing arrangements
were tried. The greater the total fluid volume, the greater the numerical value of A

and the greater the value of K/m3 (the "softer" the system).

ELASTIC CONSTANTS BY OTHER METHODS

Elustic constants of the limestone at the test site, determined by othe  methods,
are given in Tables 3 and 4, for comparison.

In the first group of tests, cores of 5.62 inch outer diameter and 1.5 inch inner
diameter, drilled out at intervals along the drift in a previous investigation (7),
were tested in the Bureau's biaxial loading apparatus (2), yielding an average E = 9.2 x
106 psi as shown in table 3. In this test, a length of core is subjected to hydrostatic
pressure on its cylindrical outer surface, while the corresponding change of diameter
of the internal 1.5 inch hole is measured with the Bureau's borehole deformation gage
(6). These tests were performed underground at the test site within a day or two after

drilling out the core.
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Table 3 - Modulus of elasticity E determined
under biaxial load, 106 psi.

Specimen
from Direction of Measurement
hole-- 60° c.c.w.l Vertical 60° c.w.<
A 9.2 8.4 10.3
B 9.6 10.5 10.8
C 7.6 7.8 7.3
D 8.6 9.9 8.9
F 11.0 8.7 9.0

Average E = 9.2 x 106 psi

Corresponding G = 3.3 x 106 psi
(taking v = 0.41, table 4)

IAngle measured counterclockwise from the vertical direction.

2Angle measured clockwise from the vertical direction.

Some of these 5.62 inch cores were taken to the laboratory and stored for future
testing. About 1 year later two 10 inch long sections were cut from these cores for
the second group of tests. The ends of the core sections were ground flat, and two
element resistance strain gages were cemented to the outer cylindrical surfaces. Each
core was placed in the Bureau's triaxial loading apparatus (5). Results are shown,
table 4 (a) for loading in which the radial pressure was varied, similar to the loading
used in the second group of tests except that a constant longitudinal load of 1,200 psi
was Zeintained during the test, and (b) for triaxial loading, in which the ratio of the
longitudinal stress to the radial pressure was maintained at one half while both loads
were varied. For both loading methods the change of internal diameter of the core was
measured with the borehole deformation gage, and the tangential and axial strains were
measured by the resistance strain gages, thus permitting the values of E and v to be
calculated both from the borehole deformation gage measurements and from the tangential
strain measurements.
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Table 4 - Elastic constants determined under triaxial load

Constant Variable
Core Measurement longitudinal stress longitudinal stress
Specimen E, v Gl E v Gl
106 psi 106 psi 106 psi 106 psi

1 G2 10.0 0.40 3.6 9.5 0.42 3.3
BDG3 11.6 41 4.1 10.8 47 3.7

2 - 862 10.0 .39 3.6 9.1 .40 3.3
BDG3 11.0 .40 3.9 10.8 W41 3.8

Average 10.6 .40 3.8 10.0 .42 3.5

Icalculated from E/2(1+v) 2Strain gage 3Borehole deformation gage

CONCLUSIONS

The average modulus of rigidity determined by the 11 CPC tests in drillholes,
3.6 x 106 psi, is in reasonable agreement with the results obtained by the other methods,
3.3, 3.8, and 3.5 x 106 psi, to the extent that realistic comparisons can be made, con-
sidering that there is no accepted method of determining the absolute value. The state
of stress in the rock for the CPC tests in drillholes was quite similar to that in the
other tests, and hence agreement was to be expected, confirming the outcome of the CPC
tests that correctly determined the G of a third cylinder. However, the authors believe
that CPC test results must be considered superior to those obtained from testing rock
cores because in the CPC tests the rock is virtually in an undisturbed condition.

It has been demonstrated that the cylindrical pressure cell, auxiliary equipment,
and test procedure provide a simple and convenient method for determining the modulus
of rigidity of elastic rock in situ. Since the test is made in a drillhole, the result
is free from surface effects such as blasting-induced fractures. Although the calcula-
tions involve the fractional change of volume of the dilated drillhole, it is unnecess-
ary in this procedure to caliper the drillhole or to measure the total quanticy of fluid
in the system. All the information required for calculating the modulus of rigidity of
the rock is obiained from pressure-volume measurements, using an ordinary Bourdon pressure
gage and 2 pressure control mechanism.

This technique 1is now being used (1) to make routine determinations of the modulus
of rigidity, (2) to study the influence on G of the volume of rock that is strained
during the t=zst (effect of cracks and other nonhomogeneitizs), and (3) to study the
stress-strain behavior of inelasti- rock materials.,
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APPENDIX F

THE MENARD PRESSUREMETER

This appendix has been abstracted, in part, from The Geocel Pressuremeter.

Interpretation of Pressuremeter Tests, issued by Geocel Inc., 11680

West 44 Avenue, P. 0. Box 316, Wheat Ridge, Colorado 80033 with the

permission of the Company.
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THE MENARD PRESSUREMETER

DESCRIPTION

The Pressuremeter is a borehole radial expansion device designed to measure soil
and rock properties including E, the deformation modulus. The main components are
(see Figures 1 and 2). '

A pressure-volumemeter cylinder
A probe _
"A length of coaxial tubing

It is operated by the gas pressure from a cylinder of carbon dioxide or nitrogen.

The pressure-volumemeter consists of a cylinder containing antifreeze to which a
scale 1s attached to measure volume changes, and a pressure gage. The gas cylinder 1is
attached to the pressure-volumemeter and to the coaxial tubing, aud pressure-volumemeter
is also attached to the coaxial tubing, both through a series of valves. This allows
gas to be released directly into the tubing as well as to be used to force liquid into
the tubing.

The other end of the coaxial tubing is connected to the probe. The gas and liquid
are under very nearly the same pressure, so that the gas in the annulus of the tubing
tends to restrict the expansion of the liquid tubing, and thus "harden'" the instrument.

The probe is a cylindrical metzl assembly securing rubber membranes arranged to
forr three independent cells conneci ' to the coaxial tubing. The central measuring
cell contains antifreeze under gas (and hydrostatic) pressure, so that the increase in
the volume of this cell is measured by the fall in 1iquid in the volumemeter at the
surface. The upper and lower cells, known as guard cells, expand under equal gas
pressure from the surface and thus avoid end effects in the central measuring cell.
Pressure and volume changes are read to a timed program, and the preliminary results
of the test are available 'at once.

CALIBRATION

The instrument is calibrated in two tests, the Compressibility Test and the
Inertia test.

The Compres§ibility Test is designed to determine the volume of liquid required to
compress the instrument at various pressure levels. The probe is placed in a rigid
steel tube (2 3/4" ID), and the pressure is increased in 5 kg/cm? steps from 5 to
60 kg/cm?, wifhgvoluﬁg”readings being taken at 15, 30, and 60 second intervals. The
pressure is theéh redirded to atmosph. -ic in 5 kg/cm? steps, with volume readings being
taken at 15 second intervals only. Compressibility of the unloading phase should be
about 80% of the comprcssivility of the loading phase. The compressibility volume
over a given pressure range is subtracted from the field test volume variaticn prior to
computing ,the deformation mcdulus E.

The Inertia Test is designed to determine the pressure required tc deform the

Instrument to various sizes. The probe is placed in an upright position with the
sheath completely unrestricted. A pressure of 1 kg/cm? is applied, and the volume
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Fig. 1. Schematic drawing illustrating the Fig. 2. The Menard Pressureplate.
principle of the Pressure Meter and

its operation.
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at 15, 30 and 60 second intervals. The pressure is then increased in 0.5 kg/cm2 steps,
with the volumes being read, until the total volume is 800 cm3. The pressure is then
released, with no unloading figures being taken. The total inertia should not exceed
5 kg/cm2. The pressure required to expand the probe to any given volume is deducted
from the pressure gage reading in a field test at that volume.

COMPUTATION OF THE STANDARD MODULUS OF DEFORMATION

For an increase in pressure dp, the wall of the boring hole increases in radius
by dU and they are related by the equation:

du = —1% (r_ + U) dp (equ. 42)

(see equation 6, Appendix E. This implies plane strain. Author's note)

'in which ¢ is the Poison's ratio, r, the radius of the hole at the beginning of the

test, U the increase in radius due to the increase in pressure to the pressure pj
at which is measured the standard Modulus of Deformation E.

E corresponds to the pseudo-elastic phase of the test; p, can range from po to pf
E is defined by:

d
E=(1+0) (r, + 1) 35

RELATION BETWEEN RADIUS AND VOLUME

As we measure volumes with the pressuremeter, we have to express E in terms of
pressure and volume changes.

Volume of measuring cell:
V=v'o+vm=-va=rm (r,+ )2 L

where v'o = volume of the empty measuring cell, vm = volume reading

L = length of measuring cell, va = volume compensation for plastic tubes

We have dV = 2 7 L (r, + U) dU

. = 2 d
then: E=21L (rg+U)2 (1+0) F
E=2 V (1 + o) de

dv

We can define a coefficient of compression K (v) variable with the volume of the
measuring cell and characteristic of a probe:

K(v) =2V (1l+y)=2(v'o+vm-va) (1 + 0) equation 45
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then: E =K (v) T

The modulus E is inversely proportional to the slcpe of the curve V = f (p) of
the pressuremeter test in the pseudo-elastic phase.

In this area the curve is generally a straight line and E is defined as an average
on the whole pseudo-elastic phase taking into account the average value of K.

In some materials (over consolidated clays, some sands, etc...) the slope of the

Curve can step up to 20% within the pseudo-elastic phase: 1in these cases different
values of E must be computed for different ranges of pressure.

COMPUTATION OF K (V)

As va is much smaller than v'o + vm (va< 3% of v'o + vm), it 1s usual to express
K (v) as so: K (v) = 2 (v'o + vm) (1 + o).

The EX (32 mm 0.D., L = 630 mm), AX (44 mm 0.D., L = 370 mm) and BX (60 mm 0.D.,
L = 210 mm) probes have been designed to have a same value of K - for increasing

values of diameter, they have decreasing lengths. The NX (70 mm 0.D., L = 210 mm)
has different values of K.

For o = 0,33 and for vm varying from 0 rv 800 cm3 the values of K (v) are as
follows:

TABLE II - 2

VALUES OF COEFFICIENT OF COMPRESSION OF THE PROBES K (V)

K (v) (cm3) for the probes

Vm cm3 EX, AX and BX NX
0 1,420 2,100
50 1,560 2,200
100 1,690 2,350
150 1,820 2,500
200 1,960 2,600
250 2,090
300 2,220 2,800
350 2,350
400 2,490 3,050
450 2,620
500 2,750 3,300
550 2,890
600 3,020 3,500
650 3,150
700 3,290 3,750
750 3,420
800 3,550 4,000
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These values can be computed for different values of o.

: The Standard Modulus of Deformation takes into account some rheological factors

=) due to the behavior of the soil during the test.
- COMPENSATIONS ON E

A rough value E1 is given by the diagram for the values of vm and pm read on the
. pressuremeter:?

= g dpm_
E1 Kdvm

But as between vm and vm + dvm, the value of Q4 (v) has varied by dqq (v) and
va by dva = a . dp, the right value of E is given by:

dp - dq; (v)
| E =K
[ dv - a . dp

Some transformations can be made:

l 1 49,
E,K%n___dp__
\'2
L 1 - adp
dv
dq, (v)
L L-—
dp
E=E
1
! l_a_dR
(. dv

1°) E is small (E< 100 kg/cm2) : weak soils

The contribution adp can be neglected.

dv
dq, (v)
E=E (Q-(Q- ip )
: @ e dq, (v) dv
1 dv dp
l AL )
1 dv E,

231




dq, (v)
dv

E=E1—K(V)

The correction is substraccive and depends only on the volume,.

A table of the correction to be substracted is given for the different probes:

dq, (v)
K (v) -
Vm (cm3)
AX Nude AX with split BX Nude NX Nude
tube
100 6 10 10 15
200 3 5 6 9
300 2 4 4 6
400 2 3 2 5
500 2 3 2 4
600 1,5 3 1,5 3
700 1,5 3 1 2

If this correction is neglected above 300 cm3, the relative error does not exceed
5% for non-compressible soils (E > 100 kg/cm2) and it can be neglected.

On the contrary, for very compressible soils, this correction is very important.

2° E is high (E > 1000 kg/cm2) : rock and rock masses

dq, (v)
The contribution ap can be negledted and
E =E S - = E L
1 dp 1 El
1l -a av l-a E_?;)

This correction is additive and depends slightly on the volume and especially on
the value of E; itself.

The value of a , for coaxial rilsen tubing is very small and depends mainly on the
compressibility of the rubber membrane and of eventual air bubbles in the water circuit.

When the filling of the pressurementer has been done roughly (which 1is usually
the case in the field), a = 0,1 cm3/Kg/cm2.

For Lhe measurement of high modulus in rock masses, a cautious filling has to be

performed and a check on the actual values of a as described later is recommended just
before testing and after testing.
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In these conditions for the ¢ 60 mm probe and with the current rubber membranes,
a realistic value of a is:

a = 0,03 cm3/Kg/cm2.

Charts can be made up for different probes, different volumes and different values
of a.

As a reference the following tables give the corrected values of E versus the
rough value E; for the NX probe ¢ = 70 mm, for a volume vm = 400 cm3 and for two
values of a:

a = 0,1 cm3/Kg/cm2

a = 0,03 cm3/Kg/cm2

E (Kg/cm2)

Ey a=0,1 a=0,03
Kg/cm2
1000 1040 1010
2000 2140 2040
5000 6000 5250
10,000 15,000 11,100
20,000 60,000 25,000
50,000 100,000
75,000 300,000

The measurable values of E are limited by the equipment and aspecially by the
probe. To be able to measure accurately high values of E, the value of K should be
increased and the value of a should be decreased.

GAUGING THE APPARATUS FOR THE DETERMINATION OF a:

The probe to be used is inserted in a tube which must be very rigid with respect
to the apparatus and of the same inside diameter as the boring hole.

The stiffness of the tube can be given by a very thick walled steel tube or by two
coaxial thin steel tubes welded together at their extremity and between which the same
pressure is applied as in the probe.

A test following the normal procedure is done, the pressure steps being of the same
scale as for the investigation in rock.

For very accurate studies, such a gauging should be performed in the field right
before and aiter testing.
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APPENDIX G

THE BOREHOLE DILATOMETER

This appendix is abstracted from

(i) T. E. 9 BHD-Borehole Dilatometer, Tests and Equipment, by
M. Rocha. Laboratorio Nacioual de Engenharia Civil, Lisboa,
Portugal

(ii) Memoria No. 339, Determination of the Deformability of Rock
Masses Along Boreholes, by Manuel Rocha, Antonio da Silveira,
Nuno Grossmann, and Emilio de {liveira, Ministerio Das Obras
Publicas, Laboratorio Nacional da Engenharia Civil, Lisboa,
1969

with the permission of the Laboratory. It may not be reproduced,

in whole or in part, without the permission of the Laboratory.
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THE BOREHOLE DILATOMETER

GENERAL DESCRIPTION

The Lnec dilatometer meets the following requirements: (i) is suitable for test
diameters from 74 to 82 mm aad for vertical depths down to 200m, and is still operative
in boreholes holding water; (ii) applies radial pressures up to 200 kg/sq.cm; and (iii)
measures the radial displacement of borehole wall to within um, alurg four diameters
459 apart. The BHD can be used in holes drilled in any direction, the maximum allowable
depth being less, the closer to the horizontal the hole.

-Fig. 1 is a diagrammatic drawing of the BHD longitudinal scction. The external
diameter of the apparatus is 70 mm in the zone that applies the pressure. This
corresponds to a 6 mm clearance in relation to the most frequent (NX) borehole diameter,
viz 76 mm. By pumping water betwcen the rubber jacket and the steel body, the wall of
the hole is made to withstand a uniform radial pressure, over a length of more than
seven times its diameter. Upon conclusion of each test, a realief valve, operated by
the water pump, draina the water previously fed to the jacket, thus allowing the BHD
to be moved into another test position.

Eight feelers to follow the radial displacement of the borehole wall are bound to
the jacket on generatrices at 459 intervals. The two cpposite feelers moving along
each direction are centred on cross sections 15 mm apart; the corresponding distance is
40 mm, for two feelers 45° apart. Each feeler is attached to the magnetic core of a
displacement transducer with a 5 mm stroke and the accuracy 1 ym. Once connected to
its reading unit the BHD has the overall sensitivity 2 dial divisions per micron.

The different parts of the apparatus are displayed in Fig. 2.

Fig. 3 shows the BHD testing equipment, complete except for the steel positioning
rods which install the apparatus inside the borehole, and define both its depth and
azimuth at the test point. While Fig. 4 shows the calibration setup, as used to de-
termine the sensitivity of each transducer, prior to carrying out a test program.

Typical BHD loading diagrams are presented in Fig. 5, where the ordinates are
pressures applied by the dilatometer, and the abscissae the corresponding radial
deformations along each direction of measurement. Assuming the tested rock mass to
be homogeneous, isotropic and elastic, the plotted diagrams yield the moduli of deform-
ability

E=(1+v)de
where v is Poisson's ratio of the rock mass, d is the diameter of the test borehole,

and e stands for deformation under the applied pressure, to be read on every diagram,
for the pressure interval selected.
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Sometimes, polar diagrams are also drawn to outline the building up and subsiding
of all measured deformations while the cyclic pcessure is applied. Such diagrams are
similar to the one depicted as Fig. 6, where diumetral deformations for two load
cycles were plotted for the applied pressure inserted in each curve.

When the envisaged approach calls for measurements along more than four diametral
directions, it is quite feasible to double-test each point in a borehole, i.e., to
test each point twice while installing the BHD at azimuthal angles 22.5° apart. This
technique provides aniesotropy fiqures such as are shown.in Fig. 7, in connection with
which a few anisotropy ratios may be defined.

GENERAL TECHNICAL DATA (%)
Dilatometer Weight:  about 12 kg.
Dilatometer body supports the rubber jacket, and houses the displacement

transducers and their electronic circuits. High~strength stainless stzel., Overall
dimensions: 800 mm x @ 64 m.

Rubber jacket applies the test pressure, and holds the eight feelers. lieoprene
with suitable hardness, resilience, and fatigue streagth. Tops prevented from extrud-
ing by special sleeves.

Relief valve sealed by O-rings on the dilatometer bc’y, closes and opens the water
system, at the far end of the body. Water-pressure operated. Stainless stael.

Displacement transducers follow the radial displacement of the feelers against the
borehole wall. LVDT type. Range: 5mm.

Electronic circuits feed the transducer primary coils, under 8 kHz, and rec-
tify and filter the displacement signals. Inside a water-tight compartment. Input:
18 volts DC. Sensitivity: 1 volt/mm.

Water pump via a 2-way valve, supplies eiiher the test pressure to the rubber
jacket or the operating pressure to the relief valve. Manucl, with two pistone for
facility of operation. Stainless steel and bronze. Two Boutdon manometers, with the
ranges 50 kg/ sq.cm and 300 kg/sq.cm, respectively, and 1% F.5. accuracy.

Reading unit selects the transducers, and measures the displacement of each core
relative to its coil assembly. Reads by the potentiometric compensation method, either
every transducer or the sums for both transducers belonging to each direction of
measurement. Fed by a 24-volt battery. Sensitivity: adjusted to 2 div./um. Accurzcy:
readings up to 50 um; 0.5 um; above 50 um, 2% of the reading.

Electrical cable connects the dilatometer to its reading unit. PVC-sheathed calle:
9 flexible conductors, 0.3 mm2 in section + 1 shielded conductor, 0.5 mm2.

(*) All specifications are subject to change without notice.
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Positioning rods convey the water to the installed dilatometer, besides transfer-
ring and controlling its azimuth. Tubular steel with screwed connections. House two
water-tight tubes, one for the water which supplies the applied pressure, the other
for the water that operates the relief valve.

Winch supported drum to coil the steel cable which ca~ries the dilatometer down
the hole to the test point. Overall weight: 60 kg. Cabi: diameter: 6mm. Maximum

load: 1000 kg.
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CALCULATION OF THE MODULUS OF ELASTICITY OF THE ROCK MASS. INFLUENCE OF FISSURATION

Suppose that the rock mass can be assumed to be homogeneous,. isotropic and elastic
and that the ratio of the length of the hole under the pressure applied by the dilato~
meter to the diameter of the hole is sufficiently great for the middle zone of the
tested volume to be considered in plane equilibrium. ‘he state of stress in-this zone
is the same that is induced in an infinite plate with a hole by a pressure p (fig. 3):

a2
o, =P —E- (compression)
r

al
Og==7pP 22 (tension)

Since oy + 0g = 0, stresses are zero in the elements of area normal to the axis of
the borehole in plane equilibrium.

As 0, and og decrease very rapidly with the distance to the axis of the borehole and
the ratio of the length of the borehole under pressure to the diameter of the hole is

é;g = 7.2, the preceding expressions are assumed to apply to the dilatometer developed.

The deformation of the diameter of the hole is given by the expression

A=21'£"ap (1)

where E and v are the modulus of elasticity and the Poisson's ratio of the rock mess.
The modulus of elasticity can therefore be obtained from the measured value of A by means
of the expression

E=2Tap

The application of the dilatometer glving rise to tensile stresses 0g which equal the
pressure exerted on the side walls of the borehole, a question to be investigated 1is the
influence of possible fissures on the value obtained for the deformation of the diameter
of the hole and consequently for the modulus of elasticity determined. Let us assume
that the pressure applied by the dilatometer gives rise to radial fissures which
extend to a distance b from the axls of the hole and make angles o with one another
(fig. 4). Assuming that fissures start from the two points A, they will hardly affect !
tensile stresses 0g at points B, so that it is to be expected that a slight increase of
the pressure p will give rise to two other filssures approximately perpendicular to the
first ones. As pressure increases, other fissures will successively occur.

In order to calculate the deformation of the diameter of the hole, it is assumed that
the state of stress in the wedge LM L'M' (fig. 5) at a point at a distance r from the axis
of the hole is

ap
Op =

T 0g = Trg = 0

and also that the distribution of stresses beyond a cylinder of radiue b ig the same that
arises in an indefinite solid with a holz of radius b subjected to a uniform pressure

241




Plug

0 rings

Linear differen;ial transformers Rubber jacket Al E Ao apBaRtd

}/ pipe
\“l Electric

Pipe for the liquid

:W///

R e e
7

da

contact h__ﬂhizuyliA Steel cylinder O ring under pressure
Relief
valve red
’ = 755
0=—#u-4yeystyrdo mn
FIG. 2

-

FIG. 4

FIG. 5 FIG. 6

242

L=s it

| OGS

U

+

i



p' =p %-. The deformation of the wedge in a radial direction is
b
o}
£ar =2 152
B dr E log s
of 8

and the deformation of the hole considered is given by expression (1), 1. e. it has the
value

bp' = 3P
E (1+v) = (1+v)

Therefore the deformation of the diameter of the hole in a fissured rock mass equals
twice the sum of the preceding deformations ‘

= 9 3P b
A =22 (loga+l+v) (2)

From the preceding assumptions on the distribution of stresses in a fissured solid,
a value of A' independent of the angle &, 1. e. of the number of fissures, and of the
azimuth 6 was derived. Therefore expression (2) 1s not correct but, as we are going to
see, its error is not considerable.

For that puspose the state of stress and the state of strain in the diameter of a
fissured plate with a hole were calculated by an integral numeric method recently
developed at the LNEC [7] for solving plane equilibria whatsoever. Consider the case of
a hole with a diameter 2a = 7.6 cm under a pressure p = 100 kgf/cm2 and with 2, 4, and 8
fissures with depths such that b amounts to 2, 4, and 8 (fig. 6). It 1s also assumed
a
that E = 100,000 kgf/cm2 and v = 0,2. The values of the deformation A' of the diameter,
computed on basis of expression (2), and of the deformation of the diameter at points P
and Q of fig. 6, designated by A'p and A'Q respectively, computed by that numeric
method, are presented in the following table; the values of the deformation of the diameter
in a solid without fissures are also indicated in the table in order to assess the accuracy
of the numeric method used.

Table 1

t

A' A'p A'Q AlR:%A_Q

b
Conditions 2y W (W (W)
2 fissures 2 142 130 82 106
4 194 192 86 139
8 246 254 94 174
2 142 132 101 117
4 fissures 4 194 182 134 158
8 246 246 200 223
2 142 142 140 141
8 fissures 4 194 194 214 204
8 246 236 242 239
No fissures n 90 90 90 90
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As seen, in the absence of fissures the deformation of the dirmeter as determined
by the numerical method coincide with the value derived from the Theory of Elasticity.
The table shows an excellent agreement between the values of A' and A' P, which corres-
pond to the points farthest removed from the fissures. Therefore in the particular
case in which the location of the fissures is known, very satisfactory results can
be obtained from expression (2), if measurements are taken at points P. On the other
hand, considerable differences are observed between A' and A'Q » except in the case of
8 fissures. Taking the mean Jf A'p and A'Q, tbis value is seen to differ by less than
20% from A', save in the -.se of two fissures. As the instrument aeveloped measures
deformations along four diameters, it makes possible to determine a mean deformation,
which, as we have just seen, fairly approaches A', all the more so as the case of two
fissures rapidly turns into the case of four fissures. It follows that, the values
of b and E being known, expression (2) yields a satisfactory value for the mean
deformation of the diameter of the hole and parameters o and 6 need no longer be taken
into account.

As seen, in a solid with a hole stresses are zero in the surface elements normal
to the axis of the hole. Yet when fissures occur, the state of stress in the wedges
thus formed becomes cr = ap , giving rise to a compressive stress amounting to T,=V0,

parallel to the axis of the borehole, as the equilibrium is assumed to be plane. There-

fore the radial deformation at each point becomes Sﬁ — Si - Ei (1——v2).
E E E

For the current values of v, vZ can be neglected, i. e. the influence of 0, need not
ba considered in the calculation of the deformation A' of the diameter of the hole.

Let us see now the influence of the fissures on the value of the deformation of the
diameter of the hole. The unit increase of the deforma“ion of the diameter due to the
occurrence of fissures is given by

A' —— A

1 1 —=—2*
A 1+v °87°717

.3 lo b
v g10 a

A' —— A

The values of

in percentage for difierent values of h-and assuming v=0.2
are presented below: a

b/a 1 2 4 6
'——
2 =% () 0 58 115 150

Therefore the influence of fissuring on the deformation of the diameter proves to be
very important. Notice however that, given the limited length of the borehole subjected
to pressure p, the value of b cannot be very large.

a
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o} béing the tensile strength of the rock and fissures being assumed to extend
down to a depth such that og = o, it follows that

a 2
p—-.b
g = [——h;z——;] =p . %- and therefore the depth reached by the
r=>5
fissure is b=a g

Consequently the deformation of the diameter is given hy the expressions

A=2%B(l+v) for p< o©

A' = %R (log §-+ 1+ v) for p >0

The curve representing the evolution of the deformation of the diameter in a test during
which fissuring occurs in the rock mass 1s presented n fig. 7.

The modulus of elasticity can be calculated from the linear stretch by means of
the expression ;

E = 2%2 (1+v)

Since for p > o, the calculation of E requires ascribing to the tensile strength of the
rock a value which as a rule is not reliable, it 1s very advisable to begin measuring A
at very small pressures in order to observe the linear stretch.

If the diagram obtained in a test does not begin with a well-marked linear stretch,
the modulus of elasticity has to be calculated by the expression

E=2§J.3 (1og£-+1+v)

where A' is the average of the values observed for the deformation of the four diameters.
As for the uncertainty of the value of o, notice that E changes very slowly with o.

If the rock mass behaves elastically and if failure obeys the theory assumed for
deriving the expression (2), the value of o can even be determined from the experimentally
determined curve of A' in function of p. In fact let us ascribe to the tensile strength
in the expression of Y not its true value ¢ but n ¢. The following expression is then
obtained in function of p:

£(p) =2§,R (1og;£—+1+v)

hence
=2 P ap 1
f(p) N (log 5 + 1+ v) +2A' log =
. = a —
f(p) = E+2 K% log =
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This means that by ascribing successive values to a ¢ and computing f(p) from experimental
values of p and A', a family of straight lines should be obtained and the true tensile
strength is the value of ¢ for which f(p} is constant. The existance of such a value of

0 will confirm the reliability of the expression determined for A'.

When stresses are present in the rock mass, their influence has to be taken into
account in the problem of the occurrence and propagation of fissures. Thus let us
consider in the plane perpendicular to the borehole a state of compression with the two
principal stresses with the same value 0]. A concentration of stresses thus arises in
the neighborhood of the hole with its maximum og = 2 o1 at the side walls, and con-
sequently 0 + 2 03 must replace o in the expression of A'.

When the two principal stresses are very different in magnitude, og will markedly
change with 6 and fissuring will occur preferably in the plane of the maximum principal
stress. It is then advisable to measurc the deformation of the hole approximately in
the direction of the maximum principal stress, i. e. about the plane of the two first
possible fissures, becaise this deformation, as seen in Table i, is little influenced
by fissures, and the modulus of elasticity can be determined from the expression of
A, 1. e. independently of o. In the case of rock masses anisotropic with respect to
tensile strength, it will also be advisable to take measurements perpendicularly to the
direction of the minimum tensile strength.

After the maximum test pressure has been attained, decompression proceeds along
the straight line A0 (fig. 7) provided it is assumed that tensile fissuration does not
give rise to important permanent deformations. When pressure is applied again, the
load diagram follows the straight line OA; if the applied pressure exceeds the maximum
of the preceding cycle, the diagram will bend beyond A resuming its logarithmic shape.
If the rock mass is subjected to a hydrostatic compression o], the diagram of decom-
pression will be AO', with an ordinate 2 o; at point 0'.

LABORATORY AND IN SITU DILATOMETER TESTS

In order to investigate the performance of the dilatometer developed and the accuracy
of the measurements, the instrument was tested inside a steel pipe. Accuracy was
assessed by comparing the values of the deformations of diameters of the pipe, as measured
by the dilatometer in the internal face and by mechanical 0.001 mm deflectometers in the
external face.

An overall view of the setup used is presented in fig. 8. It shows the leads and
the air and water pipes of the dilatometer connected through the top of the steel pipe,
the measuring instruments, the water pump that applies the pressure with the correspond-
ing pressure gauges, and the mechanical deflectometers that measured the diametral
deformation along the external face of the pipe. Due to the high sensitivity of the
strain measuring instruments used, the tests were performed in a conditioned room. In
order to determine more accurately the pressure applied by the dilatometer, several
pressure gauges with different maximum pressures were successivel, used.

The transducers of the dilatometer were previously calibrated, the calibration
diagrams obtained (fig. 9) being perfectly linear.
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The test inside the pipe showed that the different parts of the dilatometer were
operating in good conditions. Thus, pressure is radial and ig applied throughout the
surface of contact with the pipe; the air pressure system operating the transducer rods,
which are sucked in wher the instrument is applied in a Pipe or a borehole, and the
command of the water relief valve located at the base of the dilatometer were also
operating as planned.

The comparison of the values measured in the inside and the outside faces of the
Pipe confirmed that the instrument is entirely reliable and accurate. Thus, under a
pressure p = 80 kgf/cmZ, the average strain in the diameter of the pipe was 39.5u as
measured by the four transducers of the dilatometer, 39.0u as measured by the external
deflectoreter and 40y as calculated according to the Theory of Elasticity.

The dilatometer was tested in the field inside a borehole with a diameter 2a = 7,6cm
drilled in a very altered granite. The diagrams of the strains in two diameters at 45°
with one another in function of pPressure are presented in fig. 10. The other two measur-
ing units of the dilatometer yielded anomalous values, because, as seen later, their
rods were applied over fissures of the rock mass,

As for the diagrams of fig. 10 it is Aoteworthy that they are very similar and
regular for both the diameters observed, which is a proof of the accuracy of the measure-
ments. As seen, the diagrams obtained under the first application of pPressure are
markedly curved with the concavity directed towards the decreasing pressure. This
curvature, we believe, i1s caused by a progressive fissuration of the rock mass, which
1s to be expected due to the high pressure apslied and the reduced strength of the
rock. As shown, fissuration bends the diagram towards decreasing pressure (fig. 7) where-
as the raverse is true in current load tests, in which, due to the progressive consoli-

the rock mass is roughly elastic. It is worth noting that the unloading diagrams are
very similar to the current loading diagrams.

The permanent set in the first loading being very considerable, it did not seem legit-
imate to consider the diagram of the first loading as corresponding to the logarithmic
curve of fig. 7. It was preferred to determine the modulus of elasticity from the diagram
of the seccnd loading. As the linear diagram corresponds to a medium already fissured,

E should be calculated by the expression

E = 2%f§3 (log-g + 1+ Y)

Taking, in the left-side diagram of fig. 10, the strain A' = 605u = 0.0605 cm which
corresponds to p = 80 kgf/cmz, adopcting v=0.2 and for the tensile strength a value o =
5 kgf/em? and bearing in mind that, due to the nature of material and to the small depth
of “he tested zone, stresses in the rock mass should not be high, it is '

_ 7.6 x 80 80
E_—O—.—W (log 5+l+0.2)

=1
|

= 10,049 (2.3 logy, 16 + 1.2)

E = 32,600 kgf/cm2
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Notice that, for o = 10 kgf/cmz, the change of E 13 small with respect to the accuracy
of practical intcrest, becoming 32,960 kgf/cm2.

For the right-side diagram of fig. 10 a value E = 39,890 kgf/cm? is obtained like-
wise for o = 5 kgf/cm2.

CONCLUSION

The tests carried out with the dilatometer developed, although very few, proved
satisfactory.

The instrument seems to be of much practical interest, as it enables tests to be
carrled out in current boreholes for scvil exploration. As the tests are very quick,
deformability can be determined continuously along the borehole and can be considered
as a quality index of the rock formations.
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