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TECHNICAL REPORT SUMMARY
' Quasi-static loading experiments and creep tests were conducted under

confining pressure, in uniaxial compression and in uniaxial tension. Quasi-
static tests were performed on Westerly granite, Nugcet sandstone, and
4 Tennessee marble at confining pressures uo tc 10,000 psi. Creep was measured
on granite and Nugget sandstone in uniaxial compression and at 1,000 psi,
5,000 psi, and 10,000 psi confining pressurr.. Finally, creep tests were carried
t out on Westerly granite in uniaxial tension. Both axial and lateral strains,
a and €5 ® z3s Were measured in all experiments. The results obtained may be
summarized as follows:
? 1. Regardless of the state of stress, creep in granite was char-
acterized by the three stages of primary, secondary and tertiary
creep. In compression, creep accelerated gradually during tertiary
creep providing some warning that creep fracture was impending.
In uriaxial tension the tertiary creep was of very short duratien.
Consequently, creep fracture of granite subjected to uniaxial
A tension was sudden irrespective of the magnitude of the secondary
creep rate.
2. Creep in granite was non-linearly related to stress. In 211 com-
X pression tests a strong coupling was observed between shear

strains and volumet»ic strains, i.e. both strain components were

furictions of the shear stress and the mean stress. Creep in Nugget
¥ sandstone was further complicated by the fact that it was governed
by competing mechanisms, probably time-deperident compaction (pore
collapse) and micro-cracking. If generally true these results
x obviously invalidate most if not all existing time-dependent con-

stitutive equations for roc’ including the set of emperical formulae
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which were proposed in an earlier study, "Creep Fracture of

Rock in Uniaxial Compression", to describe the time-dependent

behavior of granite and sandstone in uniaxial compression.

In the ranges of shear stress and coenfining pressure vhich

were explored in creep tests on granite the shear strains and

the volumetiric strains always were of the same order of magnitude.
This fact has not been incorporated into any published creep law.
Shear-strains and volumetric strains during creep in granite in-
creased rapidly with increases in “he shear stress; they decreased
as the confining pressure was raised.

Although no tests were carried out at elevated pore pressure

it is suspected that creep is related to the magnitude of the
effective stresses, i.e. applied stresses minus pore pressure.

It is anticipated, therefore, that time-dependent deformations

in rock will be influenced by changes in pore pressure regardless
of the nature of the pore fluid.

Creep and creep fracture observations on granite indicate that the
times-to-failure at fixed shear stresses will increase by orders of
magnitude with increasing confining pressure. Hence creep fracture
is much less Tikely to occur under confining pressure than it is

in uniaxial compression. This suggestion is partly based on measured
cnanges of the secondary creep rates as a function of confining
pressure. In part it is also inferrec from increases in the limiting
creep strains which were estimated by means.of published complete
quasi-static stress-strain data for air-dry Westerly granite.

i
Time-dependent deformations in granite and sandstone were augmented ,if

by increases in water content. In uniaxial compression the secondary




creep rates in air-dry and water-saturated specimens were found

to differ by approximately two orders of magnitude. Comparisons

of the quasi-static behavior of both rocks indicate that the

effect of water might be equally pronounced at elevated confining

pressure. Finally,

8. A few measurements on granite samples containing artificially

Created tension joints suggest that creep on rough, unfilled

joints is negligibly small. The coefficient of friction on

such joints was found to increase with the time that the

joint surfaces were subjected to constant normil and shear

stresses. These observations corroborate resuits which were

recently published by Dietrich (16).

For the rocks tested in this investigatiun the practical consequences of

all results are relatively reassuring. Time-dependent deformation and failure
of competent rock are considered potentially hazardious only in tension and in
compressicn at high shear stress and low coﬁfining pressure (mean stress), i.e.
in the immediate vicinity of underground excavations. Their importance is
anticipated to decrease rapidly with distance awav from such openings unless
the effective confining confinement of the roct is lessened by pore pressure. As
a result it is deemed unlikely that large vime-dependent deformations and
assoziated load changes on support systems will occur. If it is assumed that the
mechanical behavior of rock masses typically is controlled by the properties
of joints, then it is further suggested that time-dependent effects become
insignificant unless time and water sensitive filling materials are encountered.
In the absence of such materials the stability of jointed rock appears to be

governed solely by its instantaneous response to changes in stress state.
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INTRODUCTION

Time-dependent rock deformation and failure are phenomena which are
poorly understood. Their practical significance is evidenced in such
situations as closure of mine openings, movements in foundations, or faylt
motions, etc. However, there is neither hard evidence to show that time
is a contributing factor nor are there proven time-dependent constitutive
relations which would permit Tong-term ground motions to be predicted. To deal
with existing ncertainties concerning the influence of time, a comprehensive
research project was initiated. In its first phase, this work was concerned
with time-dependent rock deformation and failure in uniaxial compression.
Based on reports that the presence of water will accentuate the time sensi-
tivity of rock, air-dry and water-saturated specimens were tested in quasi-
static loading experiments and creep tests. The results of this study were
presented in an earlier report entitled, "Creep Fracture of Rock in Uniaxial
Compression" (1). The data for three rock types, (Westerly granite, Nugget
sandstone and Tennessee marble), indicated that creep and time-dependent failure
are significant in rocks exhibiting Class II failure behavior. The presence of

water was found to increase creep quite markedly, and a‘ier 1,000 hours, the

strength of water-saturated specimens was observed to decrease to approximately

50 per ceni of the quasi-static compressive strength in the air-dry condition.
To predict creep and creep fracture in uniaxial compression, a set of
emperical, non-linear, time-dependent stress-strain equations were formulated
and a scheme was proposed to determine the fracture time of rock. This scheme
was based on the observation that stable creep strains in uniaxial compression
parallel to the loading direction are bounded by the post-failure strains of

complete stress-strains curves which are established in quasi-static experi-

-
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ments at strain rates of approximately 10-5/sec.

While satisfactory agreement was achieved between prediction and experi-
ment in uniaxial compression, the work conducted during the first phase of
this project had two obvious shortcoﬁings: (1) It was restricted to uniaxial
compressive loading and (2) only one principal strain component was measured.
Consequently, the conclusions derived from these earlier tests are difficult
to generalize ana leave several important questions unanswered: What is the
effect of the mean stress? How do volume and shear strain vary with stress?
How can the influence of water on the time-dependent behavior of rock be
described? 1Is it the same under confining pressuie as it is in uniaxial
compression? khat happens when one principal stress is tensile?

With these questions in mind, further exploratory experiments were
developed under confining pressure and in uniaxial tension. In addition,
tests were initiated on unfilled joints (artifically introduced tension frac-.
tures) to ascertain the time-dependent properties of weakness planes which
are believed to dominate the mechanical response of rock masses. Particular
efforts were made throughout this study to monitor all principal strain
components and, therefore, to provide data which would permit meaningful
mathematical models to be developed if they are needed.

Several short-cuts had to be taken to complete this research in spite
of the large variety of experiments and in spite of the limited amount of
funds and time available. First, the number of experiments in each category
had to be kept small. Secondly, tests were not conducted consistently on
either or both air-dry and water-saturaied rock. This was necessary because

some of the standard experimental techniques used failed in the presence

of water and because the development of new experimental methods had to be held

to a minimum. For these reasons, for example, only air-dry samples were

tested in uniaxial tension.




To attain a better understanding about the influence of water,

earlier
experiments were supplenented by tests on air-dry samples in uniaxial

compression. The results of these tests and data from new quasi-static

experiments also furnished a basis for the qualitative comparison of the

behavior of air-dry and water-saturated specimens under confining pressure.

Thus, the second year effort, “Creep Fracture of Rock ', is concerned

with time-dependent dc:formation and failure c¢f rock under a broad spectrum

of stress states. Complete sets of strain measurements were made and efforts

were undertaken to describe the influence of water in quasi-static and creep

experiments. Accordingly, this research was divided into four tasks:

1. Quasi-static and creep tests on water satiurated rock under confining

pressure

2. Creep experiments on air dry rock in uniaxial compression

3. Quasi-static and creep tests in uniaxial tension
4. Quasi-static and creep tests on jointed rock specimens

Finally, attempts were undertaken to delineate the damage to the rock

fabric in creep with the hope that such observations would suggest methods

by which impending time-dependent rock fracture might be predicted in-situ.

Cby e i
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LITERATURE REVIEW

An extensive discussion of past work on the time-dependent deformation

and failure of rock was provided in the earlier report entitled, "Creep

Fracture of Rock in Uniaxial Compression" (1). For the :ake of completeness

the reference list which was compiled then is included in this report as

an appendix.

Most published research into the time-dependent properties of rock has

focused on the development of sditab]e stress-strain relations which include the

influence of temperature (1). These equations are mainly based on measure-

ments of only one strain component and are Timited to either uniaxial com-
pression or tension (1-5, 19). The majority of equations appears to

be valid for constant stress rather than time-varying stress conditions

and all of them pertain *o competent rock. Only very few experiments provide
any clues concerning the time-dependent behavior of rock under confining
Pressure. Among these are the well known experiments of Griggs, Heard,
Serdengecti and Boozer, Le Comte and most recently of Goetze and Rutter

(19, 1, 3, 6, 7). The results »f these tests suggest that time-dependent
effects might become less prevalent under confining pressure than under uni-
directional loads. However, no definite conclusions can be drawn to date

because most of these confining pressure experiments concentrated on the

influence of temperature rather than pressure. Some of them were carried out

at strain rates exceeding 10'3/sec. so that extrapolations into the regime of
long term creep might be questionable.

Time-dependent fracture and the influence of water concentrations were
studied recently by Swolts (8), Martin (19), McCarter and Willson (9), and
Scholz (10) using sandstones or single-crystal quartz. The results of

these and earlier tests (Appendix) have established that time-dependent

_4-
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(delayed) fracture can be significant, especially in the presence of water.

They have also demonstrated that time-dependent fracture in rock, particularly
in silicate rocks, is due to progressive micro-fracturing and thus might be
predicted from the history of the micro-seismic activity prior to fracture.
This approach was taken successfully to vorecast a major slope failure in an
open pit mine in Chile (11).

Many of the results mentioned above were corroborated by observations
which were made during the first year of this study (1) as well as by
Haimson et al (12, 13) and by Peno ond Podnieks (14). It is emphasized,
however, that all of these data were obtained in uniaxial 1oading experiments.

Hence predictions of similar effects under confining pressure are speculative.

Since the inception of the research which is summarized in this report,
at least two investigators, Handin et al. (15) and Dietrich (16) have pub-
Tished results on the time-dependent behavior of joints. Specifically they
have considered the relationship between time and the coefficients of
sliding friction and stress drops past the onset of slip. In general, the
coefficients of friction of joints were found to remain constant or to
increase with loading duration depending on the roughness of the joint sur-
faces and on the amount of accumulated gouge. Stress drops during unstable
sliding on effectively smooth joint surfaces or on filled joints became
greater as well. Thus, for the type of joints which were studied by Handin
et al. and by Dietrich, it appears that the Tong-term ultimate strength of

joints might actually exceed the short-term strength.
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ROCK TYPES AND SPECIMEWS

Three rock types were used for the various tasks of this investigation:

Westerly granite, Nugget (Navajo) sandstone and Tennessee marble. A1l three

had previously been tested in uniaxial compression under quasi-static and
censtant loading conditions.

I,

Some basic rock properties are listed in Table

Cylindrical samples one inch in diameter and approximately 2.3 inch in

length were tested. Every specimen of each rock type was drilled in one

direction out of the same block. For Nugget sandstone, specifically, the

bedding planes lay perpendicular to the sample axes. A]] specimen surfaces

were ground prior to testing.

0.0002 inch.

The specimen ends were machined parallel to within

Both air-dry and water-saturated samples were used. Air-dryness was

achieved by exposing each specimen to room conditions at relatively constant

humidity ratios (0.0045 to 0.009) and temperature (73°F). The procedure for

water saturation is described in Reference 1.

Cylindrical "jcinted" spacimens were rbtained by inducing tension

fractures between line loads in rectangular blocks, gluing the fracture ]

surfaces and subsequently drilling cores. The freshly cored specimens were

then cut and ground to length and immersed into a solvent to remove all epoxy.

A1l joint planes were oriented at a 30° angle from the sample axes. The peak

amplitudes of asperities along the joints were approximatley + 0.020 in.




Rock Type Grain Size Porosity Major
(mm) (%) Constitments
Westerly granite 0.75 0.9 mica, quartz,

Nugget (Navajo
sandstone)

Tennessee marble

lar jer mode 0.135
~maller mode 0.07

~d

2.3 0.4

and anarthosite
(ref L53)

quartz

calcite

TABLE I. Rock Properties




DESCRIPTION OF EXPERIMENTS

Scope of Experiments

Time-dependent rock behavior was evaluated in creep ana creep fracture
experiments under confining pressure, in uniaxial compression and in uniaxial
tension. One loading system was available for each part of the experiment.
Creep tests on rock are known to be time consuming and plagued by con-
siderable data scatter. Therefore, it was impossible to study each of the
three rock types considered and to conduct an arbitrary number of experiments.
Instead, one rock, Westerly granite was singled out for a more detailed
investigation and tests were Timited to stress levels above which the
possibility of creep fracture existed. Both the selection of granite and
the choice of the stress range in which creep was to be studied was based on
the results of quasi-static experiments at a strain rate of order 10°° sec”).
In uniaxial tension these tests were performed on air-dry sracimens only. In
all compression tests the behavior of air-dry and water-sa’urated samples
was compared. In subsequent creep tests under confining pressure only
water-saturated specimens were used in which creep appeared to proceed most
rapidly and which, therefore, permitted a maximum number of data to be
collected in the time available

Loading Apparatus

Uniaxial Compression

A1l uniaxial compression tests were carried out in one 50 kip hydraulic

loading machine. During the creep experiments, the load was held constant
by means of a set of gas accumulators which were placed in series with the

actuator. Details of the equipment are described in Reference ].

Confining Pressure

Axial load was generated by means of a 115 kip actuator in a standard




loading frame. Confining pressure was applied in the pressure vessel depicted
ir Figure 1(a)). Tt accommodates samples one inch in diamoter by 2 3/4 inch
Tong. The sampies were loaded between two pistons of idantical diameter and
Jjacketed in Tocsely fitting polyurethane membranes. To test water-saturated
spacimens at reasonahly constant (atmospheric) pore pressura, all samples were
veated through small holes in the loading pistons.

Pressure was appiied by means of a hand pump and/or by means of a screw-driven
pressure regulator (Figure 1(b)). The design of the pressure regulator is
based on a similar design by W. F. Brace. To maintain constant pressure in
Tong-term creep experiments, the action of the pressure regulator was servo-
controlied (Figure 1(b)) using the output of a specially fatricated differential
pressure gauge (Figure 1(c)) as the feedback signal. A schematic of the entire
confining pressure system is included as Figure 2.

The Toading and pressure control procedure was effected as follows. As the
confining pressure was applied in the oeginning of an experiment, both ports of the
differential pressure gauge were open. After the confining pressure had reached
and stabilized a a pre-determined value, one side of the differential pri2ssure
gauge was isolated by means of a vaive (Figure 2). The pressure of the fiuid
entrapped in the isolated reference side of the differential pressure gauge then
provided a reference pressure which was maintained in the pressure vessel
(active) side through the action of the pressure regulator.

The key to the operation of the confining pressure system was the success-
ful design of a new differential pressure gauge (Figure 1(d)). This gauge had
to meet three requirements: (1) It had to withstand Tine pressures of at

least 15,000 psi; (2) its resolution had to be vetter than + 5 psi, and
(3) its overload range had to be no less than + 3,000 psi. The high

g
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overload capability was necessary to avoid any damage to the instrument

as a result of pressure surges during uncontroliled brittle rock fracture.

The adopted design employes a bellows and a Linear Variable Differential

Transformer (LVDT) as sensing elements.

Uniaxial Tension

The tension apparatus consists of a double acting hydraulic cylinder,

Spherco rod-end bearings and a ring-shaped load cell (Figure 1(d)). Each sample

was epoxied to the two cylindrical end pieces. The end pieces were then conn-
ected to the fixed and movable crossheads of the testing machine by means of a
short, threaded stud.  Two accumuiators which were placed in series with the
actuator served to apply load in quasi-static tests or to maintain a constant
lToad in creep experiments.

Specimen alignment proved to be a major problem. The strain distribution
in our specimens was never uniform in spite of accurate sample machining,
alignment of end-caps and rock samples, and several other measures. 1In
general, the axial strain which was measured at three points spaced at
120° around the circumference and midway between the specimen ends differed
by as muck as 14 per cent from the smallest observed reading.

Force and Strain Measurement on Competent Rock

Force was monitored simultaneously by means of strain gauge instrumented
load cells and with a temperature compensated Heise pPressure gauge. The Heise
pressure gauge which measured the pressure in the hydraulic actuators was

utilized mainly in lTong term creep experiments exceeding 24 hours.

Axial strain was measured either indirectly by monitoring end-to-end sample

displacements (compression tests) or directly by means of SR 4 strain gauges

(tension experiments). In uniaxial compression and in tension, the lateral

on tangential stvain was ascertained with the aid of SR ¢ strain gauges.

-10-
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In confining pressure tests, the lateral (radial) strain was determined
from measurements of the integrated radial sample deformation. This
technique was first employed by Crouch (17). It is based on the fact that
the volume adjustments of the confining pressure medium which are needed

to maintain a fixed confining pressure during radial sample deformation are
directly proportional to the (average) radial specimen strain. Thus, for

homogeneous specimen deformation it can be shown thai:

€, = €, = LAV - F
3 2 1 - €] ,:T]- (CZE.I + C3)F + (AR AS)K{:I (])
where
C.I =2 ARLR
v
C, = i
2 ES R
L _LR
T (i
3 2 LR
KR+Ks R LR S Lp-LR

The symh>1s in Equation (1) denote the following:
Ep = tangent (Young's) modulis of test specimen
AR = cross sectional area »f test sample
LR = length of test sample
Es’ vg = elastic constants of loading piston material
As = cross sectional area of loading pistons
L = effective internal length of pressure vessel
F = &xial force, and

£AV = cumulative, incremental volume adjustments of confining

pressure medium

s O
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According to Equation (1) the radial sample strain can be monitored if

it is possible to determine the volume adjustments of the confining pressure
medium. In our system this was accomplished simply by tracking the motion
of the servo-controlled i.e. automatically adjusted pressure regulator.

In this investigation the diameters of rock specimens and loading

pistons were matched (AR = As) and the strains encountered were small.

Under these conditions Equation (1) can be reduced to:

zaV
€9 = 63 = T] - C3F (2)

To verify the validity of Equations (1) and (2), four calibration tests
were conducted on standeard samples of aluminum, brass, and steel of known

elastic constants. These tests served to substantiate that C. = 2A,L

1 R°R’

to determine the constant C2 and to ascertain the effective value of L

which includes the unpredictable influence of all 0-ring seals. An additicnal
six calibration tests were carried out on standard samples of various lengths
and diameters.

The worst discrepancy among measured physical properties determined
indirectly as described above and directly by means of direct-bond strain
gauges was 1.8 per cent of the smallest observed reading. Generaily data
using both techniques agreed to within better than 1 per cent. The
Poisson's ratio of mild steel in the plastic range was determined only in-
directly as (.50 after strain gauges began to "peel" and render spurious,
excessively large readings.

Obviously, the scheme of radial strain measurement provided by Equation
(1) is valid only if the confining pressure systems is leak proof. To test
this, a hardened steel specimen was jacketed and subjected to constant axial

load and confining pressure for six days at the beginning and at the very end

-12-
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of this study. No net change in pressure was observed. Small, temperature
induced pressure variations were equal in the active and in the reference
sides of the differential pressure gauge and, therefore, rendered no false
readings.

Crouch (17) alluded to the accuracy of the above indirect technique
for monitoring radial strains in confining pressure experiments. Combined
With a servo-system the technique is also very economical. The savings
in set-up time and strain galiges is estimated to be $30 per test. The
method 1s particularly useful where strain gauges cannot be employed, for
example on wet specimens or when lai'ge strains are encountered.

Deformation Measurements on Joints

Characterizations of the deformation cf joints require that the re-
lTationships between the average normal stress, O and the average shear
stress, T,» On the joint on one hand and the average normal and shear
displacements, dn and ds’ on the other be measured. If the rock containing
the joint is homogeneous, i.e. if stress-strain data for competent samples
are reproducible, then the displacements dn and ds associated with the joint
can be calculated from comparative measurement of average axial and volumet:ic
strains of competent and jointed samples. To demonstrate this point, in Figure
3 shear stress is plotted versus strain. Strain here denotes either volume
strain or axial strain. Clearly, the difference in strain between the com-

petent and the jointed sample Ae at any stress level must be due to the joint.

From this difference the average normal deformation on a single joint is cal-

culated as

v
= A—R Ae (3)
J
sample volume, and

[

joint area

difference in volumetric strain between
competent and jointed specimen

-13-
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Once dn

is known, the average joint shear displacenent ds is given by the

relationship
1 .
4 - Ae] LR - dns1na (@)
B S C0Sa
? where LR = specimen length
| +
' a = (smallest) angle between s1ip direction and
specimen axis
; As] = difference in axial strain between competent and
3
1 jointed specimen
!
5
1 '-3
¥ §
%
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EXPERIMENTAL RESULTS

Quasi-Static Compression Tests Under Confining Pressure

A11 relevant data obtained in 42 experiments are summarized in Table
II. Figure 4 shows a typical original record of force versus axial and
radial strain (displacement) for air-dry Tennessee marble subjected to
1,000 psi confining pressure. Figures 5 and 7 depict typical stress-strain
cuirves for Westerly granite and Nugget sandstone. Figure 6 presents graphs
of stress difference 0y = o3 versus volumetric strain ¢ and shear strain
y=e]-e3

Complete stress-strain curves could be obtained only at 1,000 psi con-
fining pressure. This is partly due to the Jow stiffness of our testing
machine. Mainly this is attributed to the fact that the axial stress-strain
response which is crucial for manual fracture control was always masked by
the deformation of the loading pistons. The effect of the Toading pistons
can be taken into account in subsequent data reductions but not instantaneously
while an experiment is in progress.

The Tack of complete stress-strain curves at confining pressures above
1,000 psi severely hampered the study of time-dependent rock fracture.
According to a scheme described earlier (1) time-denendent rock fracture in
creep might be predicted once the total creep strain €c prior to the onset of
accelerated creep is known. The results of uniaxial compression experiments
indicated that an upper bound of the quantity € in turn can be estimated
from complete stress-strain curves as the difference in strain-between the
ascending and descending branches of these curves at any given stress level.

In the absence of such complete stress-strain curves such bounds could not

be established reliably.

._/5.
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At all pressures Tennessee marble sustained by far the largest st.ain
before a loss in loading beariny ability occurred. Its post-failure behavior
is clearly of type Class I (19). Thus, time-dependent failure sf marble was
judged unlikely in comparison with granite and sandstone (1). Also, Tennessee
marble appeared to be the least sensitive to the presence of water (Table II).

Both granite and sandstone exhibited very brittle behavior. Complete
Stress-strain curves obtained here at 1,000 psi confining pressure show that
the loops between the ascending and descending branches of the curves are
narrow compared with Tennessee marble and, therefore, that time-dependent
fracture in creep might occur within relatively short time spans.

The influence of water on the ultimate stress (peak stress) was approx-
imately equal in granite and sandstone. The ultimate stress of water-saturated
samples of both rocks was 10 per cent to 13 per cent lower than their strengths

in the air-dry state. This decrease in ultimate stress at the same externally

imposed strain rate of 0(10'5)/sec. indicates that time-dependent effects be-

come more pronounced in the presence of water.

It is noticeable that the granite data are more reproducible than the
results for sandstone. This observation above all governed the choice of
Westerly granite as the principal test rock in subsequent creep experiments.

The shear stress, C for which micro-cracking is proported to commence,
was determined for Westerly granite (Table II). The shear-stress C was
defined as the stress intercept of two straight lines drawn tangent to curves
of principal stress difference versus volume strain (Figure t). One line was
drawn tangent to the approximately linear portion of the curve below ore half
the ultimate stress; the other was drawn vertical through the point of maximum
volume compression (Figure 6). The value of C used here could be more readily
defined from the available experimental records than the true value which char-

acterizes the first departure of the curves mean stress versus volume strain from

the hydrostat.
-17-




Creep Experiments Under Confining Pressure

Fifteen creep experiments were conducted on water-saturated Westerly
granite under confining pressures of 1,000 psi, 5,000 psi and 10,000 psi.

A11 specimens were loaded axially at a strain rate of approximately 10'5/sec.
from a state of hydrostatic compression to the predetermined {constant)

creep load. This low strain (loading) rate provided some assurance that

no significant pore pressure would be generated due to slow drainage. The
duration of individual creep experiments varied between six hours and 500
hours.

A set of typical creep curves of €] and eg Versus time are presented
in Figures 8 and 9 for two specimens subjected to 5,000 psi confining pressure
and stress differences of 64,600 psi and 64,900 psi times the mean ultimate
strength in quasi-static compression. The data shown are representative both
for the regularity of individual sets of data and for the variability of the
results between tests. Throughout it was assumed that €3 = €y because the
radial deformation of all rock cylinders was approximately homogeneous.

Given enough time, creep in £ and €3 is characterized by the well
known stages of primary (transient) secondary ("steady state") and teriary
creep (Figure 8). However, tertiary creep and terminal creep fracture were
observed in only four experiments.

Primary creep, €111 and €3] Eop» Was most readily described by a
power function of time: )

ip = 101" : (5)
Approximate values of C and n were determined from double logarithmic plots
of strain versus time. Values which describe the axial strain €11 parallel

to the greatest applied compression are contained in Table III and in Figure

10. However, there is some evidence that the observed primary creep

3
&
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30
31
33

TABLE III.

25.

32.
381
36.
40.
58.
62.
64.
69.
69.
69.
69.
45,
85.
86.
95.

.1
.28
.63
.32
.02
.40
.73
.35
.43
.25
2.75
2.35
2.40
2.45

0.39 (0.11)
0.39 (0.30)
0.

39 (0.38)
.39 (0.41)

0
0.41
0.32
0.25
0.21
0.1
0.25
0.19
0.36
0.23
0.27
0.30
0.52
0.14
0.1
0.23

. n
Primary Creep Data ey = 10t for Water-
Saturated Westerly Granite as a Function of

Stress-State.




Secondary Creep Rates, sec.|

911 “eq1 RS |
10713 ? ? ?
10712 ? ? ?
10711 ? ? ?
10710 ? ? ?
Tor= 2 ? ?
1077 ? ? ?
1076 ? ? ?
1.8 x10710 | 6210710 | 345 | 1.06x10°9 |6,
6.65x10710 ? ? N
1.26x107° | 6.46x10°% | 513 | 1171070 | 7.
2.82x10°8 | 9.0 x1078 3.19 | 1.s2x1077 |1,
3.97x10710 | 3.86x10710 | 0.97 | 3.75¢109 7.

-10 -10 -10

1.56x10 2.9 x10 1.86 | 4.24x10719) 4,
5.60x107'0 | 3.42x107 | 6.06 | 5.28x10°0 |3,
1.03x10°8 | 1.76x108 | 1.1 | 2.49x1078 | 2.
1.98x107° | 3.78x1072 1.91 | 5.58x107% |5,
4.27x1070 0 14070 | 267 | 1.asa0 |1
3.08x107'0 ) 5.2 10710 | 102 | 7.0 x10710g.
1.13x1077 | 3.33x1077 2.9 | 5.34x1077 |4,
8.63x107° | 1.04x1078 1.20 | 1.22x1078 |1,
4.5 x1071% | 35310710 | 0,78 | 2.56x70710] g

6.66x10710 | 7.5 10710 | 113 | 8.74x10710)4

TABLE IV. Seconuary Creep Data for Water-Saturated
W.g. as a Function of Stress State.
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phenomena were distorted by strain hardening which occurred during the slow
initial loading process (as opposed to ins:antaneous 1load application). For
this reason the examination of the creep data from confining pressure tests
concentrated on the secondary creep stage. A1l measured secondary creep
rates for granite are listed in Table IV.

Some of the results in Table IV were cross-plotted in iigures 11 to 14
in an attempt to relate the secondary creep rates é]II to shear stress, con-
fining pressure and mean stress. In Figure 11 the assumption was made that
the secondary creep rate is of the order of 10'5/sec. when the ultimate
strength is reached in quasi-static compression. Best fits to the axial
creep data in Figure 12 were used to construct curves of constant creep rate
gy = o3 oy - (03 + C)

7 ’03)a (_2—_90'm), and( 2 ,O'm) in

Figures 12 through 14. Figure 14 characterizes one of several unsuccessful

in the spaces (

attempts to "normalize" the experimental results.

A comparison of the data in Tab]é_IV suggests that the rates of lateral

volumetric and shear strains, é371, éII and fII exhibit the same trends with
changes in the above variables a; the secondary creep rate é]II' This is in-
dicated in Figure 15 where the shvar stress is plotted versus the secondary
volumetric and secondary shear creep rates.

For comparison of the creep behavior of rocks of different porosity,
three creep experiments were conducted on water-saturated Nugget sandstone
(7 per cent porosity) under 5,000 psi confining pressure, and at gy = 03 = 49,700

psi and oy = o3 = 56,200 psi, i.e. 0.81 and 0.92 times the ultimate strength

“n quasi-static compression. Creep curves €1 and €3 Versus time for two
specimens subjected to the same stress difference o) = o3 = 49,700 psi are '

shown in Figures 16 and 17. Ubviously, the results are drastically different.

-21-
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Stress Secondary Time to
-0 g;igl greep F?;l:;e
(10° psi) (Sec_];ll
1 8.55 x 10712 51,200
1.1 not recorded > 480
1.2 1.5 x 107 40
o2 2.1 x 1071 > 300
1.2 3.3 x 10710 4.5
1.2 3.2 x 107 30
1.2 not recorded 72
* 1.3 data not resolvable > 340
1.3 data not resolvable > 610
1.4 3.1 x 1078 0.17
1.4 not recorded 0.33

TABLE VII.

Secondary Creep Data, &
Times for Air-Dry Weste
Uniaxial Tension.
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This fact is attributed to time-dependent compaction and differences in loading
histories; prior to deviatoric loading samples A and B were held under hydro-
static pressure for periods of 16 hours and 72 hours, respectively.

Creep Experiments in Uniaxial Compression

Creep experiments were performed in uniaxial compression on air-dry
Westerly granite (14 tests) and Nugget sandstone (6 tests). The test
é durations ranged from 35 hours to 1,300 hours. Typical creep curves for
" both rocks were presented in an earlier report (1). A1l pertinent data
obtained are presented in Tables V and VI. A comparison of the secondary
creep rates é]II of air-dry and water-saturated Westerly granite is shown
in Figures 17 and 18. The results for Water-saturated samples were generated 3
f in an earlier study (1). Primary creep results for air-dry and water-saturated

C. n. :
granite are compared in Figure 19 assuming that éiI =10 't T, 4

G

Quasi-Static and Creep Experiments in Uniaxial Tension

Tension experiments were performed on air-dry Westerly granite only
after Nugget sandstone was found to fail at widely fluctuating stress levels

along weak bedding planes perpendicular to the specimen axes. Approximately

one half of the granite tests had to be discarded because of fracture along
the glue lines between the sample ends and the metal end-caps both during
quasi-static loading and in creep. The mean quasi-static tensile strength

of six granite specimens was 1,440 psi, Plus 8.8 per cent minus 7.2 per cent

of the sample mean. The wide range of "tensile strengths” is attributed to

uneven loading. A typical quasi-static stress-strain curve is depicted 1in

e S o m o e e T
el s e e N o S

Figure 21.

Creep and creep fracture experiments were conducted in the range from
- 1,000 psi to 1,400 psi. The test durations varied between 0.3 and 1,200

hours. The few "valid" results cbtained are summarized in Table VII and

75
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suffice to demonstrate the tremondous data scatter. Lateral (circumferential)

creep strains could never be resolved, i.e. they were less than 25 x 10'6.

The axial creep strain to failure varied from 3.8 x 10—4

at 1,400 psi stress
and 5 x 107 at a stress of 1,200 psi.

Quasi-Static and Creep Experiments on Jointed Rock

Quasi-static and creep experiments were conducted on three specimens
of air-dry or water-saturated Westerly granite each containing one unfilled
joint inclined at 30° relative to the direction of greatest compression.
The quasi-static data provided estimates of the static coefficients of
friction at the onset of macroscopic sliding which are indicated in Table
VIII. They also permitted the average normal and shear displacements dn
and dS on the joint to be determined as functions of the average normal and
shear stresses on the joint o and Ty respectively, (Figures 3, 22, and 23).
Creep tests on the joints we"e carried out under 3,000 psi confining
pressure at (1) two levels of stress difference prior to the development
of macroscopic s1ip, and (2) at a stress difference of 0.8 times the ultimate
strengtt, but after s1ip had occurred under quasi-static loading conditions
and some gouge had accumulated. The results of test (1) are shown in Figure

24. No creep was observed in experiment (2) over a period of 24 hours.




b

Sample Confining Coefficient
Number Pressure Friction
02 = 03 H
(103 psi)
J-2 ] 1.00
(Air-Dry)
3 0.90
5 0.80
J-4 ] 1.05
(Water saturated)
3 0.86
J-3 3 0.96
(Water-saturated)

TABLE VIII. Coefficients of Friction for
Joints (Artifically Induced Tension
Fracture, Roughness, +0.020 in.)

in

Westerly Granite as a Function

of Confining Pressure.
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D4 SCUSSION

Creep Under Confining Pressure and in Uniaxial Compression

The presentation and discussion of the results of all creep tests is
difficult for three reasons. (1) The number of data points in any category of
experiments, confining pressure, uniaxial compression and uniaxial tension
tests, is small and the results of repeated experiments is obscured by con-
siderable scatter. If more data were to be generated it would be necessary
that either the project duration be extended or that several tests stands
be fabricated to multiply the data output per unit time. (2) The form of
the relationship between the time-dependent strain components, €1> €57€3s €,
ory = ey - €3 Or between the time rates of the strain components on one
hand and stress state (0], 0p = 03s 01 - og om) and time on the other is not
readily recognized. (”) The presentation of some of the creep data is tased
on the assumption that the secondary creep rate is approximately 10'5/sec.
when.the ultimate strength is reached in quasi-static compression. This
assumption is reasonable but not unquestionabte.

The inspection of all results which were gathered in confining pressure
experiments leads to several key observations. Regardless of the magnitude
of the creep strains in granite, obviously they are a non-linear function
of stress. For example, Figures 11 and 12 demonstrate that a doubling of
the stress difference increases the creep rate é]II by factors of approximately
five and an unknown multiple of five under constant confining pressure and
fixed mean stress, respectively. It is equally apparent that the volumetric
strain ¢ and the shear strain v are of the same order of magnitude, i.e.
neither can be neglected (Table ITI, Figure 15). The problem is further

complicated by the observation that shear stress and volume strain are




functions both of the shear stress and the mean stress. It follows directly

from Figure 15, for example, that a change of the shear stress at constant
confining pressure or at constant mean stress will effect the volumetric
strain quite markedly. In fact, Figure 15 suggests that the magnitude of
the change in ¢ will exceed the amount of change in y at shear stresses
greater than the values at points A, B and C in Figure 15 at 1,000 psi,
5,000 psi and, 10,000 psi confining pressure. The coupling of shear strain
and volumetric strains clearly provides further evidence that the time-
dependent stress-strain behavior of granite is non-lirear.

The creep response of Nugget sandstone finally indicates that creep in
some rocks might be a result of competing effects. In Nugget sandstone these
effects are likely related to simultaneous pore collapse and micro-cracking
S0 as to produce net volume changes which are positive (dilatancy), negative

(compaction) or zero depending on the previous stress history (Figures 16 and
17).

Essentially all creep in granite and Nugget sandstene was non-recoverable.

The greatest amount of recovery at zero deviatoric stress over a 54 hour
period amounted to 5 per cent of the total accumulated creep strain prior
to unloading.

The comparative creep behavior of granite and sandstone in uniaxial
compression and under confining pressure is suggested by the results for both
air-dry and water-saturated specimens. Most notable the data in Table III
and in Figures 11 through 14 indicate that the axial and Tateral creep and
with it the time-dependent changes of the volumetric and shear strains slow
down as the confining pressure is raised. In addition, the ratios of
lateral to axial strain and of volumetric to shear strains in creep drop

markedly with increasing confining pressure. This is attested in Figure
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15 by the progressive shift of the points A, B, and C at which éII = QII to

the right. Therefore, the observations of large ratios é3II/é]II’ for example,
in uniaxial compression are consistent with the trends seen in confining
pressure experiments. If creep at stress levels above approximately half the
ultimate strength is dye to micro-cracking, then it is reasonable to assume
that the change in the strain ratios é3II/éIII etc. is primarily due to the
change in micro-crack density, orientation of micro-cracks and possibly to a
change in the mode of crack growth from cleavage to in-plane shear.

It is noted that volumetric and shear strains in uniaxial compression were
measured on air-dry specimens only. Although the creep in these samples
proceeded more slowly than in water-saturated specimens it is assumed that
the ratios of these strains are comparable no matter how much water is present.
Hence, the above comparison of results for Water-saturated rock under confining
pressure and for air-dry samples in uniaxial compression is considered
permissible.

The effect of water is demonstrated by the results in Figures 18 through
20. In Figures 18 and 19 the logarithm of the secondary creep rate élII is
plotted versus the uniaxial compressive stress o (Figure 18) and versus the
lagarithm of the stress (Figure 19). The data have too much scatter in both
graphs to determine whether the relationship between creep strain and stress,
is an exponential or a power function of stress. Nevertheless, it appears that
the difference in water content between air-dry and water-saturated specimens
amounts to approximately two orders of magnitude in the secondary creep rates
at any given stress leve] (Figure 18). Because the per cent difference in
the ultimate Strength of air-dry and water-saturated granite is nearly the
Same regardiess of the magnitude of the confining pressure, it is likely that

the effects which are indicated by the data in Figures 18, 19 and 20 are not
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restricted to uniaxial compression.

Creep in Uniaxial Tension

Relatively 1little can yet be said about the creep of granite in
uniaxial tension. Creep may again be divided into primary, secondary and
tertiary stages if tertiary creep is interpreted as the onset of fracture.
Without exception the transition between secondary creep and fracture
Tasted no more than a few minutes. Latera] strains €3 = €, Were always
too small to be resolved. Axial creep proceeded at varying rates between

10']2/sec. and ]0'9/sec. The greatest accumulated strain was 5 x 1074

prior to fracture.

Response of Joints

The data on jointed granite clearly demonstvites the usefulness of
standard confining pressure experiments to determine the mechanical properties
of joints unde. quasi-static as well as constant loading conditions. Data
on the relationship between normal and shear stress acting on joints and
associated average normal and shear displacements had previously been ob~

tained only in direct shear tests.

known fact that open joints are both considerably weaker and more compliant
than competent rock. However, surprisingly the joint compliances (one
divided by joint stiffness) which were measured under confining pressure were
less than the Joint compliances commonly recorded in direct shear experiments.
This discrepancy will have to be resolved considering that the two types of
experiments amploy different Toading paths and that the superimposed hydro-
static pressure in confining pressure experiments tends to provide stronger
interlocking of asparities along the joint surfaces.

According to the results of Table VIII it appears that the presence of

water increases the strength of joints in granite. This observation may be
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merely related to experimental scatter. However, it seems to be in line with

results published by Swolfs.

Below the ultimate strength the influence of time on the deformation of
urfilled rough joints was limited to negligible slip of less than 10-3 over a
period of eight hours. No further joint motion was observed between eight and
thirty-two hours when the creep experiments were terminated. Zero joint de-
formation was measured on a joint which had previously been loaded to the
ultimate strength under 3,000 psi confining pressure.

.At the end of each creep experiment the axial sample load was raised to
the ultimate strength under constant confining pressure, and the coefficient
of sliding friction was calculated. This friction data suggests that the co-
efficient of sliding friction increased slightly on rough essentially clean
surfaces as a function of time during which the joint stresses are held fixed.
The friction coefficient appeared to remain unaltered when the joint surfaces
contained some powdery detritus as a result of quasi-statically induced
slip in earlier phases of the experiments.

Time-Dependent Fracture

Creep fracture, times-to-failure and strains-to-failure were observed
in only four experiments under 1,000 psi and 5,000 psi confining pressure at
Stress differences which ranged from 75 per cent to 96 per cent of the ultimate
strength. The failure times varied between eight hours and 120 hours. In all
experiments creep proceeded stably even after the total accumulated strains
had reached magnitudes which were up to five times greater than the failure
strains in uniaxial compression at equivalent levels of stress difference,
for exemple 0.8 times the ultimate strength. Because of the small number of
creep fracture observations and because of the lack of complete sets of
complete stress-strain curves it is impossible to extrapolate the few creep

fracture results or to prove the validity of a hypothesis which provided
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upper bound estimates for the fracture times of three rock types in uniaxial

compression. This hypothesis is based on the assumption that time-dependent
failure occurs when rock has been straired a critical amount. Moreover, it
stipulates that the greatest allowable strain prior to fracture under constant
environmental conditions is primarily a function of the state of stress. This
means that the time-dependent failure of rock might be predicted by comparing
the time-dependent deformations with the allowable strains. The tire-dependent
strains can be calculated from suitable constitutive equations. Upper bounds
of the allowable strains in turn are established in controlled quasi-static
experiments as the difference between the pre-failure strains along the
ascending branch of complete stress-strain curves and the post-failure strains
along the descending branch of complete stress-strain curves.

Although the validity of the above hypothesis could not be adequataly
tested under confining pressure or in uniaxial tension, there are at least
two reasons which still suggest that it has merit. (1) In three tests on
granite under 1,000 psi confining pressure the strains to failure, €] and
€5 = €y agreed very closely with the "allowable strains, e.g. eq = eé
(Figure 5). eé in Figure 5 equals the axial strain difference between the
pre- and post-failure strains at the same stress difference in quasi-static
compression for water-saturated Westerly granite under 1,000 psi confining
pressure. (2) Published complete stress-strain curves for air-dry Westerly
granite (18) suggest that the upper bound of the allowable strain eé increases
as the confining pressure is raised. For example, when the stress difference
oy = og is 75 per cent of the ultimate strength, eé increase; from approximately
6 x 10'4 in uniaxial compression to 4 x 10'3 under 3,000 psi confining pressure
and to apprcximately 6 x 10'3 under 12,000 psi confining pressure. Considering

that the allowable strain eé becomes greater and that the creep "slows down" F
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with increasing confining pressure, it appears reasonable to postulate that

creep fracture is a much ‘ess likely under confining pressure than it

is in uniaxial compression. This reasoning might well explain why creep

fracture generally did not occur in our confining pressure experiments.

Obviously, the prediction of creep fracture in tension is open to

question by any prediction scheme. The tests on granite merely suggest

that the existence of a stress level, here 1,200 psi or 83 per cent of

the uniaxial tensile strength, below which creep fracture is unlikely to

develop in air-dry specimens. This apparent cut-off s.ress is probably

sensitive to water content.
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IDENTIFICATION OF FABRIC DAMAGE

The quantitative characterization of fabric damaga

due to localized

rock fracture is an exceedingly difficult task. Once a specimen has reached

the ultimate strength or has undergone a substantial amount of creep it is

usually easy to recognize "some signs" of damage. For example, both Specimens

in Figure 25 exhibit sets of incipient shear fractures which are visible

on the sample surfaces. However, to date all efforts to express such evidence

of localized failure in terms of numbers which are readily derived in ultra-

sonic velocity tests, resistivity experiments or others have met with limited

Success at best. Most importantly, no way has yet been found to relate rock

damage uniquely to a given stress state or loading history provided that such

one-to-one relationships exist.

In this study fracture damage identifications were sought in two ways.

(1) Polished sample sections were prepared from five granite and two sand-

stone specimens. These polished sections were viewed under a microscope

both before and after the sections had been treated with a fluorescent die.

(2) Ultrasonic velocity measurements (Vp) were carried ott on seven specimens.

On each specimen velocities were determined along four directions spaced at

45° intervals perpendicular to the direction of greatest compression.

Measurements were made on undeformed specimens (standards) and on samples

which had been deformed quasi-statically and in creep.

A11 microscopic observations which included measurements of crack

densities and micro-crack orientations proved to be totally inconclusive.

Above all, it was impossible to draw unambiguous distinctions between

cracks and open or closed grain boundaries which gave even surfaces of unde-

formed specimens a "crushed" appearance. It is suspected that this confusion

is at least partly due to poor polishing which was handled commercially and,
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therefore, could not be adequately controliled.

The value of all ultrasonic Teasurement is equally in question. They

merely confirmed what could be observed directly. At 5,000 psi confining

pressure, granite specimen No. 71 (Figure 25(a)) which had been deformed

Just beyond the ultimate strength, was more intensely fractured than

specimen No. 107 which had been lToaded to only 98 Fer cent of the ultimate

Strength. Hence the ultrasonic velocities in sample No. 7] perpendicular

to the direction of greatest compression were Tower than the velecities

along equivalent paths in sample No. 107 (Figure 26). The velocities in spec-

imen No. 103 (Figure 25(b)) which had undergone creep for 375 hours at a stress

difference of 0.8 times the u]timate.strength, lay between those in samples 107

and 71 (Figure 26). This observation could have been predicted from a

cursory visual inspection of the specimen after the completion of the ex-

periments. It strengthens earlier contentions that creep at high stress is

dominated by micro-cracking. However, it says nothing about the details of

the fracture patterns, about the similarity batween micro-cracking in creep

and quasi-static loading experiments or about methods which might be suitable

to predict impending time-dependent rock fracture in Situ.




SUMMARY AND CONCLUSIONS

This research had the very practical objective to evaluate whether
or not time-dependent deformation and failure of rocks need to be
considered in the total design of underground structures. To achieve this
objective quasi-static, creep and creep-to-fracture experiments were con-
ducted on air-dried and water saturated Westerly granite, Nugget sandstone
and Tennessee marble under three different stress states: Uniaxial compression,

compression with superimposed confining pressure and uniaxial tension. Both

axial and lateral strain measurements were made in all experiments.

The results of these tests indicate that time-dependent effects of the
rock types studied were noticeable, particuiarly in the water saturated state.
However, these effects were subordinate when compared with the instantaneous
rock response. Time-dependent deformation and the 1ikelihood for time-dependent
failure decreases drastically with confining pressure. Thus, in field situa-
tions time-dependent phenomena are considered appreciable only in the immediate
vicinity of underground structures where at least one of the principal stresses
is near zero. Time-dependent deformation and failure could become potentially
hazardous at elevated pore pressure, i.e. if the effective mean stress is
small.

Due to constraints in time and funding and because the influence of
time in granite, sandstone and marble was judged subordinate, no efforts
were made to model the observed time-dependent response. However, all data
suggest that the observed volume and shear strains are complicated non-
Tinear functions of shear stress, mean stress and time which do not obey any
of numerous published mathematical models proposed for rocks to data.
Specifically, the results suggest that valid time-dependent stress-strain

relations will have to be based on complete strain measurements under
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several different stress states. Uniaxial loading experiments and measurements

of one strain component by themselves are inadequate and misleading.

It is emphasized that the above conclusions pertain to three specific
rock types. While the behavior of these three rock types might be quali-
tatively representative for ¢ large class of so-called hard rocks, the
results presented here do nc’ always apply, for example to shales or to
rock salt. Furthermore, the data in this report are restricted to room

temperature behavior and the validity of the effective stress law was implied

but remains unproven.
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FIGURE 1.

Experimental Equipment (a) Pressure Vessel; (b)
Pressure Regulator and Servo-Control System;
(c) Differential Pressure Gauge; (d) Tension
Apparatus
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FIGURE 3. Schematic Comparison of S:ress-Strain Responses
of Competent and Jointed Rock.
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FIGURE 5.
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Quasi-Static Stress Strain Curves for Westerly

Granite under Confining Pressure of 1,000 psi
and 5,000 psi (strain rate ¢y = 107/sec. )
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STRESS DIFFERENCE , x 103 psi.

0 2 4 6 8 10 12 14 I6
STRAIN, 1073

FIGURE 7. Quasi-Static Stress-Strain Curves for Nugget
Sandstone under Confining Pressure of 1,000
pis and 5,000 psi (strain rate €y = 10-%/sec.)
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FIGURE 10. Some Primary Data for Water Saturated Westerly g
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FIGURE 11. Shear Stress Versus Secondary Creep Rate ¢

for
Water-Saturated Westerly granite at Confin”&& Pressures
up to 10,000 psi (69 MN/m<)
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FIGURE 12. Curves of Constant Secondary Creep Rate é]II
for water-Sagurgted Westerly Granite in
1°3
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FIGURE 15. Shear Stress Versus the Time Rate of Change of

Volumetric and Shear Strains during Secondary
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FIGURE 18. Secondary Creep Rate €111 versus Stress for
Air-Dry Westerly Granite in Uniaxial Compression
(Semi-Logartihmic Representation),
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FIGURE 20. Some Parimary Creep Data for Air-Dry
Westerly Granite in Uniaxial Compression
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FIGURE 21. Typical Quasi-Static Stress-Strain Curves
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Average Normal Stress on Versus Average Normal
Displacement d, for Rough Tension Joint in Water-
Saturated Westerly Granite Cylinder in Quasi-Static
Confining Pressure Experiments (dy > 0 denotes dJoint
Closure).
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FIGURE 25.

Visible Fracture Patterns in Water-Saturated
Granite at 5,000 psi Confining Pressure. Loading
Histories: (a) Quasi-Static Loading Just Beyond
Ultimate Strength; (b) Constant Stress Difference
o] - 03 = 69,900 psi (96% of Ultimate Strength)
for 375 Hours.
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FIGURE 26.
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DIRECTION OF
MEASUREMENT

Polar Plot of Ultra-Sonic Velocities Perpendicular to
o] in Water-Saturated Westerly Granite at 5,000 psi
Confining Pressure. Loading Histories: Sample 71,
Quasi-Static Loading just beyond Ultimate Strength;
Sample 107, Quasi-Static Loading just below Ultimate
Strength; Sample 103, Constant Stress Difference
01-03 = 69,900 psi (96% of ultimate strength) for 375
Hours. Velocities are Normalized with Respect to
Average Undeformed, Standard Sample.
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