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ABSTRACT

Samples of Barre granite were creep tested at room temperature
at confining pressures up tc 2 kilobars. The time to fracture in-
creased with decreasing stress difference at every pressure, but the

rate of change of fracture time with respect to the stress difference

increased with pressure. At 87% of the short-term fracture strength, \\

*

the time to fracture increased from about 4 minutes at atmospheric
pressure to longer than one day at 2 Kb of pressure. The inelastic
volumetric strain at the onset of tertiary creep, A, was constant
within 25% at any particular pressure but increased 7ith pressure in
é{)'w ( a manner analogous to the increase of strength with pressure. At the
onset of tertiary creep, the number of cracks and their average
length increased with pressure. The crack angle and crack length

spectra were quite similar, however, at each pressure at the onset of

tertiary creep.
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Several theories of static fatigue are all found to a&equately
explain the data. They suggest that the activation enthalpy for the
stress corrosion process which controls the creep rate increases with
pressure. The creep strains are best fit by power functions of both
stress and time. Risking the extrapolation to longer times, the data
suggest that creep rupture in the upper crust is possible only if de-
viatoric stresses of several kilobars can be maintained for millions
of years, if substantial pore pressures can lower the effective
pressure, or if temperature substantially increases the rate of stress

corrosion.



INTRODUCTION

The effects of mechanical, chemical and structural variables on
the fracture strength of rock are well known, having been studied to-
gether and separately to a great extent. The effects of many of these
on the time-dependent deformation of rock are less well known. In par-
ticular, the effect of external or confining pressure on static fatigue
and creep rupture has not been systematically investigated independent-
ly of the other variables.

The problem of the pressure effect on static fatigue is most im-
portant in the upper crust, becoming subsidiary to temperature effects
with increasing depth. The transition depth, where creep rupture is no
longer possible owing to increasing ductility, is unknown. It is sig-
nificant that dilatancy caused by microfracturing occurs in crystalline
rock at pressures up to 8 Kb [Brace et al., 1966] and temperatures up
to 400°C [Hadley, 1975a]. Microeracks can coalesce to produce macro-
fractures in granite at P-T conditions at least up to 5 Kb and 400°C
[Tullis and Yund, 1277]. Unrealistically high differential stresses
are required at these pressures, however, unless static fatigue, by
whatever mechanism, has lowered rock strength.

Early work on this problem by Griggs [1936, 1939], and Robertson
(1960] on limestone, gypsum and marble concentrated only on transient
creep where the creep rate persistently decreases. In this stage,
strain appeared to be proportional to the logarithm of time under load,

but the proportionality factor was a function of the applied stress



difference (maximum stress minus confining pressure). Increasing the
confining pressure decreased the creep rate while increasing the max-
imum stress, at any particular pressure, increased the creep rate.

The data indicated a change in the mechanism re .nonsible for static
fatigue from dominantly microfracturing below 2 kilobars to some com-
bination of ductile and brittle deformation at higher pressures. Most
of these tests were performed with loads that were periodically in-
cremented so the effect of sustained stress difference was mixed with
the effects of strain history.

A large number of uniaxial creep tests (confining pressure equal
to one atmosphere) have been performed on the silicates, but even now
few data exist at higher pressures. Most of these are for high tem-
perature tests where primary interest is centered on steady-state flow;
for reviews see Carter and Kirby [1978] and Heard [1976]. In this
regime, the strain rate is nearly constant and is usually described
by an Arrhenius type equation where the proportionality constant is
in fact a function of stress. The functional form is usually given as
the stress difference raised to some power.

The middle ground, from room temperature and pressure to those
relevant to the upper crust, is almost barren. Williams and Elizzi
{1976] have tested gypsum at a constant maximum stress of 400 bars,
varying confining pressure from 1 to 300 bars. Cogan [1976] has tested
limestone and shale at low axial loads and pressures up to about 40

bars. The most complete data come from Wawersik and Brown [1973] and



Wawersik [1972] who tested a granite and sandstone at pressures of 70,
350 and 690 bars pressure at room temperature. Creep rupture at

these pressures was observed in only four experiments. Pressure de-
creased both the primary and secondary strain rates at all stress dif-
ferences employed. Strain was described as proportional to a power
function of time under load with the exponent less than unity.

It is apparent that pressure acts to inhibit creep deformation and
will increase the time taken to initiate rupture if all other factors
are constant. Is there a relationship between.the pregsure effect on
the short-term strength of rock and its effect on static fatigue? How
do we account for the pressure effect in existing creep equations and
theories of static fatigue? With the answers to these questions as its
goal, an experimental program was initiated several years ago to exam-
ine both the microscopic and macroscopic effects of pressure and stress

difference. The current results are given in this paper.

EXPERIMENTAL PROCEDURE

By preparing and testing one rock type (in this investigation,
Barre granite) in a consistent manner, most of the effects of strength
factors other than pressure and stress difference can be neutralized.
All samples were cored from two separate blocks in a direction perpen~
dicular to the rift plane. Block A was the same block used by Kranz

and Scholz [1977) for their uniaxial experiments; their results will



be incorporated within this report. Samples from the two blocks had
nearly the same pressure dependent fracture strength. Grain size,
initial crack density and bulk compressibility were similar. Thus
variability attributable to using separate blocks is discounted.

Cores were right circular cylinders, 3.46 t .02 cm in diameter
ana 8.9 t .1 cm in length. They were soaked in acetone and dried
under ambient laboratory conditions. Several days before testing they
were jacketed with thin copper. Electrical resistance strain gauges
with effective gauge lengths of both 1.27 cm and 2.54 cm were cemented
to the jackets without regard to any specific preferred crack orienta-
tion within the sample. Gauges were aligned to measure strain paral-
lel (ez) and perpendicular (er) to the cylinder axis.

Volumetric strain (AV/V) was determined in three ways. The
parallel and two perpendicular gauges were connected directly on the
jacket; the output was assumed to be proportional to the volumetric
strain. In addition, the individual outputs from two separate paral-
lel and perpendicular gauges were externally added electronically to
measure the volumetric strain. Under stress, rock deforms anisotrop-
ically, especially while dilating [Hadley, 1975b] and these two sup-
posedly redundant methods often gave different results. Therefore
an additional averaging technique was employed. Because the initial-
ly circular cross section becomes progressively more elliptical, where
possible the principal strains perpendicular to the cylinder axis were

determined. Instead of using AV/V = Zsr +te, volumetric strain was



calculated using AV/V = ey v e, v e where € and erz.'are the
principal strains of the plane perpendicular to the z axis of the
cylinder.

Experimentally, the horizontal 2.54 cm gauge intended to record
circumferential strain, gave a value somewhere between the two radial
principal strains, usually near the maximum, so that. volumetric strain
calculated using it was too high. Volumetric strain from the 1.27 cm
gauges connected on the sample gave a value close to that calculated
using the principal strains, probably because the effective gauge
length of this configuration covers more than half the sample circum-
ference. Both € and €, from the 2.54 cm gauges as well as AV/V from
the 1.27 cm gauge configuration are reported. Strains are given with
respect to the pre-load, hydrostatic state.

Excepting the uniaxial tests of Kranz and Scholz [1977], all
samples were deformed in the same hydraulic servo-controlled appara-
tus. The axial load, applied through a piston to the ends of the sam-
ple, can be preset to reach and maintain a specified value (withim 1
bar) at a specified loading rate. In additiom, a hydrostatic confin-
ing pressure can be applied and maintained constant independently of
the axial load. Kerosene was used for the confining medium. The
loading procedure for each sample, again excepting the uniaxial tests,
was the same, First, a hydrostatic pressure of 100, 250, 530, 1000

or 2000 bars was applied to the sample. Next a few additional bars

were applied to the ends of the sample to seat the piston against it.



A load was selected and applied at 100 bars sec™!. For a fracture
test, the load was set high enough to achieve fracture. For a creep
test, the load was set at a value of from 957% to 752 of the stress
achieved during the fracture test at the corresponding pressure. At
each pressure, at least one test was made at 872 of the stress differ-
ence achieved during the fracture test.

Several tests at 530 bars and 1000 bars of pressure at 877 of the
corresponding fracture strengths were stopped at, or shortly after,
the onset of tertiary creep. The sample was unloaded and internal sec-
tions of the sample removed for examination with the scanning electron
microscope (SEM). These tests were made to augment others by the au-
thor [Kranz, 1979a] on samples fatigue tested under atmospheric pressure.
The same sample preparation and crack-counting techniques were used.

The strains €es €, and AV/V were recorded continuously on strip
chart recorders. Both € and €, from the 2.54 cm gauges were recorded
against the output from an external load cell. Individual values of
strain are accurate to * 10~“, Load cell output was accurate to 2%.
No effort was made to increase the load to offset increases in cross-
sectional area of the sample which may have reached 2X%. Thus actual
values of stress difference reported are accurate only to within 42,
Confining pressure, measured with both a Heise gauge and a BLH pres-
sure transducer, was maintained constant and known accurately to
within 12.

Times to failure and times to the onset of tertiary creep (where

strain rate starts increasing) were recorded. In practice, picking



the onset of tertiary creep is a matter of laying a straight-edge
against each of the strain vs. time records and deciding where the
slope changes from concave downward to concave upward. Usually the
radial strain (er) curves show this inflection point before either

the longitudinal strain e, or volumetric strain curves. Tertiary creep
onset time reported here is the time after loading has ceased to the
earliest inflection point on any of the strain curves. The accuracy
of this time and the failure time depends on the length of the exper-
iment because recorder speed was chosen on this basis. Uncertainty

is estimated at 0.1%.

OBSERVATIONS AND ANALYSIS

Table 1 and Table 2 present the data from the fracture and creep
tests, respectively. Notes at the bottom of each table explain the
column headings. Fracture strength as a function of confining pres-
sure is shown in Figure 1. Figure - shows the logarithm of creep rup-

ture time in seconds as a function of the applied stress difference

in kilobars at four different pressures.

Rupture times and theories of static fatigue

Based upon their experimental work on quartz [Martin, 1972;
Scholz, 1972] Scholz and Martin proposed that the static fatigue of

rock could be described by



- -G B
te =t PHZO exp GGy ko) (1)

vhere te is the time to failure in seconds, PHZO is the partial pres-
sure of water presumably in the cracks, o is the applied stress in
kilobars and tyr O E and k are constants. Equation (1) is based on
data taken at atmospheric pressure and there is no reason to believe
the constants are independent of pressure or that one can substitute
stress difference for the ¢ term. The data presented in Table 2 pro-

vide a valid test of equation (1), even though the initial P was

H,0
not very well controlled; the sample was prepared under ambient
laboratory conditions.

Equation (1) can be rewritten in the form
log (tf) = A + Bo 2

where A = ln [t P %1 4+ E/2.303 RT and

H,0
B = -k/2.303. Table 3 lists the values of A and B derived by
fitting equation (2) to the data of Table 2 and also Wawersik's [1972]
data for water-saturated Westerly granite (WG). Uncertainties for the
slopes, B, are the standard deviations on the fit. Within these

limits k doesn't change very much. There is a strong pressure depen-

dence in the A term, however, and this may be due to either a decrease

in PHZO or increase in activation energy. Significantly, the com-

pletely saturated granite has the lowest A value.

10
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Subjected tc a hydrostatic confining pressure cracks close, squeez-

ing out some of the air and moisture within the rock. thx'dcviatotic
stresses cause dilatancy, Puzo
open. As there is a small increase in the amount of dilatancy at the

decreases within the cavity spaces which

onset of tertiary creep with increasing pressure (A2 in Table 2), it is
quite likely that part of the pressure dependence in the A term of equa-
tion 2 is a result of lower PHZO values. Equally possible is an in-
crease in the activation energy term in (1) with pressure. Scholz and
Martin neglected to include a pressure term in their formulation because
their tests were all performed at the same pressure. In (1), E should
be replaced by E* + PV* where E* is the activation energy for the rate
governing process, P is pressure and V* is the activation volume.

Cruden (1974] derived a static fatigue law different in form from
equation 2. He started by postulating that the strain at the onset of
tertiary creep is constant. We defer a discussion of this postulate
until the next section. Further, he assumed that the time to the on-
set of tertiary creep is proportional to the time to fracture. Anal-

ysis of the data in Table 2 shows this hypothesis cannot be rejected

at the 952 confidence level. Thus we assume
alT - tf (3)
and using a power law dependence of strain on time and stress,

€(T,0) = az = €, t agoNTm
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Combining this with (3) leads to
te =8, 0 (4)
or

log te = A' +B' log o (5)

m
1 2, (a2 - ¢) -N
with A' = = log | ——m————— and B' = —
m a3 m

In his model [Cruden, 1970] N and m can be related to the stress
corrosion rate and microcrack population. Equation 5 was fit to the
data in Table 2. The values for A' and B' are given in Table 3 assum-
ing that 0 = 0y - 03,

Does equation 2 or equation 5 fit the data better? Two estimates
of goodnegss of fit have been calculated. The first is simply the mean
square residual /MSR) hetween the predicted value of log te aad the
real value of log te- The smalleyr this value is, the "tighter" the
fit. The second estjimator, RZ, is a measure of how close the model
comes to fitting the data exactly. If the model were the '"correct"
one, R? would be unity. R? is the square of the multiple correlation
coefficient [Draper and 5.¢th, 1966; page 62] and can be used as a
measure of the adequacy of the model to fit the data.

Table 3 indicates that bo'h equation 2 and equation 5 can be made

to fit the data adequately. (A computer program employing double
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precision was used.) They ere equally "coriect" sctatistically at any

particular pressure. Wher. all the data (excepting that for WG) are

used, however, assuming ¢ = 0; - 03, both equations 2 and 5 are very

poor because of the additional pressure dependence in the coefficients.
The similarity of the forms and the fact that stress corrosion

of cracks j the foundation of both theories, leads or» to inquire if

another, more general, model could be as adequate for predictive pur-

poses. Several models were chosen. The best one had the form
log te = a" + B"01P + C"03S (6)

This model reduces to equation 2 if 03 < <g; and P is near unity.
Table 3 indicates that equation 6 is much better than equations 2 or
5 at fitting all the data but it still has room for improvement

(R = ,81). Note that P has a value close to one so it is easy to
see a direct correspondence between the functional forms of the co-

efficients in equations 6 and 2.

Inelastic strain

It is now well established that creep in brittle rocks is a con-
sequence of microcracking [Scholz, 1968; Ci~.iden, 1970; Wu and Thomsen,
1975], even under pressure [Lockner and Byerlee, 1977]. Since crack-
ing is an inelastic process, attention should be focused on the in-

elastic part of the recorded strain. Kranz and Schelz [1977] sug-



14

gested that the inelastic volumetric strain is a measure of the
crack density within the rock.

Tables 1 and 2 list the inelastic stra:l.ncom.ponentse*z and e*r
as well as the inelastic volumetric strains A. Figure 3 shows the
inelastic volumetric strains at each pressure and stress difference.
For the fracture tests, A was recorded near the failure stress, just
prior to the point where the fidelity of the strain gauge readings
became questionable; that is, near the point in stress-strain space
where the instability leading to failure occurred. These points are
plotted as open symbols in Figure 3 at the cr/oc value where they were
measured. The solid symbols are the A; values calculated or measured
at the onset of tertiary creep in each creep experiment.

Kranz and Scholz [1977] claim that if a critical crack density is
to be associated with an unstable condition within the rock, the in-
elastic volumetric strain at the onset of the instability should be
roughly constant, independent of the applied stress. 1In Table 4 this
hypothesis is evaluated at each pressure. The standard deviation of 2
at each pressure is less than 10% of the average except for the uniax-
ial data. The correlation coefficient between o/cc and A is small, and
aT test shows that the hypothesis of a linear correlation between c/oc
and A can be rejected at each pressure. Thus it seems that the insta-
bility can be marked by a critical dilatant volume, but the magnitude
of this inelastic volume is a function of pressure, at least up to 2 Kb.

A comparison of the inelastic volumetric strain near the instab-

ility in the fracture tests with that at the onset of tertiary rreep

"
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is made in Figure 4 as a function of pressure. The value of A in the
constant-rate fracture tests depends, of course, on the stress level
chosen to mark the instability. Even taking this into consideration
there is a rise with pressure in the dilatant volume which the rock
can stably sustain. Brace [1978, Table 2] and Brace et al. [1966,

Table 3] show a similar result for other rocks, and Wawersik and Brown
{1973] also found the maximum al’>wable strain increases as confining
pressure is raised. Analogously, there is an increase in A with pres-
sure at the onset of tertiary creep. Tue dilatant volume at the insta-
bility is the same within a factor of two in the two different tests.
Even considering the uncertainty in determining this instability with
strain gauges, it suggests that a similar critical crack demsity, or
some other crack ensemble parameter, must be achieved in both test
types before the crack ensemble becomes unstable. Whatever happens to
the crack ensemble in the last 2-5% of a constant-rate test probably
also occurs in the tertiary phase of static fatigue.

The process of accumulating crack volume is initially slower in a
creep test, and apparently allows more strain to build up than in the
fracture test., Wawersik and Brown [1973] and Scholz and Koczynski
[1979] have also reported larger accumulated strains in creep tests than
in faster, constant loading rate tests. In the next section we give ob-
servational evidence that the increase in dilatant volume sustained with

pressure is related to size and number of cracks.

SEM Observations of Cracks

By sropping uniaxial creep experiments at various times and then

sectioning the sample, Kranz [1979a] was able to study the trend of
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crack growth as a function of time using the scanning electron micro-
scope (SEM). Average stress-induced crack lengths increasea with time
as much or more than they did upon loading. In addition, crack inter-
action with other cavities seemed to increase with time. It was sug-
gested that near the onset of tertiary creep crack coalescence was more
important than individual crack growth in determining rock stability.
Almost all stress-induced cracks were extensional.

In this study, the stress-induced crack length and angle spectra
were compiled at the onset of tertiary creep for samples subjected to
the same o/cc value (87%) as the uniaxial samples, but at confining
pressures of 530 and 1000 bars. Analysis was done on block A samples
only. The data are compared in Figure 5 and tabulated in Table 5.
Note, in Table 5, that though only half as many traverses across the
sample area were made on the two samples subjected to pressure, at
least 307% more cracks were counted. In addition, the average crack
length in the latter was greater, though crack length was extremely
variable. The number of cracks with lengths greater than 500 um was
greater in the samples subjected to pressure. Average width was only
slightly greater and also quite variable. The average angle to the max-
imum stress direction and the spread of crack angles was the same.

Figure 5 makes these points more clearly. One hundred represen-
tative cracks are presented. Each unit is one <rack counted within
the appropriate 50 um x 10° slot. The histograms are quite sim-

ilar. Most short cracks are within 30° to the maximum stress axis
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and the longest cracks are within 10°. Those cracks at angies greater
than 30° are invariably short. At the higher pressures, there are
more of these. This roughly corresponds to the slight increase in the
ultimate fracture angle as pressure increases (Table 2). Many of

these short, off-angle cracks were linking cracks, joining longer omnes.
The histrograms show that at the onset of tertiary creep, the crack
ensemble has a definitive character and, with the exceptions noted,

it is the same near the onset of the instability independent of pres-

sure.

Creep equations

Time-dependent deformation, whether in metals, ceramics or rocks,
has been described using one of three different equation forms: loga-
rithmic, inverse exponential or a power function with exponent less than
unity. Often a steady-state factor, proportional to time under load, is
added on. At least within the rock mechanics literature, there is no
consensus as to which is the best for predictive purposes. Each has
its own phenomenological derivation and historical precedent [see re-
views by Misra and Murrell, 1965 and Cruden, 1971]. It therefore
seemed prudent to try all of them. This is essentially the same ap-
proach taken by Arfrouz and Harvey {1974]. They concluded that equa-
tions with time appearing to a power gave the best fit to the data
for rocks such as coal, limestone and sandstone. Cruden [1971] reached
the same conclusion. He also concluded that the steady-state term was

insignificant.
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All of the above curve-fitting exercises were conducted on uni-
axial longitudinal strain data. As it seemed possible that strain
perpendicular to the applied load might not follow the same equation,
or that the equations might change with pressure, all the strain data,
at all pressures were fit using least-squares regression techniques.
Strain was fit as a function of time starting one second after the
loading and up to the onset of tertiary creep. The results may be
stated as follows [Kranz, 1979b]:

1. At all pressures, either
e(t) = A+ Blog t + Ct ()

or

e(t) = A + Bt” + Ct (8)

could be made to fit the data to a degree much better than
the accuracy of the data.

2. Using several criteria for goodness of fit, equation 7
fit "best" about 507% of the time for the €, component but
only 257 of the time for either €. Or AV/V for the uni-
axial experiments. The remainder of the data was best
fit by equation 8 with or without a Ct term.

3. Equation 8 without the Ct term almost invariably gave the
"best fit" at higher pressures for all strains. and when it

didn't, including the Ct term made it the best.
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4, In all cases where a term proportional to time was.uecessary,
the proportionality constant was of the order of 1076 or
less when time is given in seconds.

5. The coefficients A, B and C were strongly stress-dependent.
The stress or pressure dependence of m in (8) remains un-

clear.

Since equation 8 was most successful an attempt was made to find
the o; and o3 dependence of the coefficient B. Transient creep at
higher temperatures [Carter and Kirby, 1978] has most often been

written in the form
Nm
e=B0t exp (-E/RT) 9

Therefore, alil the data were refit, using an iterative technique
[Kranz, 1979b], to the form
N.m
e(t, 01,03) = a + B(oy-03) t (10)

The results for equation 8 are given in Table 6. Equation 10, given in
Table 7, is only a fair model and there still may be a pressure depen-

dence within the coefficients. It suggests that

e(t, o1, 03) =a + f3(01Nl - CJSsNa)tm 1)



might be better. Equation 11 has the additional virtue of broviding
a quick estimate of the relative effects of ¢; and o3 on the creep
rate. To determine the best valuesof ¢, 8, Nj, N3 and m simultane-
ously requires 5 pieces of information, or 4 at every time t. As

oy and 03 were not changed during an experiment, equation 11 cannot
be uniquely defined from this data set. An experiment where o3 is
incrementally changed, for example, is needed to find the relative
values of N; and N3. If we accept the m value for each experiment
as defined by equation 8, however, then it is possible to fit B in

equation 8 to the form
B = 8o ! - 03d) (12)

using all the data with m as an additional input. We find N) = 4.2,
Ny = 5 with 8= -1.1 x 107® fore and Ny = .5, N3y = 1.5 with

B = 4.15 x 10-3 for €. The fits are poor (R? =.4), however, probably
because of the large covariance of N, N3 and m. As a result, little
meaning can be attached to these values, other than to say that the
strain rate, being proportional to B, is affected more by o3 than by

O1.
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DISCUSSION

The effect of pressure

As this and many other studies have shown, confining pressure
increases the differential stress which a rock can sustain before
fracturing. If a stress difference less than the fracture stress is
applied, confining pressure increases the fatigue time. If we take
into account the increase in strength with pressure, is this suffi-
cient to allow us to predict the static fatigue time? That is, if
we normalize the applied load to the short-term breaking strength at
the corresponding pressure, will the data lie on a common fatigue
curve?

Figure 6 shows the log of the failure time as a function of the
applied stress difference normalized to the maximum stress difference
sustained in the fracture tests at the corresponding pressure. The
best-fit lines from Figure 2 have been redrawn on this new stress axis.
Some of the lines intersect at high stress as a result of data scatter
and different amounts of time to complete loading. The slopes, how-
ever, indicate that the pressure effect increases with increasing
pressure. For example, at an applied load of 87% of the fracture
stress (symbols), the time to failure increases with pressura2. Note
also that the water-saturated granite (WG) is more susceptible to
stress than the nominally dry granite.

It might be argued that since microcracking and crack coalescence

are the basic mechanisms of brittle failure in both the short-term
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strength test and the creep test, then the pressure effect on crack
growth and coalescence should be the same in both tests. This may
not be so. Pressure does not affect the nucleation of microcracks
but it does increase the energy barrier to be overcome for continued
propagation [Francois and Wilshaw, 1968]. The difference between the
creep test and rapid fracture test lies in the method of overcoming
the energy barrier. In the fracture test, the energy is supplied by
the continuously augmented deviatoric stress. The cracks are, in
a sense, driven to greater lengths and interaction. At constant
stress difference (creep test) cracks propagate into a stable posi-
tion and stop [Brace and Bombolakis, 1963; Martin, 1972], and furth-
er growth occurs when the energy barrier is lowered by stress cor-
rosion reactions at the crack tip [Hillig and Charles, 1965]. Thus
in the fracture test, crack growth and coalescence are limited pri-
marily by the stress rate while in the creep test they are limited
by the corrosion reaction rate or by the rate at which corrosive
agents can get to the crack tips [Martin, 1972].

In order to understand the effect of pressure on static fatigue
as indicated by Figure 6, microcracking is considered to be a ther-
mally activated process. Lindholm et al. [1974] show that fracture
is controlled by such a process. As such, it occurs at a rate pro-
portional to exp(-AH/RT)f(c) where AH is the activation enthalpy
associated with the energy barrier at the crack tip, and (o), a
function of the applied stress, is usually given as exp(Ko) or cN.
AH = E* + PV* where E* is the activation energy, V* is the activa-
tion volume and P is pressure. Thus pressure acts to decrease the

rate at which work is done at the crack tip.
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One way pressure could affect static fatigue is through its effect
on the stress corrosion process. Stress corrosion is a thermally act-
ivated process [Hillig and Charles, 1965] which occurs at a rate pro-

portional to

oo [t ]

where, to first order, AH' = E* - (g; - 03)V* and AH = E, - va/o
where y is the crack surface free energy, Vm is the molar volume
and p i{s the crack tip radius. Thus deviatoric stress increases
the corrosion rate while any factor which decreases p or in-
creases Y will decelerate the corrosion process. The effect of pres-
sure on the corrosion rate is not specifically accounted for in this
formulation and must come through its effect on AH (by changing ¢ for
example) or by some additional PV* term in AH'. Dehart and Liebowitz
{1968] have shown, for example, that stress corrosion is retarded by
pressure in some metals, but little other evidence is available.
Besides increasing the crack propagation energy required and the
fracture toughness [Schmidt and Huddle, 1977], pressure increases the
mean normal stress on any plane within the rock. This would be impor-
tant if friction were a factor in crack growth. The vast majority of
stress-induced cracks in both constant rate and creep tests are exten-~
sional, not shear cracks, however [Tapponnier and Brace, 1976; Kranz,
1979a}, so the increased normal stress is probably more of a factor in
closing crack walls. If a crack closes under pressure, the transport

of fluids and gases through the rock is reduced and this will have an
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incidental effect on the corrosion process during creep if new crack
surfaces cannot be reached by corrosive agents.

In a creep test, the rate of individual crack growth which is
controlled by the rate of stress-corrosion, will determine to a large
extent, the fatigue time. The rate of crack-linking will also affect
the fatigue time and it is not clear that pressure will have the same
effect on the crack-linking process as on the individual crack growth
process. Figure 4 shows that the higher the pressure, the larger the
crack volume prior to the failure instability. This seems to indicate
that pressure severely inhibits the crack-linking process. As this
occurs in both rapid constant-rate tests and creep tests, the rate
limiting factor for crack-linking cannot be the same as for individual
crack growth. Apparently, stress-corrosion cracking in the creep
test or stress-induced cracking in the constant-rate test are initial-
ly dominant and the crack coalescence rate is only significant near
the end of an experiment when the critical crack density is approached.
The mechanism by which pressure inhibits crack linkinz is unknown but
may involve a diminishing of the stress concentration around each
crack as a result of the superposition of the least principal stress,

or a decrease in the shear stress for the same reason.

Static fatigue in the upper crust

To relate the results of this study to the production of faults

or fractures within the Earth, one must be willing to accept a large
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extrapolation in time. If we assume that fatigue rupture can only
occur at stresses above the dilatancy point (C' in Table 1, where the
values are biased toward the low side) then, using equation 6, we can
estimate the fatigue time at depth.

Figure 7 shows the amount of time that dry granite could sustain
a particular stress state. Qualitatively, the chemical effects of
pore water and temperature would shift the curves downward. Even con-
ceding several orders of magnitude to these effects, it {s obvious
that for creep rupture of whole rock to occur in the upper crust,
large deviatoric stresses 2-e necessary. For example, assuming com-
pletely saturated granite so that the o3 depth gradient is 166 bars/
km, at 3 km depth a stress difference of 2.5 kilobars could be sus-
tained for over 31 million years (lolssec). At this depth, the tem~
perature is less than 100°C but its effect on the stress corrosion
process could be considerable. Using an activation energy of 1.4
kcal/mole for granite [Carter and Kirby, 1978; Table 1] the time to
fracture at 90°C is about 2 orders of magnitude less than that at

24°C under otherwise identical conditions.
CONCLUSIONS

To summarize, the results of this study indicate that the effect
of pressure is to decrease creep rates, increase fatigue failure time
and increase the amount of inelastic deformation rock can sustain be-

fore becoming unetable. The pressure effect can be traced primarily



to an increase in the activation enthalpy required for the stress
corrosion process governing the creep rate. Ancillary pressure ef-
fects possibly include the decrease in PHZO as dilatancy grows with
time and the decrease in crack interaction. The total pressure ef-
fect on static fatigue is more severe than would be expected from
a consideration of the pressure effect on fracture strength alone.
Experiments with conditions closer to those found in the crust
are needed. In particular, the individual effects of pore pressure
and temperature under crustal stress regimes need much further study
in order to characterize the brittle-ductile transition zone. This
study has shown that large differential stresses can be sustained in
whole rock at shallow depths for long periods of time but this may

not be the case at greater d»pths.

Acknowledgments. Conversations with Terry Engelder, David Hol-

comb, and Chris Scholz helped clarify a number of points. Reviews
of the manuscript by Scholz, Engelder, and Paul Richards are greatly
appreciated. This work was supported by National Aeronautics and
Space Administration grant NGR 33-008-146 and by National Science
Foundation, Division of Earth Sciences, grant EAR 77-22689. Lamont-

Doherty Geological Observation Contribution No. 0000.

26



REFERENCES

Arfouz, A., and J. M. Harvey, Rheology of rocks within the soft to
medium strength range, Int. J. Rook Mech. Min., Set., 11, 281-290,
1974.

Brace, W. F., Volume changes during fracture and frictional sliding:
a review, Pure Appl. Geophys., 116, 603-614, 1978.

Brace, W, F., and E. G. Bombolakis, A note on brittle crack growth
in compression. J. Geophys. Res., 68, 3709-3713, 1963.

Brace, W. F., B. Paulding, and C. Scholz, Dilatancy in the fracture
of crystalline rocks, J. Geophys. Res., 71, 3939-3953, 1966.

Carter, N. L., and S. H. Kirby, Transient creep ¢nd semi-brittle be-
havior of crystalline rock, Pure Appl. Geophy.., 116, 807-839,
1978.

Cogan, J., Triaxial creep tests of Ophongua limestone and Ophis shale,
Int., J. Rock Mech. Min. Sei., 13, 1-10, 1976.

Cruden, D. M., A theory of brittle creep in rock under uniaxial :om-
pression, J. Geophys. Res., 75, 3431-3442, 1970.

Cruden, D. M., The form of the creep law for rock under uniaxiai :cm-
pression, Int. J. Rock Mech. Min., Sei., 8, 105-126, 1971.

Cruden, D. M., The static fatigue of brittle rock under ur - lal com-
pression, Int. J. Rock Mech. Min. Sei., 11, 67-73, 1974.

Dehart, R. C., and H. Liebowitz, The influence of ambient pressure on
the stress corrosion susceptibility of metals, Zng. Fract. \een.,

1, 129-135, 1968.

27



28
Draper, N. R., and H. Smith, Applied Regression Analyeis, 407 pp.,

John Wiley and Sons, New York, 1966.

Francois, D., and T. R. Wilshaw, The effect of hydrostatic bressure
on the cleavage fracture of polycrystalline materials, J. Appl.
Physics, 39, 4170-4177, 1968.

Griggs, D., Deformation of rocks under high confining pressures, J.
Geol., 44, 541-577, 1936.

Griggs, D., Creep of rocks, J. Geol., 47, 225-251, 1939.

Hadley, K., Dilatancy in rock at elevated temperatures (Abstract),
Trang. Amer. Geophys. Union, 56, 1060, 1975a.

Hadley, K., Azimuthal variation of dilatancy, J. Geophys. Res., 80,
4845-4850, 1975h.

Heard, H. C., Comparison of the flow properties of rocks at crustal
conditions, Phil. Trans. Roy. Soe. London, A-283, 173-186, 1976.
Hillig, W. B., and R. J. Charles, Surfaces, stress-dependent surface
reactions and streng::, in High Strength Materials, edited by V.

Zackay, pp. 682-705, John Wili:y and Sons, New York, 1965.

Jaeger, J. C., and N. G. W. Cook, F..damentals of Rock Mechanics,
2nd edit., Halsted Press, New York, 1976.

Kranz, R. L., Crack growth and devel~pment during creep of Barre
granite, Int. J. Rock Mech. Min. Sei., in press, 1979%a.

Kranz, R. L., The static fatigue and hydraulic properties of Barre
granite, Ph.D. thesis, Columbia University, New York, 1979b.

Kranz, R. L., and C. H. Scholz, Critical dilatant volume of rocks
at the onset of tertiary creep, J. Geophys. Pz23., §2. 4893-4898,

1977,



29

Lockner, D., and J. Byerlee, Acoustic emission and creep in rock at
high confining pressure andldifferential stress, Bull. Seismol.
Soe. Amer., 67, 247-258, 1977.

Martin, R. J., Time-dependent crack growth in quartz and its appli-
cation to the creep of rocks. J. Geophys. Res., 77, 1406-1419,
1972,

Misra, A. K., and S. A. F. Murrell, An experimental study of the
effect of temperature and stress on the creep of rocks, Geophys.

J. Roy. Astron. Soe., 9, 509-535, 1965.
Rcbertson, E. C;, Creep of SolénhofenAlimestone under moderate hydro-

static pressure, Geol. Soe. Amer, Mem. 79, 227-244, 1960,

Schmidt, R. A}, and C. W. Huddle, Effect of confining pressure on
fracture toughness of Indiana limestone, Int. J. Rock Mech. Min.
Set., 14, 289-291, 1977.

Scholz, C. H., Mechanism of creep in brittle rock, J. Geophys. Res.,
73, 3295-3302, 1968.

Scholz, C. H., Static fatigue of quartz, J. Geophys. Res., 77, 2104-
2114, 1972.

Scholz, C. H., and T. A. Koczynski, Dilatancy anisotropy and the re-

sponse of rock to large cyclic loads, J. Georhys. Res., in press,

1979.

Tapponnier, P., and W. F, Brace, Development of stress-induced micro-
cracks in Westerly granite, Int. J. Roeck Mech. Min. Set., 13, 103-
112, 1976.

Tullis, J., and R. A. Yund, Experimental deformation of drv Westerly
granite, J. Geophys. Res., 82, 5705-5718, 1977.

Wawersik, W. R., Time-dependent rock behavior in uniaxial compression,



30
Proc. 14th Symp. Rock Mech., pp. 85-106, Penn. State Univ., Univer-
sity Park, Pa., 1972. |

Wawersik, W. R., and W. S. Brown, Creep fracture of rock, Tech. Rep.
UTEC ME ?73-197, pp. 1-40, Eng. Dept., University of Utah, Salt Lake
City, 1973.

Williams, F. T., and M. A. Elizzi, An apparatus for the determination
of time dependent behavior of rock under triaxial loading, Int. J.
Rock Mech. Min. Sei., 13, 245-248, 1976.

Wu, F. T., and L. Thomsen, Microfracturing and deformation of Westerly
granite under creep conditions, Int. J. Rock Mech. Min. Sei., 12,

167-173, 1975.



31

Z¢3 + 143z = upe1ls ofajswWNTOA DTISETIUT OY3I ST V
*sa98ned wo ;/z°T wolj BaIe SUTRIIS 212Ym 7 pue T sofdues 10y
3daoxa safne8 wd 4¢°z woly suyeals [eIpel pue TeUIpnljSuoT OFISeTauy ayl aie Ty3 Z,3
PapI0091 9I9M SUFRIIS YOTym 3e "o jo ¥ ay3 ST ,0
[996T]) °7pr 72 20vag Aq paurjsp se juyod LduelelIp 24yl Sy ,O
€p = aanssaad Supuyrjuod ayy sy g
€Eo - 1o = psAaTyoB 9OU313JJTP SS3IIS WNWIXeEW 24yl ST 2p

9°tT C¢°IT 8°8- 66 8°¢t (AN ] 6°C1 ve
ot 6°8 8°L L°9- 66 o't $°¢ 8E'6 \£4
11 6°L €L L9 86 8°C 0°'¢ L8 gzt
ot 8°L 6°9 0°9- 86 0°¢t 86°1 v°8 1€
114 9°L 69 T°9- L6 9°¢ 0°'T %9 L4
112 'L €'9 T°G- L6 SL°¢ 0°1 Lz°9 YA
S¢ 6L 0°L T°9- L6 9°¢ 0°1 ST°9 VI
ST ¥'9 8°¢ T°S- L6 S I €6’ 8y Vit
8°9 9°'S %% L6 L1 N Ly vy
ST 9°'s  ¢'% gy~ L6 SL°T se’ S9°¢t vey
114 L'z 9t s'z- 96 6° T c6°¢ veY
S0 0°c s°e- G6 T00° 62°2 [4
L°0 0'z ¢°e- S6 100° A4 T
(oS ¥) @18uy uﬁmnoﬁnxv 5 5
aanyoeay v *3 ¥»3 ()2 (©) ,2 (@) 4 (@) o 9rdumeg

8183], @anjdoeay wWoij ®Ieq ‘1 A19VIL



32

0T  S6°" SL°01 S°'g8 ST°9- O°TIT ZI'%I- ST (A4 £s° 9y C6°0 VII
ST 18°L ¥°8 279 0°'y- (8°8 S9° 11~ 06¢ 1 YA 5e* Sy £6°0 VeI
07 £€€°8 SEL°6 6°9 SY%°%- t°6 1A g0T x 22°C 0T x €0°€ €S’ %%  16°0 V%I
19 § 0°L S%°8 GZ°9 GO'%- G6°8 0'€l- 40T x S%°Z2 0T x G6°C 119 1€y 68°0 VeI
T Lt $°8 §°9 Sy £°6 0°¢t- 40T x LT°T 0T x 6T°1 GS* [AAN ] (8°0 Vil
ST 82°9 89°6 9°9 TS°E- 6°8 79°0T- gOT x €0°T gOT x 221 £G° 19 G8°0 VOI
LY A £9°9 20°01 6°9 B8L°¢t- 8°6 GG TI- GOT x ZT°T ¢OT x 6S°1 €6° o1y %8°0 V6
st SE'g 1£°01 €L 6T°%- 80°0T 98°C21I- gOT x L£°t OT x GG°¢€ €S G6°¢ 18°0 V¢
ST 0°9 ST°yY €' 919 0°tL- g0T x ST°8 LOT x 60O°1 1Y 81°¢ 18°0 V%%
0¢ vy 1°¢€ 8°1- %0°S G°9- S0¢ 9% T 8°¢ {(8°0 V9%
08°0 SL°T L°T- 10°¢ 8¢ 9~ Sy S 11 T00° €0°¢ 26°0 (174
9%7°1 SS°T %9°1- %9°¢ 56"y 29 691 T100° 66°1 06°0 11
8.°0 %¥8°0 6°0- 18°1 9T " %~ 01¢ sty T00° 96°1 68°0 01
78°1 9Z°'T O°'1- 1Z°¢ 1 %% B A Se? S0S T00° 88°1 S8°0 €
9L°0 G6°0 H1°1- (8°T [AA o S92 059 T100° S8°1 %8°0 Y
€C°T 66°0 S.°0- 80°¢C 7 Xl 20T x Z26°% 0T x %1°1 100° 6L°1 18°0 €1
8T 1 LL°0 9t°0- S9°1 1€°¢- 40T x S9°T LOT x 6C°C T00° LLt 08°0 (A ¢
€L 1 IT°1 S 0 0°c oy e- 10T x 0°8 0T x €°C T100° tL°1 6L°0 %1
89°1 6C°1 6°0- TI1°¢ 09°¢- 90T x 9%°T 40T x 9°T 100° 9°1 %L°0 ST
(oS ¥) AmIO.H x)
a13uy b ¢ z x z 3 2 b} a1d
‘ovagy U0y ly »¥3 %3 3 3 (d98) 1 (o98) “a () 4 (1) o of/o -weg
83189] dosiap woaj eieq °z YIAVI



33

g-0T x uyeays fre
sujexis jediourad paijernoyed woaj io

a7dmes uo pajoda3uuo? uorlean3d3yjuod a8ned wo yzZ°T wWoaJ I SWEI Je UTEIIS ITAISWNTOA IFISETIUY = ¢

z

1ourd 3e %43 ¢ Ty37 = Iy

(s98ne8 WO yg°z wWoaj) I SWII I8 PIAIJYOE SUTRIAIS OFISEYIUF IYI dIe Iy3 2,3

(s°8ned wo §g°z wWoay) J SWII B PIAIFYO® Sufe1Is (IOl Iae

.Hw an

doaxo Axeyjaa3 jo 3Iasu0 3Yl 03 Swy) Oyl ST I

aanTfey o3 suwy) ay3 sy I3

aanssaad Sujyurjuod Fuppuodssaiiod
o

a3yl 3e 3833 3INJIOBIJ ¥ UJ JINTTLJ JB I9OUSIIJJTP SS31IS 3yl 03 Paz[[rwiou IDudI3JJTP SS31IS 3Y3l ST “0/o

2

d - 1o = @2oua212331p 8s21318 payydde ayl sy o

ot 6°6 8°01 8°6 8°8- T°2T T°C22- 0T x 892 0T x §9°¢ 86°T 6L 1670 1§99
o€ 9°6 0°T1 8°6 9°8- 8°CT 0°22- 0T x7°.°T 40T x GL°T 86°1 SL°L  68°0 99¢
S¢€ €°0T ¢v'o1 s'8  9°9- 0°2T 9°81- GO0T x 8°L gOT x €76 86°1 9°L (8'0 a9e
114 0°6 2L 8°6- P°IT 9°ST- 20T x 92°L ¢OT x 60°T 0°1 6°S €670 40€
ST 9°6 LTI 8°8 6°S- 8°TIT 9°%T- 0T x 86°T ¢OT x %S°¢ ¢0°1 SL°s 1670 462
ot <°6 z°6 L TS 9°6 0°%T- 40T x I%'T 0T x %8°T1 0°T S6°G 8870 49z
114 1°6 $'9 6°¢- 8°'8 9°C2T- 0T x 2L°6 4OT x 6T°T 10°T $°S (870 42
%01 (LT 9°L S°t- €°0T 8°CT- ¢OT x28°9 ¢OT x %I°L 0°1 %S 98°0 V8l

Aom ﬁv Amic.—.. XV
sr3uy x z a z B 2 214
o1y y 1y *3 3 3 3 (o°8) 1 (99s) 3 () 4 (@) o of/o0  -uesg

(ponurluod) s183], dadi1) woay vleq °z AIAVL



3

(482 !
y1¢€° USKH
L S
6° d
% eF 8°1¢ ud
L ARAR S A A nl
[ANA WV

9 wvorienby
[4 % 96" 626° 9¢6° S6° zd
Ly°1 860° 8L0° LLo’ 210° 4SH
6L° ¥60°C- 78 ¥ EY1I- TIE+CL- LTFIG- B8 TT+8°6% L°TT+6°1C- 18
L'z [A% G° 86 £°9¢ g1t WV

¢ uoyaienby
(4% 6€6° Te6° %6° 96° 23
9°1 290° £€80° L0* ¢10° USH
T10° ¥¢2°— 108~ T°1+6°6- 8°C¥C°S- 8°C+8°0T- 9°¢C+0°S- 4
6°C 9°99 %° Gt $%°9¢ 8° %1 v

7 uojienby

eleq TTV 0z 0T €s° (om) 100" (@) ‘a
suoypjenby an8yieg o27lvls 103 sadjsuwered



35

%695° - 6Z° £6°6 t 0°2
0605 "~ 1s° 9%°6 S 0°1
StL20° L %L 8 1 3%
(A1 330 e’ %1 6 100°
(g-01 x)
JVITITIJO0) uogrlIeTAd(q v sjujoqg jo 5
UojlIera110) paepuelg a8ex9ay Jaquny () 4

€3g(@ UIel1lS OFiJ2WNTOA DFISE[IU] JO UOTIENTEAY

‘% I79VL



36

*897durs om3 13YylO 2Y) U BIIE SWES IY] SSOIJE IPPW IIdM SISIIARIY 01
A7uo seaiaym sardues xeq | 3yl 10j opeuw 219m aydues 9yl SS01D® SISIADARIY (Zx

ve 174 61 o 03 ,0¢ < syoea)
ct 143 T yi8uat mri gog < syoein
8¢ ¥ ST ¥ Le ¥ UOIIeTAJp piepuels 3
91 €T 91 a13ue afeioay
80°0 ¥ 01°'0 + {0°0 ¥ UoTIefaAap paevpuels 7
61°0 0Z°0 L1°0 (wrl) yipra s8eaaay
70t ¥ ¢8 ¥ 18T + UOTIPIAIP paepuels 3
1974 0€e A (ur) yi3uay a3eaoay
k4714 9% (420 ¥S}0RID JO 13qQuny
iL8 y 44} zL8 uc\o :T9A2T SS311§
0001 1129 1 (saeq) aanssaag Buyuyjuo)n
Bleq WAS °G d79VL



e ——— i s ———

37

98° ,-0T x T°Z TI° L0 x z'g- Ol x 89°6- 86'T  6°L  €SE
68° 0T x 9T T° o0l x5z -0 x §§°T- 86°T  SL°L  €9¢
86" Ol x 0°7 82"  ,-0T x £0°T- 2-OT x ¥9°1- 86°T 9L €€
86° -0 x T°€  Z°  ,.0T x 62°9- 20T x €1°1- 0'T  6°S €0
88° -0T x £°9 1° Ol x 08°'T- 7.0l x 0'T- 20°T  Si°S €62
86° 0T x 0°S €I°  , Ol x {96~ 7-OT x 80°T- 10°T  SS'S a9z
86° 0T x 6°S  Z°  , O x 6£°2- -0 x Z0"T- 10°T S'S AL
86° .01 x €°9 (2" ¢_Ol x 0L°%- 7.0T x €0°I- 0T vs  vel
€6° g-0T x Z°% T° O x €0°S- =0T x €°G- €’ 9'y Vol
86° 0T x 6°S T9° 40U x £'1- -0l x 0°I- v S VeI
66° 0T x §°Z 61" 4 0T x %0°[- ¢-OT x U6~ €5’ vy Vil
86° -0L x €9 TI° 0T x €0°T- ¢_OT x 61°6- cs*  TE'y  VET
¥6° 0T x 8% T° o 0T x Te'T- ¢-0T x 69°L- TR 7 AL B T4
66° 0T x LT T° 40U x gy [~ ¢-OT x 18°L- €s° €TV WOT
¥6° g-OT x ST 90° ¢ Ol x {8°T- ¢-OT x 20°8- € Ty Ve
66 =0T x L°S 90 O x %0°€~ ¢-OT x 4Z°9- €5 €6°¢ VL
86° -0 x L°T %0°  ¢-OT x [g"€- ¢-OT x %6°T- szt gI'E vy
66° o1-OT x 6°Z T0°  ¢—OT x [£°8- -0 x €°6- T stz vay
8 aSKH = a v (@) a4 (@) o srdues
QM +V =3 ‘e gVl



38

c6° g-01 x 8°8 1 e-0T x %2°% e-0T x 8%°% 86°T 6°t q9¢¢t
68" g-01 x L°S 1 =0T x %6°1 g-0T x 69°9 86°1 SL°tL q9¢
86° p-0T x 9°1 8¢° £-0T x S%°1 g-0T x 2%°2 86°1 9°¢ a9yt
86° ¢-0T x 679 1 YA n-01 x £(8°G g-0T x 8179 0°'T 6°S 90¢
66° ¢-0T x £°L A 2 ¢-01 x 02°S g-0T x 94°6¢ ¢0°1 SL°S 967
66° e-0T x £°% 1) z-0T x ST°1 ¢-0T x 68°% 10°1 ss°¢ 4927
86° g-0T x L°T LY A e-0T x €1°2 g-0T x 96°% 10°T c°< Y XA
86° -0T x 6°8 tt° 0T x €0°§ g-0T x 88°% 0°T1 L AR V8l
66" ¢-01 x 8°% YT z-0T x S6°Y g-0T x 6°1 €£S° 9°Y V91
66" ¢-01 x £°V 61"’ z-01T x 8%°1 g-0T x 79°¢ Vi’ 'Yy Vst
66° e-0T x S°¢ 1 ¢-0T x 18°¢€ g-0T x T6°1 £S5 VAR 7l
66° 6-0T x L°9 rA -0t x I%°1 e-0T x €9°¢ 13N 1€°% Vel
L6° p-0T x 6°§ €T p=0T x TT°Y g-0T x £9°¢ 139 (44 | vl
66° 6-01 x 6°C A O 40T x TE"6 g-01 x SE°E 1 3 9 €1y YOl
L6° g-01 x T°¢ AN g-0T x Z2€°1 ¢-0T x $6°C €6° | ] vé
66° ¢-01 x 0°¢L so* g-0T x 9L°¢ =01 x £6°2 €S’ S6°¢ VL
a6’ g-01 x 0°C S0° £-0T x 60°% e-01 x L°T YA g1t ey
66° ¢-0T x %°¢ [4 & ¢-0T x 90°¢€ #-01T x [°6 1° rArA vay
24 aSH - | v (@) ’a (@) o ordmes

- g Msaia n

W+V =23 °q9 ATEVL



54 56 58 7.6 78 80

Figure 2



Jrd

Figure

Figure

Figure

Figure

Figure

1.

2.

4.

40

FIGURE CAPTIONS

Stress difference at failure as a function of confining
pressure for fast loading (100 bars sec~!) fracture
tests.

Logarithm of the failure time in seconds (y axis) vs.
stress difference in kilobars (x axis) at confining
pressures of (s) 1 bar, (b) 530 bars, (c), 1000 bars,

and (d) 2000 bars. Best fit, least-squares regression
line is shown.

Inelastic volumetric strains at stress differences nor-
malized to the fracture strength at each pressure. Solid
symbols are A; at the onset of tertiary creep (from Table
2), open symbols are A prior to failure (from Table 1).
Dilatant volumetric strain at the onset of the instability
leading to failure as s function of pressure. Open sym-
bols are for constant-rate fracture tests, closed symbols
for creep tests. Error bars are standard deviations.
Histograms of crack length and angle spectra for samples
subjected to 1 bar, 530 bars and 1000 bars at 87% of the
corresponding fracture strength. Each unit represents
one crack within a 5 um x 30° slot. One hundred repre-

sentative cracks are shown in each histogram.



Figure 6,

Figure 7.
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Log of the failure time as a function of the applied load
normalized to the short-term treaking strength at the
corresponding pressure. WG is for water saturated Wester-
ly granite [Wawersik, 1972]. Because of loading rate dif-
fererces, to be strictly comparable, the WG curve should
be shifted dovmwards about 2 orders of magnitude in time.
Symbols are the same as in Figure 3.

Rupture times expected under various maximum and minimum
stress states. Isochror.s are based on extrapolation of

equation 6 using the parameters listed in Table 3.
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