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ABSTRACT

Fifty-seven uniaxial and triaxial compression experiments were performed on cylin-
drical samples taken from the Topopah Spring Member of the Paintbrush Tuff from
drillhole USW G-4 at Yucca Mountain in southern Nevada. All of the samples were
nominally 25.4 mm in diameter, 60.8 mm in length, and 100% water saturated. All
samples were deformed in compression at room temperature under confining pres-
sures ranging from atmospheric to 10 MPa and nominal strain rates from 10-7 to
10-3 s-1.
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INTRODUCTION

Yucca Mountain, located near the southwest margin of the Nevada Test Site (NTS)
in southern Nevada (Figure 1), is being evaluated as a potential site for the underground
disposal of radioactive wastes. Yucca Mountain consists primarily of layered volcanic
tuff (Bish et al., 1981). At present, the Topopah Spring Member of the Paintbrush Tuff
is being tested for physical, thermal, and mechanical properties as part of the Nevada
Nuclear Waste Storage Investigations (NNWSI) Project, which is administered by the
Nevada Operations Office of the U.S. Department of Energy (DOE). The mechanical
property data contained in this report ultimately will be used to aid in assessing the
mineability and stability of underground openings in the Topopah Spring Member and
to evaluate predicted near- and far-field responses to the presence of a repository within
the unit.

This report is the fifth (see Olsson and Jones, 1980; Price, Nimick, and Zirzow,
1982; Price, Spence, and Jones, 1984; Price et al., 1985) that presents data from
mechanical tests conducted on intact samples of the Topopah Spring Member. The
test specimens used in this study were obtained from Drillhole USW G-4 (see Figure
1 for location) core at 12 different stratigraphic levels ranging in depth from 209.3 to
426.9 m (686.6 to 1400.6 ft). Water-saturated samples were deformed in compression
at room temperature under confining pressures ranging from atmospheric to 10 MPa
and at nominal strain rates of 10-7 to 10-3 sl.

All symbols and abbreviations used in this report can be found in Table 1. Within
this table the term are defined, conventions explained, and standard units assigned.
The sample/test identification used throughout this report consists of seven or eight
numbers and letters representing the drillhole (G4), sample depth (in feet), and indi-
vidual sample identification in the form of a one-letter suffix.

This test series includes tests performed at Terra Tek Research (TTR) in Salt Lake
City, Utah, and at Sandia National Laboratories (SNL) in Albuquerque, New Mexico.
Distinction is made between the two laboratories as necessary in subsequent sections
of this report.
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EXPERIMENTAL TECHNIQUES

Test Apparatus and Techniques

Sandia National Laboratories

The experiments at SNL were performed on a load frame having a maximum load
capacity of 1.0 MN (220 kip). A constant displacement rate of the loading piston
is achieved by servo-control of the hydraulic loading ram while monitoring a linear
variable displacement transformer (LVDT) at the base of the loading column.

Throughout this test series, axial stress (al) was calculated by dividing the force
measured on a standard load cell by the original cross-sectional area of the sample.
Axial strain (el) was calculated by averaging the measured displacements on two dia-
metrically opposed LVDTs mounted directly on the sample and dividing by the aver-
age value of the original gage lengths. Lateral (transverse) displacement was measured
across one sample diameter by a disk gage (as described by Schuler, 1978). Lateral
strain ( = ) was then obtained by dividing the displacement by the original diame-
ter of the test specimen. Axial force, axial displacement, transverse displacement, ram
displacement, and time data were collected, reduced, and plotted by a mini-computer,
and stored on floppy disks.

Terra Tek Research

The experiments at TTR were performed on a load frame having a maximum load
capacity of 1.1 MN. A constant displacement rate of the loading piston was achieved by
servo-control of the hydraulic loading ram with servo-feedback from an LVDT mounted
at the top of the loading column. The LVDT had been calibrated to be accurate to
0.03 mm. Confining pressure was applied to the sample with silicon oil.

Axial stress () was calculated by dividing the force, measured on a standard load
cell, by the original cross-sectional area of the sample. Axial strain (l) was calcu-
lated by averaging the measured displacements on two cantilever gages mounted on
the endcaps at 90 to each other around the circumference of the sample and then
by dividing the average displacement by the average value of the original gage lengths.
Lateral (transverse) displacements were measured with 2 cantilever gages across 2 sam-
ple diameters at 90' to each other. Average lateral strain (assuming 2 = 3) was then
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obtained by dividing the average displacement by the average value of the original di-
ameter of the sample. Axial force, axial displacement, transverse displacement, ram
displacement, and time data were collected, reduced, and stored on magnetic tapes.

Calibrations

Sandia National Laboratories

The test system load cell is calibrated once a year against a standard transducer
that is traceable to the U. S. Bureau of Standards (USBS). The axial displacement
LVDT gage sets and transverse displacement gage were calibrated with a standard
micrometer head (also traceable to the USBS) before the test series. Calibration data
for the load cell, LVDTs, and disk gage are listed in Table 2.

Calibrations of the experimental methods and of the entire instrumentation setup
were obtained preceding and following the tuff sample experiments by testing an alu-
minum sample of known mechanical properties. The gages were tested on a 6061-T651
aluminum cylinder (25.4 by 50.8 mm) with a Young's modulus (E) of 69.7 GPa and a
Poisson's ratio (v) of 0.333. The calibration check test data are listed in Table 3 and
plotted in Figure 2. Also shown in Figure 2 are least-squares fit lines used to obtain
the elastic properties noted on the plots.

Terra Tek Research

The test system load cell is calibrated before each test series against a standard
transducer that is traceable to the USBS. The axial and transverse displacement gages
were also calibrated immediately before the test series. Calibration data for the load
cell, axial, and transverse gages are listed in Table 4.

The experimental design at TTR results in the inclusion of some endcap deformation
in the axial displacement measurements. This deformation must be determined as a
function of axial stress in order to calculate the actual deformation of a test sample.
To estimate the correction factor, a sample of known properties is deformed, the ideal
and actual displacements are compared, and the difference at a given stress is assumed
to be the correction value at that stress. The stress and correction factor values are fit
by the method of least squares to determine an equation that calculates a correction
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factor at any given stress, and this correction is applied when running an actual test
sample.

A sample of 6061-T651 aluminum was used as the standard for this test series. The
correction factor/stress relationship was determined before the test series and was used
in correcting subsequent aluminum runs. The results for the four aluminum tests are
listed in Table 5 and plotted in Figure 3. Also shown In Figure 3 are least-squares fit
lines used to obtain the elastic properties noted on the plots.

During the data reduction process at TTR, the procedure described above was
modified slightly. Although data from the last 3 aluminum runs were corrected using
the correction factor from the first aluminum run, this correction factor was used only
in the first 17 rock tests. Subsequent rock tests were corrected using data from the
most recent preceding aluminum test. Thus, 25 rock tests were corrected using data
from the second aluminum test and 10 tests with data from the third aluminum test.

Comparison of Figures 2 and 3 suggests that elastic moduli data measured at TTR
have greater uncertainties than those measured at SNL. Although the Young's moduli
in the TTR pre- and post-test series are comparable to those obtained at SNL, an un-
certainty in the Young's moduli measurements of approximately 7% should be assumed
for the rock samples tested at TTR in order to be conservative.

Subsequent to the completion of this test series, TTR discovered in the course of a
test series on materials with well-known mechanical properties that a small systematic
error in the measured transverse displacements had been occurring for some time. [The
test series is discussed by Nimick (1985)|. This error resulted in errors in the Poisson's
ratio measurements for tests during the time interval. The pre- and post-test aluminum
tests at TTR (Figures 3 and 3H) showed high values of Poisson's ratio, suggesting
that a similar error occurred in these tests. Based on this observation, it should be
assumed that Poisson's ratios for the rock samples tested at TTR are 10% higher than
actual values.

Sample Preparation

The 57 test specimens were all right-circular cylinders machined from Drillhole
USW G-4 core material. The samples ranged in diameter from 25.2 to 25.3 mm and in
length from 49.9 to 50.9 mm. The sample ID, depths, diameters, lengths, functional
porosities, and average grain densities are listed in Table 6. The porosity and grain
density values were determined from data contained in Nimick, Price, and Schwartz (in
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preparation) and the montmorillonite values from Bish and Vaniman (in preparation).
The specific values for each depth given in Table 6 were linearly interpolated from
data on samples from depths as close to the mechanical test specimens as possible. In
addition, a brief physical description of each sample is contained in Table 7.

All samples were stored in groundwater from Well J-13 (NTS). Before testing, most
of the samples were subjected to 3 or more vacuum saturation cycles that included
at least 45 hr under an active vacuum and 24 hr at ambient pressure. The samples
were considered to be saturated when the weight gain after a given saturation step was
less than or equal to 0.05% of the weight at the beginning of the step. Five of the
samples (910.7-A, 95.2-A, 1001.9-A, 1065.8-A, and 1307.2-A) were frozen during the
first vacuum cycle to which they were subjected because of an inadequate supply of
water in the vacuum chamber. In addition, these 5 samples and 12 others (686.6-A,
686.6-G, 742.75-E, 742.75-F, 748.6-A, 748.6-B, 911.3-C, 1307.2-C, 1369.1-E, 1369.1-F,
1400.6-A, and 1400.6-E) were subjected to only 1 vacuum cycle before testing. The
effect of this discrepancy on mechanical test results is discussed later in the report.

After saturation, each sample was placed between steel end pieces and jacketed
in polyolefin shrink tubing (SNL) or FEP teflon tubing (TTR). The axial and trans-
verse transducers were then mounted on the specimen, the sample assembly was placed
between the loading ram and the load cell, and the test was begun.

Test Conditions

All samples were deformed in compression under saturated, drained, constant con-
fining pressure, room temperature, and constant strain rate conditions. Four samples
were run at 5 MPa confining pressure, 6 were run at 10 MPa, and the remainder were
tested at atmospheric confining pressure. All triaxial tests were deformed at a nominal
strain rate of 10- a. Of the unconfined tests, 6 were deformed at a nominal strain
rate of 10-f a-1 , 6 at 10-3 stl, and the remainder at 10-9 s-. One sample (1400.6-A)
was tested with incorrect initialization of the testing equipment, and, consequently, the
test results are not useable because of the lack of certainty regarding the strain rate to
which the sample was subjected.
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EXPERIMENTAL RESULTS

A summary of the mechanical property results is given in Table 8. The ranges of
Young'" moduli, Poisson's ratios, ultimate strengths, and axial strains at failure for
different test conditions are summarized in Table 9. As indicated in earlier reports
(e.g., Price and Nimick, 1982; Price, Spence, and Jones, 1984) and discussed in detail
in Price (1983), these wide ranges are attributable to variations in the physical and
mineralogic characteristics of the tuffs.

The differential stress/axial strain curves are presented in Figures 4, 5, 6, and
7. The general shapes of the stress/strain curves for the densely welded, devitrified
samples are very similar to results reported for previous tests on the Topopah Spring
Member (Price, Nimick, and Zirzow, 1982; Price, Spence, and Jones, 1984) and on other
Yucca Mountain silicic tuffs (Price and Jones, 1982; Price, Jones, and Nimick, 1982;
Price and Nimick, 1982). Samples 965.2-B and 965.2-E, tested at 10 MPa confining
pressure, were slightly more ductile. [Ductility is defined as the amount of greatest
principal strain prior to failure (Handin and Hager, 1957), as well as relating to the
mode of sample failure: extreme brittle behavior relating to a single extension (axial)
or shear fracture or extreme ductile behavior relating to a homogeneous distribution of
deformation throughout the sample.] Samples from a depth of 209.3 m (686.6 ft) were
also tested under confining pressures up to 10 MPa but essentially behaved in a brittle
fashion.

The partially welded, vitric samples (1369.1-A to -H) underwent much more com-
paction at low differential stresses than did the densely welded, devitrified samples.
This behavioral difference is attributable to the substantially greater porosity of the
partially welded samples. Failure of the partially welded samples tended to be gradual,
and a slow decline in load-bearing capacity followed the ultimate differential stress.

The zeolitized samples (1400.6-A to -H), which were tested at different confining
pressures, showed strong differences in behavior at the different pressures. The samples
tested at atmospheric pressure exhibited stress/strain behavior intermediate to that of
the partially welded, vitric samples and that of the densely welded, devitrified samples.
The application of confining pressure resulted in a distinct increase in ductility both
at 5 MPa and at 10 MPa. In fact, for samples 1400.6-C, -F, and -G, the assignment
of a failure stress is not clear-cut. The axial strain on sample 1400.6-C reached 0.02
without achieving an ultimate differential stress, and, at an equivalent strain, sample
1400.6-F had shown only a slight decrease in differential stress.
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Compressive Strength

Seventeen of the 57 samples tested were not subjected to the same saturation pro-
cedure as that used for the remaining samples. These 17 samples underwent only one
vacuum cycle, compared to 3 or more vacuum cycles for the other samples. As a result,
the saturation state of the 17 samples at the time of testing was probably less than
that of the remaining samples. An examination of the test results for the 17 samples
showed no definitive trend in the differences in strength between them and their more
completely saturated, sample counterparts from equivalent depths. Five of the 17 sam-
ples were also frozen during sample saturation. The freezing does not appear to have
caused any significant differences in strength results.

Analysis of test results on many tuff samples from the NTS has led to correlations
of unconfined compressive strength and Young's modulus with the functional porosity
of the sample, where the functional porosity is defined as the volume fraction of void
space plus the volume fraction of montmorillonite in the sample (Price, 1983; Price and
Bauer, 1985). The relationships are as follows:

E = 85.5 cexp(-6.96n) ()

and
Co = 4.04 n 1 5 (2)

where E is Young's modulus (GPa), Co is unconfined compressive strength (MPa), and
n is functional porosity (volume fraction). These correlations indicate a decrease in
both modulus and strength with an increase in functional porosity.

Samples from depths between 209.3 and 324.9 m (686.6 and 1065.8 ft) are densely
welded, devitrified tuff. Examination of the strength data for the densely welded,
devitrified samples indicates that, although the expected trend is approximately dupli-
cated by the experimental data, there are exceptions. Especially noteworthy is sample
1065.8-A, which has a compressive strength of 12 MPa and a functional porosity of
0.138. Using Equation 2, a strength of 12 MPa would suggest a functional porosity
of about 0.55. For this sample, the functional porosity has been underestimated by a
significant amount. The sample description in Table 7 indicates that not only is the
porosity underestimated, but its distribution within the sample is not uniform, which
may have contributed to the exceptionally low strength. Other deviations from the ex-
pected trend are attributable to the presence of such features as pre-existing fractures
or relatively large pumice fragments, which are not taken into account by the functional
porosity model.

11



The test samples from the 398.4-m (1307.2-ft) depth are from the main vitrophyre of
the Topopah Spring Member. Rather than being composed primarily of glass, however,
these samples contain significant quantities of clay concentrated in patches. Thus,
test results for these samples are representative of the altered vitrophyre described by
Levy (1984) that occurs between the welded, devitrified portion of the Topopah Spring
Member and the underlying unaltered vitrophyre.

Samples from a depth of 417.3 m (1369.1 ft) are taken from the partially welded,
vitric ashflow tuffs that underlie the main vitrophyre. As indicated in Table 7, these
samples also contain appreciable quantities of clay. All of the samples from depths
greater than 417.3 m (1369.1 ft) are zeolitized to varying degrees and are from non-
welded ashflows. Both the vitric and the zeolitized samples provided data that agree
with the correlation between functional porosity and compressive strength. For these
two sample groups, however, the strength data show less variability than did corre-
sponding data or welded, devitrified samples. The greater homogeneity may be a-
tributed partly to the decreased frequency of fractures in the lower units and partly to
the tendency of the process of zeolitization to homogenize the porosity within a sample.

Ultimate strength/confining pressure plots are presented in Figure 8. The results
-reported here do not show clearly the effect of confining pressure on the ultimate
compressive strengths of the densely welded, devitrified tuffs (Figure 8A). For samples
from the 209.3-m (686.6-ft) depth, the highest strengths are associated with the highest
confining pressure (10 MPa), as expected. However, the lowest strengths were measured
at the intermediate value of confining pressure (5 MPa), and the samples tested without
confining pressure had intermediate strengths.

Samples from a depth of 294.2 m (965.2 ft) showed a slight increase in average
strength for samples tested at 10 MPa relative to results from unconfined tests (Fig-
ure 8B), but the difference is not statistically significant. These results indicate that
mechanical test results are influenced more by sample variability than by differences in
confining pressure.

The effect of confining pressure on the strength of the zeolitized samples [from a
depth of 426.9 m (1400.6 ft) was also examined (Figure 8C). The average strength of
the samples increased slightly at each increment of confining pressure between 0 and
10 MPa, but the differences are not significant relative to strength variability at any
one confining pressure.

The effect of variation in strain rate on ultimate strength is graphically shown in
Figure 9. The trend seems to be better defined than that of confining pressure for the
densely welded samples. Testing of samples from a depth of 226.4 m (742.75 ft) showed
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a decrease in strength of 4 to 7% for each order-of-magnitude decrease in strain rate
(Figure 9A). A decrease in 9% per order-of-magnitude decrease in strain rate is shown
by the data for samples from a depth of 305.5 m (1002.4 ft) (Figure 9B). However, the
ranges in strengths at different strain rates overlap, so sample variability i still a very
important factor relative to variations in strain rate. Samples from the partially welded,
vitric interval [417.3 m (1389.1 ft)] were also tested to determine the dependence of the
compressive strength on train rate. Differences in results at different strain rates
showed no significant trend (Figure 9C).

Young's Modulus

The 17 samples for which pre-test sample treatment was different produced test
results indistinguishable from other results from equivalent depths. Thus, the results
from these 17 samples are included in the discussion below.

The Young's moduli of the test samples should show a decrease with increasing
functional porosity, as discussed earlier, for all samples except those from the main
vitrophyre. For the densely welded, devitrified samples, this approximate trend is
present, although neither the average moduli nor the porosities have large enough
ranges to provide definitive information. Both the partially welded and the nonwelded
samples have much higher porosities and much lower moduli than the densely welded,
devitrified samples, as expected, and have mutually indistinguishable moduli.

Variation in confining pressure between 0 and 10 MPa produced no definitive trend
in Young's moduli for the densely welded, devitrified samples, nor for the nonwelded,
zeolitized samples. As was found for compressive strengths, the moduli are a stronger
function of sample variability than of variation in confining pressure.

The same conclusion can be made for the effect of variation in strain rate on Young's
modulus. Neither the densely welded, devitrified samples nor the partially welded,
vitric samples showed any consistent pattern as the strain rate was varied.
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SUMMARY

Fifty-seven compression experiments were performed on saturated samples at con-
stant confining pressure, room temperature, and constant strain rate. Confining pres-
sure was found to have no definitive effect on the strength or Young's modulus of
any samples, although both densely welded, devitrified samples and zeolitized samples
showed an ncrease in ductility at higher confining pressures. Changes in strain rate
caused a decrease in strength of 4 to 9% per order-of-magnitude decrease in strain rate
for the densely welded, devitrified samples but had no effect on the strength of the
nonwelded samples or on the Young's moduli of any sample group.
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Figure 1.
Location map of the Nevada Test Site, Yucca Mountain, and

Drillhole USW G-4.
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Figure 2a.

Plot of axial stress versus axial strain data with linear, least-
squares fits for pre-test series system calibration at SNL with a
6061-T651 aluminum sample.
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Figure 2b.

Plot of axial strain versus lateral strain data with linear, least-
squares fits for pre-test series system calibration at SNL with a
6061-T651 aluminum sample.
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Figure 2c.

Plot of axial stress versus axial strain data with linear, least-
squares fits for post-test series system calibration at SNL with
a 6061-T651 aluminum sample.
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Figure 2d.

Plot of axial strain versus lateral strain data with linear, least-
squares fits for post-test series system calibration at SNL with
a 6061-T651 aluminum sample.
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Figure 3a.

Plot of axial stress versus axial strain data with linear, least-
squares fits for pre-test series system calibration at TTR with a
6061-T651 aluminum sample.
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Figure 3b.

Plot of axial strain versus lateral strain data with linear, least-
squares fits for pre-test series system calibration at TTR with a
6061-T651 aluminum sample.
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Figure 3c.

Plot of axial stress versus axial strain data with linear, least-
squares fits for intra-test series 1 system calibration at TTR
with a 6061-T651 aluminum sample.
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Figure 3d.

Plot of axial strain versus lateral strain data with linear, least-
squares fits for intra-test series 1 system calibration at TTR with
a 6061-T651 aluminum sample.
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Figure 3e.

Plot of axial stress versus axial strain data with linear, least-
squares fits for intra-test series 2 system calibration at TTR
with a 6061-T651 aluminum sample.
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Figure 3f.

Plot of axial strain versus lateral strain data with linear, least-
squares fits for intra-test series 2 system calibration at TTR with
a 6061-T651 aluminum sample.
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Figure 3g.

Plot of axial stress versus axial strain data with linear, least-
squares fits for post-test series system calibration at TTR with
a 6061-T651 aluminum sample.
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Figure 3h.

Plot of axial strain versus lateral strain data with linear, least-
squares fits for post-test series system calibration at TTR with
a 6061-T651 aluminum sample.
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Figure 4a.

Plot of axial stress versus axial strain for sample 4-686.6-A,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10- s.
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Figure b.

Plot of axial stress versus axial strain for sample G4-686.6-B,
deformed in compression at 5 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-I.
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Figure 4c.

Plot of axial stress versus axial strain for sample G4-686.6-C,
deformed in compression at 10 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-6 s1.
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Figure 4d.

Plot of axial stress versus axial strain for sample G4-686.6-D,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-6 s-1.
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Figure 4e.

Plot of axial stress versus axial strain for sample G4-686.6-E,
deformed in compression at 5 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10- -1.
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Figure 4f.

Plot of axial stress versus axial strain for sample G4-686.6-F,
deformed in compression at 10 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 4g.

Plot of axial stress versus axial strain for sample G4-686.6-G,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10- s-1.
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Figure 4h.

Plot of axial stress versus axial strain for sample G4-742.75-A,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10- s1.
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Figure 41.

Plot of axial stress versus axial strain for sample G4-742.75-B,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-3 s-1.
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Figure 4j.

Plot of axial stress versus axial strain for sample G4-742.75-C,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-3 s-i.
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Figure 4k.

Plot of axial stress versus axial strain for sample G4-742.75-D,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-7 s-1.
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Figure 41.

Plot of axial stress versus axial strain for sample G4-742.75-E,

deformed in compression at 0.1 MPa confining pressure, room

temperature, and a nominal axial strain rate of 10- s-.
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Figure 4m.

Plot of axial stress versus axial strain for sample G4-742.75-F,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 4n.

Plot of axial stress versus axial strain for sample G4-742.75-G,

deformed in compression at 0.1 MPa confining pressure, room

temperature, and a nominal axial strain rate of 10-5 s1.
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Figure 4o.

Plot of axial stress versus axial strain for sample G4-742.75-H,

deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-7 s-l.
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Figure 4p.

Plot of axial stress versus axial strain for sample G4-748.6-A,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5' s-1.
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Figure 4q.

Plot of axial stress versus axial strain for sample G4-748.6-B,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 4r.

Plot of axial stress versus axial strain for sample G4-749.0-A,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 4s.

Plot of axial stress versus axial strain for sample G4-749.0-B

deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.

62



[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]

Figure 4t.

Plot of axial stress versus axial strain for sample G4-910.7-A,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s1.
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Figure 4u.

Plot of axial stress versus axial strain for sample 4-911.3-A,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 4v.

Plot of axial stress versus axial strain for sample G4-911.3-B,

deformed in compression at 0.1 MPa confining pressure, room

temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 4w.

Plot of axial stress versus axial strain for sample G4-911.3-C,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 4x.

Plot of axial stress versus axial strain for sample G4-965.2-A,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 4y.

Plot of axial stress versus axial strain for sample 4-965.2-B,
deformed in compression at 10 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 4z.

Plot of axial stress versus axial strain for sample G4-965.2-D,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure aa.

Plot of axial stress versus axial strain for sample 4-965.2-E,
deformed in compression at 10 MPa confining pressure, room
temperature, and a nominal axial train rate of 10-5 s-1.
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Figure 4bb.

Plot of axial stress versus axial train for sample G4-965.2-H,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 4cc.

Plot of axial stress versus axial strain for ample G4-1001.9-A,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 4dd.

Plot of axial stress versus axial strain for sample 4-1001.9-B,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 4ee.

Plot of axial stress versus axial strain for sample G4-1001.9-C,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 4ff.

Plot of axial stress versus axial strain for sample G4-1002.4-A,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-7 s-1.
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Figure gg.

Plot of axial stress versus axial strain for sample G4-1002.4-B,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 4hh.

Plot of axial stress versus axial strain for sample G4-1002.4-C,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1 .
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Figure 4ii.

Plot of axial stress versus axial strain for sample G4-1002.4-D,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-7 s-1.
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Figure 4j.

Plot of axial stress versus axial strain for sample G4-1065.8-A,
deformed in compression at 0.1 MPa confining pressure, room

temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 4kk.

Plot of axial stress versus axial strain for sample G4-1065.8-C,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 5a.

Plot of axial stress versus axial strain for sample G4-1307.2-A,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure b.

Plot of axial stress versus axial strain for sample G4-1307.2-C,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 5c.

Plot of axial stress versus axial strain for sample G4-1307.2-D,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 5d.

Plot of axial stress versus axial strain for sample G4-1307.2-E,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 5e.

Plot of axial stress versus axial strain for sample G4-1307.2-F,
deformed in compression at 0.1 Ma confining pressure, room

temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 6a.

Plot of axial stress versus axial strain for sample G4-1369.1-A,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-3 s-1.
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Figure 6b.

Plot of axial stress versus axial strain for sample G4-1369.1-B,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-3 s-l.
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Figure 6c.

Plot of axial stress versus axial strain for ample 4-1369.1-C,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-3 s-1.
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Figure d.

Plot of axial stress versus axial strain for sample 4-1369.1-D,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-7 s-1.
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Figure 6e.

Plot of axial stress versus axial strain for sample G4-1369.1-E,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 6f.

Plot of axial stress versus axial strain for sample G4-1369.1-F,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1
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Figure 6g.

Plot of axial stress versus axial strain for sample G4-1369.1-G,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 6h.

Plot of axial stress versus axial strain for sample G4-1369.1-H,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-7 s-1.
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Figure 7a.

Plot of axial stress versus axial strain for sample 4-1400.6-
C, deformed in compression at 5 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 7b.

Plot of axial stress versus axial strain for sample G4-1400.6-D,
deformed in compression at 10 MPa confining pressure, room
temperature, and nominal axial strain rate of 10-5 s-1.
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Figure 7c.

Plot of axial stress versus axial strain for sample G4-1400.6-E,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 7d.

Plot of axial stress versus axial strain for sample G4-1400.6-
F, deformed in compression at 5 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 7e.

Plot of axial stress versus axial strain for sample G4-1400.6-G,

deformed in compression at 10 MPa confining pressure, room

temperature, and a nominal axial strain rate of 10-5 s-1.
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Figure 7f.

Plot of axial stress versus axial strain for sample G4-1400.6-H,
deformed in compression at 0.1 MPa confining pressure, room
temperature, and a nominal axial strain rate of 10-5 s-l.
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Figure 8a.

Plot of confining pressure versus ultimate differential stress for
samples G4-686.6 deformed in compression at room temperature
and a nominal axial strain rate of 10-5 s-1.
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Figure 8b.

Plot of confining pressure versus ultimate differential stress for
samples G4-965.2 deformed in compression at room temperature
and a nominal axial strain rate of 10-5 s-1.
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Figure 8c.

Plot of confining pressure versus ultimate differential stress for
samples G4-1400.6 deformed in compression at room tempera-
ture and a nominal axial strain rate of 10-5 s-1.
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Figure 9a.

Plot of log strain rate versus ultimate differential stress for sam-
ples G4-742.75 deformed in compression at 0.1 MPa confining
pressure and room temperature.
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Figure 9b.

Plot of log strain rate versus ultimate differential stress for sam-
ples G4-1002.4 deformed in compression at 0.1 MPa confining
pressure and room temperature.
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Figure 9c.

Plot of log strain rate versus ultimate differential stress for sam-
ples G4-1369.1 deformed in compression at 0.1 MPa confining
pressure and room temperature.
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