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Strain rate dependent strength
and stress-strain characteristics of a welded

tuff

Abstract Results of 61 uniaxial
compression tests on the welded
Topopah Spring tuff are presented.
The tests were carried out under
constant strain rates at room tem-
perature. Stress—strain analysis
indicates that dilatancy and com-
paction start at about 50% of
ultimate strength. A sudden stress
drop occurs at about 90% of the
ultimate strength, which indicates
the onset of specimen failure. Both
strength and peak axial strain de-
crease with strain rate as power
functions. Based on the strain rate
dependence of strength and peak
axial strain, it is inferred that the
elastic modulus is strain rate
dependent. A relationship between
stress, axial strain, and axial strain
rate is developed. The parameters
in this relation are estimated

using multivariate regression to

fit stress—axial strain—strain rate
data.

Keywords Strain rate depen-
dence - Welded tuff - Dilat-
ancy - Compaction

Résumé Les résultats de 61 essais
de compression simple sur les

Introduction

Results of 61 uniaxial compression tests on welded To-
popah Spring tuff are presented. The tests were carried
out under constant strain rates at room temperature.

ignimbrites de Topopah Spring
sont présentés. Les essais ont été
réalisés avec une vitesse de défor-
mation constante a la température
du laboratoire. L’analyse en con-
trainte-déformation montre que la
dilatance ou la contractance com-
mence a environ 50% de la résis-
tance ultime. Une chute brutale de
résistance apparait a environ 90%
de la résistance ultime, ce qui rend
compte de l'initiation de la rupture
de I’échantillon. A la fois la résis-
tance ultime et la déformation au
pic de résistance diminuent avec la
vitesse de déformation suivant des
fonctions puissance. Sur la base de
ces observations, il est conclu que
le module d’¢lasticité dépend de la
vitesse de déformation. Une
relation entre contrainte, déforma-
tion axiale et vitesse de déforma-
tion axiale est mise en évidence.
Les parameétres intervenant dans
cette relation sont estimés a partir
des techniques de régression
linéaire sur les données expérimen-
tales.

Mots clés Ignimbrites - Essais de
compression simple - Parameétres
meécaniques

The purpose of the tests was to investigate the strain rate
dependence of strength and stress—strain characteristics

as a basis to investigate the long term mechanical
behavior of the tuff. The tuff is from the welded Topo-
pah Spring Formation at Yucca Mountain, Nevada.
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Yucca Mountain has been selected as a candidate site for
a High Level Nuclear Waste Repository in the United
States (OCRWM 2004). The repository is to be exca-
vated in the welded Topopah Spring tuff. Units exposed
in the formation include the crystal-poor upper litho-
physal zone (Tptpul), the crystal-poor middle nonlitho-
physal zone (Tptpmn), the crystal-poor lower
lithophysal zone (Tptpll) and the crystal-poor lower
nonlithophysal zone (Tptpln) (OCRWM 1999). The
specimens tested were from Alcove#5, located in the
middle nonlithophysal zone.

Lithophysae are gas-formed voids created soon after
emplacement of the ash-flow tuff. Although they indi-
cate a lithophysal zones some (usually small ones) also
appear in the nonlithophysal zones. Vapor-phase altered
spots (regions of tuff matrix altered by gases in the early
stages of tuff emplacement, see OCRWM 1999; Buesch
and Spengler 1998) are common in the welded Topopah
Spring tuff.

The test specimens were prepared from nominal
diameter 61 mm drill cores received from the sample
management facility (SMF), Yucca Mountain Site
Characterization Project. Although small vapor-phase
altered spots were difficult to avoid, as far as possible the
samples selected did not contain lithophysae or major
vapor-phase altered spots. The specimens could not be
cut to the same lengths due to the limitations of the
length of the cores and the observed presence of litho-
physae as well as major vapor-phase altered spots.
However, the length to diameter ratio was controlled in
the range of 1.8-2.9 to approximately meet ASTM D
4543 (ASTM 1991) and ISRM Suggested Method
(ISRM 1979). As seen in Fig. 1, the strength of the
specimens exhibited some length effect; with an apparent
decrease in strength with the longer samples as indicated
with best fit straight line. The figure also shows the
strength of the tuff is highly variable.

The 61 specimens were divided into five groups to test
at five strain rates. The specimens of various lengths
were randomly grouped and it was assumed that in this

300 T T T
= TT———a. il
=" —e___ o

200 + T o el
2 : ;
% 100 | ° :
w

0 1 !

| 1 |
1.6 1.8 2 22 24 26 28
Ratio of length to diameter

Fig. 1 Length effect on uniaxial compressive strength. Twenty tests
at strain rates on the order of 107> s™! are included

way the length effect among the groups would be can-
celled out.

The moisture contents were measured for 58 of the 61
specimens. For the 41 for which the moisture content
was determined before compression testing, the mean
moisture content was 0.69% with a standard deviation
of 0.1%. For 17 of the cores the moisture content was
measured soon after testing; the mean moisture content
and standard deviation were 0.75 and 0.07%. The
porosity of the specimens in the welded Topopah Spring
Formation is in the range of 10-13% according to
Rautman and Engstrom (1996a, b), Engstrom and
Rautman (1996) and DOE/RW-0549 (2002).

All the specimens exhibited brittle failure, at all strain
rates. They failed violently, accompanied by intense
noise, shock and dust. When a high strain rate test was
performed the specimen usually broke into a large
number of small pieces. The fractures were nearly par-
allel to the axis of the specimens, which failed predom-
inantly by longitudinal splitting (Fig. 2). Previous
investigations on deformation in brittle rocks have
strongly suggested that the inelastic deformation and
failure of brittle rocks under uniaxial compression is
caused by the development of cracks parallel to the
compressive stress direction (Walsh 1965; Brace et al.
1966; Cruden 1971; Lajtai 1971; Kranz and Scholz 1977,
Horii and Nemat-Nasser 1985; Costin 1985; Lemaitre
1992; Ladanyi 1993; Martin 1997).

If a uniform stress is applied to a polycrystalline
aggregate, the local stress at a point will not, in general,
be the same as the applied stress but will vary in some
complex way throughout the body (Scholz 1968). This
inhomogeneity is the basic factor governing the micro-
fracturing of a brittle rock (Costin and Holcomb 1983).
As a rock approaches failure, cracks begin to interact
and coalesce, finally forming macrocracks and faults
(Lauterbach and Gross 1998).

Experimental setup and results

All the tests were conducted in a material testing sys-
tem (MTS), servo-controlled hydraulic test system.
Load was measured using a load cell. Displacement
was measured using an linear variable differential
transducer (LVDT) in the MTS. Strain was measured
using electrical resistance strain gauges. Six strain
gauges cemented at about mid- height on each speci-
men were used on each specimen, four measuring axial
strain and two lateral strain. The strain in each direc-
tion was calculated by averaging all measurements in
that direction. The five strain rates at which the spec-
imens were tested were in the order of 107, 107>, 107,
1077 and 107 s™'. The test durations corresponding to
each strain rate were about 1 min, 10 min, 1 day,
3 days and 7 days.
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Fig. 2 Specimens after failure.
Longitudinal splitting domi-
nates the failure mode. Vapor-
phase altered (white) spots are
present inside the specimens:
01023668-3-U (strain
rate=1.36 x 107 s™") and
01023657-1-U (strain
rate=1.13x 107 ™'

All the tests were performed using displacement
control instead of true strain control. The displacement
measurement included both the deformation of steel
platens and spacers and the deformation of each contact
pair of specimen platens, spacers and load cell. Conse-
quently, the strain rate calculated from the strain mea-
sured by strain gauges on the specimen was not perfectly
constant, especially at the beginning of loading. The
strain rate used for the study was estimated using least
square linear fit over the 50-90% portion of the axial
strain in the axial strain—time curve. Figure 3 gives an
example. Table 1 presents a summary of the experi-
mental results.

Analysis and discussion
Threshold stress at half strength

Stress—strain curves mirror the mechanical behavior of
rocks as the dominant factors for brittle rocks are the
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Fig. 3 Strain rate estimate using linear fit over 50-90% portion of
axial strain—time curve (01023364-U, strain rate=1.08 x 107> s™")
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microscopic activities, such as crack development and
pore closure, which are reflected in the stress—strain
curves (Bieniawski 1967). Figures 4, 5, and 6 give the
stress—strain curves for three specimens, representing
three different reversal modes of stress—crack volumetric
strain curves observed in this study. Graph (a) in each
figure shows axial stress versus axial strain, lateral strain,
volumetric strain and crack volumetric strain. The axial
and lateral strains are defined as positive for compres-
sion and negative for expansion. Assuming a small
strain, volumetric strain is calculated by Eq. 1 according
to Jaeger and Cook (1979, p. 84).

(1)

where ¢ is axial strain and g is lateral strain. Graph (b)
in each figure is the stress—crack volumetric strain curve
with an enlarged scale along the horizontal axis. The
three reversal modes of the stress—crack volumetric
strain curves indicate three patterns of deformation,
suggesting three types of microscopic activities occurred
at the reversal points of the curves. The three patterns of
deformation are dilatancy in Fig. 4, compaction in
Fig. 5 and dilatancy followed by compaction in Fig. 6.
The crack volumetric strain is defined as the difference
between volumetric strain and elastic volumetric strain
(Eberhardt et al. 1998; Lajtai 1998), and calculated by

&y = &+ 2¢,

Ecy = &y — &ev, (2)
where g, = elastic volumetric strain, given by
gev = (1 —2v)/E X a0, (3)

where E and v are Young’s modulus and Poisson’s ratio,
respectively, o is the axial stress. The crack volumetric
strain measures the cumulative volume change of voids
in a specimen. It inherits the sign convention of volu-
metric strain. For uniaxial compression, a negative value
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Table 1 Summary of constant
strain rate tests under uniaxial

compression

Serial # Specimen Specimen Strain Strength (MPa) Peak axial
length (mm) rate (s71) strain (mm/mm)
1 01023575-2-U 120 1.35E-07 101.80 0.0036
2 01023582-1-U 142 1.24E-05 202.98 0.0061
3 01023580-U 140 1.24E-06 172.00 0.0052
4 01023576-2-U 144 1.08E-07 128.59 0.0040
5 01023576-3-U 153 1.10E-08 163.28 0.0048
6 01023586-3-U 125 1.34E-08 253.29 0.0071
7 01023660-1-U 125 1.32E-07 168.10 0.0063
8 01023668-3-U 138 1.36E-08 113.21 0.0044
9 01023657-1-U 153 1.13E-05 233.16 0.0064
10 01023697-1-U 137 1.37E-07 215.19 0.0068
11 01023697-4-U 146 1.26E-07 163.16 0.0050
12 01023657-3-U 145 1.18E-05 216.95 0.0061
13 01023662-2-U 151 9.89E-06 203.36 0.0052
14 01023664-U 153 1.08E-05 239.62 0.0066
15 01023701-1-U 148 1.16E-05 242.89 0.0077
16 01023689-2-U 148 1.13E-04 228.02 0.0069
17 01023692-U 140 1.18E-04 213.68 0.0064
18 01023703-1-U 127 1.25E-04 264.53 0.0075
19 01025224-1-U 128 1.32E-04 209.32 0.0059
20 01023690-1-U 117 1.35E-04 248.61 0.0066
21 01025235-1-U 124 1.24E-04 285.88 0.0076
22 01025225-1-U 153 1.05E-04 196.68 0.0053
23 01025225-2-U 156 1.16E-04 217.53 0.0063
24 01023703-2-U 118 1.31E-04 214.41 0.0061
25 01023687-1-U 149 1.05E-05 275.22 0.0068
26 01023740-1-U 153 1.09E-05 225.33 0.0059
27 01025224-3-U 155 1.06E-05 154.49 0.0050
28 01025230-2-U 124 1.16E-05 269.62 0.0073
29 01023667-1-U 149 1.19E-06 176.63 0.0051
30 01025259-1-U 154 1.10E-06 238.26 0.0071
31 01025230-1-U 130 1.47E-06 209.46 0.0078
32 01023722-2-U 116 1.38E-06 296.47 0.0087
33 01025235-2-U 126 1.30E-06 229.75 0.0063
34 01023687-2-U 148 1.04E-06 213.02 0.0053
35 01023686-2-U 151 1.16E-06 242.43 0.0068
36 01023695-2-U 146 1.20E-05 203.02 0.0059
37 01025234-1-U 129 1.30E-05 291.64 0.0082
38 01023702-2-U 135 1.17E-05 223.90 0.0067
39 01023691-1-U 115 1.43E-06 259.94 0.0080
40 01023707-1-U 151 1.17E-06 192.01 0.0061
41 01023686-1-U 120 1.28E-06 232.54 0.0062
42 01025260-1-U 150 1.33E-06 212.17 0.0072
43 01023694-2-U 130 1.35E-06 244.80 0.0072
44 01023662-1-U 153 1.15E-07 204.55 0.0058
45 01025226-1-U 127 1.29E-07 227.37 0.0064
46 01025264-U 145 1.09E-07 119.22 0.0035
47 01023682-2-U 155 1.16E-07 121.15 0.0037
48 01023579-1-U 151 1.11E-05 135.97 0.0036
49 01023657-4-U 108 1.33E-05 261.63 0.0074
50 01023687-3-U 108 1.31E-07 241.02 0.0068
51 01023706-1-U 112 2.78E-08 199.89 0.0066
52 01023707-3-U 123 1.33E-05 232.55 0.0074
53 01023732-U 142 1.08E-05 122.28 0.0033
54 01023743-1-U 152 1.05E-05 167.47 0.0045
55 01023747-1-U 125 1.24E-06 264.26 0.0063
56 01023747-3-U 122 1.15E-04 210.88 0.0055
57 01023749-2-U 148 1.15E-06 157.6 0.0046
58 01023750-U 115 1.21E-05 176.52 0.0050
59 01023751-1-U 143 1.16E-07 176.95 0.0051
60 01023760-2-U 138 9.85E-05 158.24 0.0042
61 01025233-1-U 175 1.01E-07 197.48 0.0060
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Fig. 4 Stress—strain curves for specimen 01025226-1-U (test dura-
tion=15.3 h, strain rate=1.29 x 1077 s}

indicates dilatancy, which is caused by axial-oriented
crack opening. A positive value indicates an opposite
effect, i.e. compaction, according to Eq. 1, which can be
the closure of pre-existing open voids (Lajtai 1998). The
shape of the stress—crack volumetric strain curve actu-
ally reveals the interplay between these two distinct
microscopic processes.

Dilatancy is an inelastic increase in volume due to
stress. It is critical for brittle failure of rocks (Brace
1978). Lac du Bonnet granite (Martin and Chandler
1994; Lajtai 1998), Westerly granite (Holcomb 1981)
and calcite marble (Brace et al. 1966) displayed obvious
dilatancy with the growth of cracks parallel to the
loading direction. If the magnitude of the dilatancy is
sufficiently high, it can be observed in the stress—lateral
strain curve as the curve deviates from the linear trend,
and in the stress—volumetric strain curve as the curve
reverses towards the negative direction.

Compaction of a specimen can be caused by pore
closure under axial loading. Vajdova et al. (2004) pro-
posed that compressibility and porosity are positively
correlated. For a low to moderately stiff rock matrix, the
pores would close at low stress. Thus the pore closure is
usually indicated in the lower portion of a stress—axial
strain curve by exhibiting upward convex curvature
(Bieniawski 1967). In Figs. 4, 5 and 6 the near linearity
of the lower half parts of the stress—axial strain curves
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Fig. 5 Stress—strain curves for specimen 01023662-1-U (test dura-
tion=15.8 h, strain rate=1.15 x 107’ s"')

indicates that the matrices of the specimens are quite stiff
given the porosity range of 10-13% for the welded To-
popah Spring tuff.

In Figs. 4, 5 and 6, the stress—axial strain curves be-
come slightly more nonlinear at about half the peak
stresses, with downward bending. As the stresses in-
crease further, the curves depart from linearity faster.

For specimen 01025226-1-U in Fig. 4 the stress—crack
volumetric curve is initially positive. It goes through a
reversal point (108 MPa) and ends with a negative value
(indicating dilatancy). From the viewpoints of Martin
and Chandler (1994) and Eberhardt et al. (1998), the
reversal point is where the axial-oriented cracks start to
initiate.

Compared with specimen 01025226-1-U, the stress
versus crack volumetric strain curve of specimen
01023662-1-U in Fig. 5 changes in the opposite direction
(indicating compaction). The reversal point is at about
115 MPa. To achieve this opposite reversal, a relatively
large axial deformation must develop.

Figure 6 shows a combined case in which the stress—
crack volumetric strain curve reverses twice, indicating
dilatancy followed by compaction. The first reversal
point is at about 120 MPa. The second one is at about
225 MPa, 92% of the strength of the specimen. The
second reversal point may indicate the onset of failure,
because a significantly larger deformation in the axial
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Fig. 6 Stress—strain curves for specimen 01023694-2-U (test dura-
tion=1.7 h, strain rate=1.35x 107%s™")

direction starts to develop. If this is true, then the rock
matrix has started breaking at this stress.

Reversal points were observed in the stress versus
crack volumetric strain curves for 15 of the 61 tests. The
reversal stress levels and the reversal directions for these
tests are summarized in Table 2. The ratio of reversal
stress to strength for each test is also listed. This ratio
does not change significantly from test to test. Its mean
value is 52% with the standard deviation 9%.

In Table 2, 5 of the 15 tests exhibited dilatancy
inferring initiation of axial-oriented cracks while the
remaining 10 exhibited compaction, suggesting pore
closure. These two microscopic activities took place al-
most simultaneously. At a given porosity, which of these
phenomena appeared first depended mainly on the
strength of the specimen. The following statistical study
suggests that specimens with higher strength show
compaction, i.e. pore closure, occurring first. A multi-
variate regression model can be built as

DRrey = By + By % Opeak 1 B, x logé+e, (4)

where Dg., represents reversal direction, a binary vari-
able, set to 0 for dilatancy, 1 for compaction; ¢ pea is the
peak stress or ultimate uniaxial compressive strength of
a specimen; log ¢ is the logarithm of strain rate; f§  is the
intercept in the model; § | and f , are coefficients of the
independent variables; e is the error term. Regressing
Drey 01 0 peax and logé, the intercept and coefficients are
estimated as in Eq. 5. The P values for student ¢ tests are
0.39 for ¢ pear and 0.41 for logé.

DRey = 0.434 4 0.0040pear + 0.097 log é. (5)

In Eq. 5, Dgey increases (towards 1) with an increase
of ¢ peak and an increase of log &. This means that a high
strength and a high strain rate contribute to compaction
(coded 1), while a low strength and a low strain rate
contribute to dilatancy (coded 0). This regression study
suggests that a high strength makes a specimen close its
pores prior to dilatancy. It also suggests that dilatancy
of a specimen tends to develop prior to compaction with
a decrease of strain rate.

Threshold stress at near failure

To explore the near failure behavior of the tuff speci-
mens, stress—axial strain curves for all the 61 tests have

Table 2 Summary of reversal

Reversal stress

stresses for 15 tests Specimen g\i\{)er)sal stress  Strength (MPa) Strength Reversal direction  Strain rate
a
01023580-U 105 172.00 0.61 + to — 1.24E-06
01023662-2-U 105 203.36 0.52 - to + 9.89E-06
01025224-1-U 102 209.32 0.49 —to + 1.32E-04
01025225-2-U 80 217.53 0.37 - to + 1.16E-04
01025224-3-U 80 154.49 0.52 —to + 1.06E-05
01025230-2-U 140 269.62 0.52 —to + 1.16E-05
01025259-1-U 175 238.26 0.73 - to + 1.10E-06
01025230-1-U 120 209.46 0.57 —to + 1.47E-06
01023694-2-U 120 244.80 0.49 + to— 1.35E-06
01023662-1-U 115 204.55 0.56 -to + 1.15E-07
01025226-1-U 105 227.37 0.46 + to — 1.29E-07
01023706-1-U 115 199.89 0.58 - to + 2.78E-08
01023751-1-U 60 176.95 0.34 + to - 1.16E-07
o ) 01023695-2-U 105 203.02 0.52 —to + 1.20E-05
“+to ~" indicates dilatancy; 01023760-2-U 80 158.24 0.51 + to - 9.85E-05

“—to +” indicates compaction
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been plotted and examined. A clear stress drop in the
stress—axial strain curve near failure was observed in 25
tests. Figure 7 illustrates four of them. Table 3 sum-
marizes the stresses at the drop points in the stress—axial
strain curves near failure for the 25 tests.

The mean value for the ratio of stress at drop point to
strength can be interpreted to indicate that on average
when the axial stress reaches 93.8% ultimate uniaxial
compressive strength, a sudden stress drop or a sudden
axial deformation occurs. This is an indication of onset
of specimen failure. It may be the start of crack inter-
action according to Lauterbach and Gross (1998). The
stress at drop point may have a similar significance as
the second reversal point in Fig. 6.

Strain rate dependence of strength and peak axial
strain

The strength and peak axial strain (gpcai) for the 61 tests
have been determined. Plots for strength and peak axial
strain as functions of strain rate, in semi-log scale, are
shown in Figs. 8 and 9. Nonlinear regression was ap-
plied to estimate the relations between strength and axial
strain rate and between peak axial strain and strain rate.
The regression was conducted using PROC NLIN with
Marquardt algorithm in SAS (Version 8.2) program
(Fernandez 2003). The PROC NLIN is a procedure to

Table 3 Near failure stresses at drop points in stress—axial strain
curve for 25 tests

Stress at

Specimen Strength Stress at drop point

drop point (MPa) (MPa) Strength
01023582-1-U 184.99 202.98 091
01023580-U  164.33 172.00  0.96
01023576-2-U 114.83 128.59  0.89
01023668-3-U 101.67 113.21  0.90
01023697-1-U 206.58 215.19  0.96
01023662-2-U 189.79 203.36  0.93
01023689-2-U 215.03 228.02  0.94
01023692-U  205.36 213.68  0.96
01023690-1-U 224.58 248.61  0.90
01025225-1-U 188.16 196.68  0.96
01023703-2-U 206.06 21441  0.96
01025259-1-U 225.84 238.26  0.95
01023722-2-U 288.32 296.47  0.97
01025234-1-U 277.34 291.64  0.95
01023702-2-U 212.41 22390 095
01023707-1-U 171.55 192.01  0.89
01025260-1-U 194.81 21217 0.92
01023682-2-U 112.79 121.15 093
01023706-1-U 189.38 199.89  0.95
01023707-3-U 220.73 232,55 095
01023747-1-U 250.89 26426  0.95
01023747-3-U 199.96 210.88  0.95
01023750-U  163.25 176.52  0.92
01023760-2-U 145.68 158.24  0.92
01025233-1-U 192.56 197.48  0.98

Stress at drop point
Strength )

mean = 93.8%, standard deviation = 2.4%
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= 200 | M ]
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E ‘3 01023722-2-0
i =
g 100 : _:__,__.%_’II_H o
50 |- oedd | |
D 1 1 1 1
1 0.002 0004 0006  0.008 0.01
Axial strain (mm/mm)

Fig. 7 Stress—axial strain curves showing stress drop before failure.
Specimen 01023722-2-U: strength =296.47 MPa, strain rate=1.23
x 107% s7!; Specimen 01025260-1-U: strength =212.17 MPa, strain
rate=1.18 x 107 s7'; Specimen 01023682-2-U: strength=
121.15 MPa, strain rate=1.02 x 1077 s™!; Specimen 01023750-U:
strength =176.52 MPa, strain rate = 1.15 x 107> s™!

find least squares estimates of coefficients for nonlinear
models. The Marquardt algorithm is a direct numerical
search method. The relations of strength—strain rate and
peak axial strain—strain rate are best represented by
power functions, as given in Eqs. 6 and 7. Regression
curves and the 95% confidence bands for the relations
are added in Figs. 8 and 9.

Tpeak = 297.8£"0%8, (6)

Epeak = 0.0074£2016, (7)

Student’s ¢ test indicates that the exponent in Eq. 6 is
significantly different from zero at the 95% confidence
level (P value=0.0087, less than 0.05), but the exponent
in Eq. 7 is not (P value=0.12, greater than 0.05).

Both strength and peak axial strain decrease with
strain rate following power functions. Analyses indicate
that the sensitivity of strength to strain rate is higher
than the sensitivity of peak axial strain to strain rate.
The difference is accounted for by the ratio of strength
to peak axial strain (Ma 2004; Ma and Daemen 2004).
This ratio defines the secant elastic modulus at failure
(Jaeger and Cook 1979, p. 79). Thus the secant elastic
modulus decreases with strain rate.

Strain rate dependent stress—strain relation

All the specimens exhibited some nonlinear deforma-
tion. This nonlinearity becomes slightly clearer after
about mid strength. The inelasticity of the specimens
was very small compared with their elasticity (Ma and
Daemen 2004). The stress can be expressed as a function
of axial strain for Cauchy elastic materials (Desai and
Siriwardane 1994, p. 83). For a given strain rate, the
derivative of stress with respect to axial strain gives the
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tangent elastic modulus as in Eq. 8 (Jaeger and Cook
1979, p. 79).

do
E=—. 8
de ®)
From the previous section, the secant elastic modulus
depends on strain rate. This is also true for the tangent
elastic modulus. Taking the derivative of E in Eq. 8 with
respect to &

dE  0%c

di  9:0 ©)
The right hand side of Eq. 9 can be written as

Pa .

The relationship of stress and axial strain for non-
linear elastic rocks under a fixed strain rate can be
written as in Eq. 11 (Zheng 1988, p. 216)
o =Aé,

(11)

where 4 and / are material constants. The parameter / is
often called the strain hardening exponent. 4 is termed
the strain-hardening coefficient.

For a constant axial strain, the relationship of stress
and strain rate must agree with the form in Eq. 6, which
can be expressed as
o = B (12)
where B and k are material constants.

Both relations of stress—axial strain and stress—strain
rate are given as power functions. Integrating Eq. 10 for
o and applying initial conditions, the relation of stress,
axial strain and strain rate can be obtained as

o= Ce"¢", (13)

where C, m and n are material constants.

Compiling the stress—axial strain—strain rate data for
the 61 tests and letting Eq. 13 fit the data using multi-
variate regression with logarithmic transformation,
Eq. 14 is obtained, which gives a good description of the
relationship between the three variables by giving the R
as 0.98.

g = 396705"77300%¢ (14)

Equation 14 gives the general trend of how stress
varies with axial strain and strain rate for the welded
Topopah Spring tuff from the nonlithophysal zone
(Tptpmn). Figure 10 is a cluster of stress—axial strain
curves for five strain rates. It is constructed based on
Eq. 14 in conjunction with Eq. 7, because Eq. 7 gives
the restriction of peak axial strain decreasing with strain
rate.

Conclusions

1. Two threshold stresses were observed in stress—strain
curves: the first one, at about mid strength, suggests
the start of crack initiation and pore closure; the
second, a stress drop near failure, indicates the onset
of specimen failure. The second threshold stress may
be the start of crack interaction. More nonlinear
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b
o
o

—
v, ]
=

Stress (MPa)

0 0.002

0.004
Axial strain (mm/mm)

0.006 0.008

Fig. 10 Stress as a function of axial strain and strain rate
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deformation is generated between these two threshold
stresses. In future studies and in engineering appli-
cation, more attention should be paid to this stress
range. As pointed out by Hoek and Brown (1980, p.
150), the use of the conventionally defined uniaxial
compressive strength (i.e., as measured in a 10—
15 min test) may not be the most appropriate defi-
nition of strength.

2. Both strength and peak axial strain decrease as
power functions of strain rate. Strength is more
sensitive to strain rate than is peak axial strain,
which implies that the elastic modulus is strain rate
dependent.

3. A multiplication form of a power function of axial
strain and a power function of strain rate is a good
expression of stress under the condition of axial strain
and strain rate variation. This establishes an empiri-
cal relation between stress, axial strain and strain
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