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To study the loading-rate dependence of four types of rocks in the peak and postfailure regions, the alternative strain rate test
method is employed in conducting triaxial compressive tests under different confining pressure and moisture conditions. An
index of the loading-rate dependence in the postfailure region is proposed, and the effects of confining pressure and moisture
condition on the index are analyzed. .e reliability of the test results is verified by comparing the experimental and calculated
results of stress relaxation. Following are the results. (1) .e peak strength and postfailure behavior significantly depend on the
loading rate. .e indices (nc and nd) of the loading-rate dependence in the postfailure region obtained based on the elastic and
unloading moduli show a good linear relationship. It is feasible to use nc to evaluate the loading-rate dependence of rocks in the
postfailure region. (2) .e loading-rate dependence of the rock strength increases with the increase in the confining pressure. .e
effect of confining pressure on the loading-rate dependence in the postfailure region is related to the moisture condition state. (3)
Water-saturation treatment will increase the loading-rate dependence in the peak and postfailure regions, and the effect of water is
greater than that of the confining pressure. (4).e experimental and calculated results of stress relaxation in the postfailure region
are in good agreement, thus validating the experimental results.

1. Introduction

An understanding of the time-dependent behavior of rocks
is essential for the assessment of long-term deformation and
stability of underground structures in mining engineering
[1]. Loading-rate dependency of strength is one important
aspect of the time-dependent behavior of rocks. .e re-
lationship between uniaxial compression strength and
loading rate has been thoroughly studied [2]. In contrast,
studies on the time dependency of rocks under the confining
pressure are lacking [3]. In practical projects, the formation
of postfailure regions around underground structures is
unavoidable [4]. Many rock mechanics problems in engi-
neering, such as stability of underground roadways and
pillars, are closely related to the mechanical properties and
loading-rate dependence of rocks in the postfailure region.
.erefore, studying the loading-rate dependence of rocks in
this region has practical significance.

Only a few papers have been published concerning the
loading-rate dependence of rocks in the postfailure region
compared to the peak-failure region. Rummel and Fairhurst
[5] investigated the postfailure behavior of brittle rocks
under uniaxial and biaxial compression..e average slope in
the postfailure region was found to decrease with the in-
crease in the strain rate, indicating that the deterioration in
the load-carrying ability of brittle rocks at high strain rates is
less than that at lower strain rates under uniaxial com-
pression. Bieniawski [6] conducted compressive tests at
a constant strain rate, changing strain rates, and constant
loading conditions in the postfailure region. .e results
show that the slopes of the stress-strain curves in the
postfailure region become increasingly horizontal with the
decrease in the strain rate. .is phenomenon helps im-
provise the stability of the rocks after failure. Peng and
Podnieks [7] demonstrated that the stress-strain curves
obtained at higher strain rates exhibited a lower negative
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slope, whereas those obtained at lower strain rates exhibited
a higher negative slope. Later, Peng [8] conducted stress
relaxation tests in the postfailure region to investigate the
time-dependence behavior of rocks. Hashiba et al. [9] in-
vestigated the loading-rate dependence of a stress-strain
curve in the postfailure region using the alternative strain
rate (ASR) test method. However, the results are only
qualitative, and there is no quantitative method for studying
the loading-rate dependence of rocks in the postfailure
region under confined and wet conditions.

Previous studies have shown that the peak strength is
proportional to the 1/(n+ 1)th power of the loading rate, and
the creep life is inversely proportional to the nth power of the
creep stress level [10], where n is the index of time de-
pendence, and is closely related to the crack growth rate [11].
.e lower the value of n, the greater is the time dependence
[3]..e index n can not only be used to evaluate the loading-
rate dependence of the peak strength [12] and stress-level
dependence of the creep life [13] but can also be used as
a parameter in the numerical simulation of constitutive
equations wherein the time dependence is considered [14].
Moreover, it can be applied to rockmass rating [15]. Hashiba
and Fukui [3] reviewed the results of previous studies on the
index n of the peak strength under various loading condi-
tions. However, relatively few studies have been conducted
on the peak strength under confined and wet conditions.
Furthermore, an index of the loading-rate dependence of
rocks in the postfailure region has not been proposed. In
fact, there are no clear conclusions concerning the re-
lationship between the loading-rate dependence (in the
postfailure region), confining pressure, and moisture con-
dition, which is essential for assessing the stability of un-
derground structures.

In this study, a series of triaxial compressive tests on four
types of rocks are conducted under different confining
pressure and moisture conditions (air-dried and wet). .e
new test method (ASR method) proposed by Hashiba et al.
[9] is employed to conduct the tests. Moreover, an index for
evaluating the loading-rate dependence of the rocks in the
postfailure region and its calculation method are developed,
for which cyclic loading-unloading tests are conducted. .e
effects of the confining pressure and moisture condition on
the index in the postfailure region are investigated, and the
results are compared with those in the peak-failure region.
Finally, the results of the ASR tests are validated by con-
ducting stress relaxation tests in the postfailure region and
from the calculation of a nonlinear constitutive equation.

2. Materials and Methods

2.1. Specimen Description. Following are the four types of
rocks employed for testing: Tage tuff, Ogino tuff, Emochi
andesite, and Jingkou sandstone. Tage tuff was obtained
from Tochigi Prefecture, Japan. It mainly contains Albite,
Feldspar, and small amounts of calcite. Ogino tuff was
obtained from Fukushima Prefecture, Japan. .e main
components are zeolite, mullite, and clay, with small
amounts of plagioclase and biotite. Emochi andesite was
obtained from Fukushima Prefecture, Japan. It mainly

comprises plagioclase, pyroxene, and a small amount of
biotite. Jingkou sandstone was obtained from Chongqing,
China. .e main components are quartz, feldspar, ver-
miculite, and muscovite. Table 1 lists the basic physical and
mechanical parameters of the rocks. .e saturated water
contents of Tage tuff and Ogino tuff are greater than those of
Emochi andesite and Jingkou sandstone, whereas the peak
strengths are lower.

.e specimens were obtained by drilling a block of rock
and were then cut into cylindrical shapes with a diameter of
25mm and a height of 50mm. .e specimen surfaces were
polished to ensure the flatness, verticality, and parallelism
standards as per ISRM..e specimens of the four rocks were
air-dried at room temperature for two weeks. For testing
under wet conditions, the specimens were water-saturated
using a vacuum pump. More than three specimens of each
type of rock were employed for each testing condition.

Figure 1 shows the testing apparatus used for the tests.
.e maximum axial loading capacity was 500 kN, and the
maximum axial displacement was 10mm. .e load was
measured using a load cell, and the displacement was
measured using a linear variable differential transformer
(LVDT).

2.2. Test Method. .e ASR test method, which was in-
troduced by Hashiba et al. [9], was used to conduct the tests.
In this section, a brief introduction about the method is
given. Figure 2 shows the stress-strain curve for the ASR test.
.e strain rate is switched between high (C2) and low values
(C1) at uniform strain intervals (△ε). Based on the exper-
imental curve, indicated using thick lines in Figure 2, the
stress increases abruptly with the increase in the strain rate at
the location marked with •, whereas it decreases at the
location marked with ○. .erefore, the stress-strain curves
for C1 and C2 can be obtained by connecting the points •

and ○ using a spline function, respectively, indicated using
thin lines in Figure 2.

In this study, the confining pressures were set to 0, 3, 6,
and 9MPa for the ASR tests. Based on previous suggestions
[9], the strain rate was switched between 10−4/s (C2) and
10−5/s (C1), while the strain interval (△ε) is set to 5×10−4
under uniaxial compression and 8×10−4 under triaxial
compression. .e peak strengths σ2f and σ1f corresponding
to strain rates of C2 and C1, respectively, can be obtained
using this method. Hence, the loading-rate dependence
index n of the peak strength can be calculated as follows:

σ2f
σ1f

�
C2

C1
 

1/(n+1)

. (1)

.e confining pressures in the cyclic loading-unloading
tests were set to 3, 6, and 9MPa. .e strain rate was 10−4/s.

3. Results

3.1. Alternative Strain Rate Test Results. Figure 3 shows the
typical ASR test results of the air-dried rocks under different
confining pressures. .e existence of the confining pressure
can effectively improve the bearing deformation capacity of
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the rocks in the postfailure region. When no conning
pressure is applied, the stress decreases rapidly to a very low
level after the peak strength point, and it is very di�cult to
quantitatively describe the loading-rate dependence in this
stage. Nevertheless, the method described by Hashiba et al.
[9] is found to be more e�ective. Hence, the index of the

loading-rate dependence in the postfailure region was not
calculated when the conning pressure was 0MPa.

�e stress-strain curves for the air-dried Tage tu� and
Ogino tu� samples (Figures 3(a) and 3(b)) are similar.With the
increase in the conning pressure, the peak strength gradually
increases. After the peak strength, the stress-strain curves
gradually transition from strain softening to approximately
plastic behavior. Although no �uctuation in the stress is ob-
servedwith respect to the change in the strain rate from the start
of the test, the stress varies with the change in the strain rate as
the stress increases up to the peak strength. �e magnitude of
the �uctuation is maximum near the peak strength point and
gradually decreases thereafter. �e stress in the postfailure
region �uctuates with the change in the strain rate.

�e stress-strain curves for the air-dried Emochi andesite
and Jingkou sandstone samples (Figures 3(c) and 3(d)) are
also similar. Compared to the curves for the Tage tu� and
Ogino tu� samples, the di�erence is that the stress decreases
abruptly after the peak strength and thereafter stabilizes in
the postfailure region. In addition, the stress �uctuates with
the change in the strain rate in the peak and postfailure
regions.

�e stress-strain curves for the four rock samples, shown
in Figure 4, under the wet condition are similar to those under
the air-dried condition. �is stress �uctuation is closely re-
lated to the loading-rate dependence in the peak and post-
failure regions. From the �uctuation, the index of the loading-
rate dependence can be obtained using data analysis.

3.2. Cycle Loading-Unloading Test Results. �e cyclic
loading-unloading test was conducted to obtain the unloading
modulus (Ed) in the postfailure region. �is modulus will be
used to calculate the index in the postfailure region.�erefore,
the analyses of the mechanical properties of the rocks under
the cyclic loading-unloading condition were excluded from
the study.

Considering the results of Tage tu� under a conning
pressure of 3MPa as an example, themethod of calculating Ed
is introduced as follows: Figure 5(a) shows the typical stress-
strain curve obtained for the Tage tu�. In the cyclic loading-
unloading test, hysteresis loops are generated, and Ed is
obtained from the hysteresis loop, as shown in Figure 5(b).

�e points A and B are the in�ection points for
unloading and reloading, respectively, and the slope of the
line AB is dened as the unloading modulus Ed. For the air-
dried and wet Tage tu� and Ogino tu� samples, the change
in the stress-strain curves in the postfailure region is gradual.
�erefore, the average slope of all the lines AB after the peak
strength is calculated as Ed. For the air-dried and wet Emochi
andesite and Jingkou sandstone samples, the average slope of
the line AB is calculated as Ed when the stress-strain curves
become horizontal after the decrease in the stress in the
postfailure region. Table 2 lists the statistical results of Ed for
the four air-dried and wet rock samples.

3.3. Index CalculationMethod and Results. In this study, the
index of the loading-rate dependence is denoted as n for the
peak-failure region and ni for the postfailure region. �e

Table 1: Physicomechanical properties of the specimens.

Rock Density
(g/cm3)

Saturated
water content

UCS
(MPa)

E
(GPa) v

Tage tu� 1.74 15.04% 22.26 3.83 0.32
Ogino tu� 1.81 10.53% 27.35 4.02 0.31
Emochi andesite 2.11 6.98% 77.50 10.05 0.25
Jingkou sandstone 2.29 4.81% 67.49 11.89 0.24
UCS: uniaxial compression strength, E: Young’s modulus, v: Poisson’s ratio.

Figure 1: Servocontrolled test system for triaxial compression test.

St
re

ss

Strain

St
ra

in
 ra

te

∆ε

C2

C1

σ2

σ1

Figure 2: Schematic graph of alternative loading rate test [9].
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value of n can be easily calculated based on Equation (1) and
ASR test results. To calculate ni, the authors adopted four
methods (a, b, c, and d) which were proposed by Hashiba
et al. [16], as shown in Figure 6.

Figure 6 shows two stress-strain curves corresponding to
strain rates of C1 and C2 obtained from the ASR test results.
In the postfailure region, point A (the stress is σ2) is located
on the curve of C2. Line a passes through A and is per-
pendicular to the strain axis; line b joins the origin and point
A; line c passes through A with a slope equal to Young’s
modulus (E); and line d passes through A with a slope equal
to Ed obtained from the cyclic tests (given in the previous
section). All the lines intersect with the curve of C1, and the
stresses at the intersection points are denoted by σ1a, σ1b, σ1c,
and σ1d, respectively. .e index of the loading-rate de-
pendence is calculated using

σ2
σ1i

�
C2

C1
 

1/ ni+1( )

(i � a, b, c, d). (2)

Although method “a” is the easiest to understand,
a theoretical background is lacking. .e theoretical

background of method “b” is the variable compliance-type
constitutive equation [17]. However, the nonlinear strain
during the compression is not considered in this equation.
.erefore, we calculated the index based onmethods “c” and
“d” and discussed their relationship.

Table 3 lists the calculation results of nc and nd obtained
under air-dried and wet conditions. For the four rocks, nc is
approximately equal to nd under the same test condition.
Figure 7 shows the relationship between nc and nd based on
the values listed in Table 3; nc is proportional to nd, and the
ratio is approximately 1. Furthermore, the relationship
between nc and nd was not affected by the rock type,
moisture condition, or confining pressure. .erefore, the
index nc, which is calculated using E, was used to assess the
loading-rate dependence of the rocks in the postfailure
region. Hence, the cyclic loading-unloading test was not
conducted to reduce the effort and cost.

3.4. Effects of Confining Pressure and Moisture Condition on
Index. Based on Equation (1) and ASR test results, the
index n of the peak strength is calculated. Table 4 lists the
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Figure 3: ASR stress-strain curves of air-dried rocks: (a) Tage tuff, (b) Ogino tuff, (c) Emochi andesite, (d) Jingkou sandstone.
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Figure 4: ASR stress-strain curves of wet rocks: (a) Tage tuff, (b) Ogino tuff, (c) Emochi andesite, (d) Jingkou sandstone.
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Figure 5: Calculation process of Ed (a) stress-strain curve, (b) calculation method.
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results. Water has a significant weakening effect on the peak
strength and n of all the rocks. For Tage tuff and Ogino tuff,
the values of n under the wet condition are lower than those
under the air-dried condition, indicating that the loading-rate
dependence of the peak strength under the wet condition is
greater than that under the air-dried condition. Similarly, for

Emochi andesite and Jingkou sandstone, the values of n under
the wet condition are lower than those under the air-dried
condition. However, the difference in n between the air-dried
and wet conditions is lower than that for Tage tuff and Ogino
tuff. .is shows that the effect of water on the loading-rate
dependence of the peak strengths of Tage tuff and Ogino tuff
is greater than that on the loading-rate dependence of the
peak strengths of Emochi andesite and Jingkou sandstone.
.e effects of water on nc and nd in the postfailure region, as
listed in Table 3, are similar to that on n.

To investigate the effect of the confining pressure on the
loading-rate dependence in the peak and postfailure regions,
Figures 8 and 9 show the indices n and nd with respect to the

Table 2: Statistics of Ed.

σ3 (MPa) Tage
tuff

Ogino
tuff

Emochi
andesite

Jingkou
sandstone

Air-dried Ed (GPa)
3 5.57 7.19 7.65 8.21
6 7.37 7.94 9.93 9.38
9 7.23 8.54 10.22 10.22
Wet Ed (GPa)
3 4.66 5.65 9.30 5.99
6 3.79 5.81 11.64 10.19
9 4.12 6.23 12.01 13.07

c
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Figure 6: Sketch of stress corresponding points in the postfailure
region [16]. Dotted lines correspond to constant strain (a), line
passing through the origin (b), line with slope equal to Young’s
modulus (c), and unload modulus (d).

Table 3: Calculated results of nc and nd.

Rock σ3 (MPa)
nc nd

Air-dried Wet Air-dried Wet

Tage tuff
3 68 45 66 43
6 51 37 50 36
9 50 38 50 39

Ogino tuff
3 65 33 64 33
6 55 35 54 35
9 45 32 45 32

Emochi andesite
3 74 58 74 57
6 67 62 65 63
9 66 61 64 61

Jingkou sandstone
3 45 50 45 49
6 52 50 52 51
9 66 50 60 51
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Figure 7: Relationship between nc and nd.

Table 4: Calculated results of n.

Rock σ3
(MPa)

Peak strength (MPa) n
Air-dried Wet Air-dried Wet

Tage tuff

0 22.26 10.81 42 30
3 30.52 19.17 48 34
6 35.42 20.25 48 36
9 40.39 20.67 50 40

Ogino tuff

0 27.35 15.52 36 24
3 41.66 22.28 40 25
6 46.69 23.69 43 29
9 49.59 24.67 44 31

Emochi andesite

0 77.5 68.59 47 38
3 96.72 79.85 50 42
6 115.20 91.83 53 44
9 129.39 115.05 60 54

Jingkou
sandstone

0 67.49 52.6 39 38
3 82.80 73.50 38 41
6 96.35 79.86 41 43
9 110.68 92.34 48 48
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conning pressure, plotted based on the values listed in
Tables 3 and 4, respectively. Figure 8 shows that the values of
n under the air-dried and wet conditions increase with the
increase in the conning pressure, indicating that the in-
creasing conning pressure reduces the loading-rate de-
pendence of the peak strength. �e e�ect of the conning
pressure on the n values of Tage tu� and Ogino tu� is
relatively lower than that on the n values of Emochi andesite
and Jingkou sandstone.

Figure 9 shows that the value of nd under the air-dried
condition decreases with the increase in the conning
pressure, except for the Jingkou sandstone sample. Under the
wet condition, the value of nd does not show a clear variation
with respect to the conning pressure. FromTable 3, the value
of nd under the wet condition changes very slightly under the
di�erent conning pressures. �erefore, it can be considered
that the conning pressure does not a�ect the loading-rate
dependence in the postfailure region. Moreover, from
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Figure 8: Loading-rate dependence index of peak strength with respect to conning pressure under (a) air-dried, (b) wet conditions.
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Figure 9: Loading-rate dependence index in the postfailure region with respect to the conning pressure under (a) air-dried, (b) wet
conditions.
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Tables 3 and 4, it can be concluded that the effect of water on
the loading-rate dependence of the rocks in the peak and
postfailure regions is greater than that of the confining
pressure.

3.5. Comparison between Peak and Postfailure Regions.
Comparing Tables 3 and 4, the value of n is lower than nd in
all cases, regardless of the condition (air-dried or wet),
indicating that the loading-rate dependence in the peak-
failure region is greater than that in the postfailure region.
.e ratio of n under the wet condition to that under the air-
dried condition (n(wet)/n(air-dried)) was calculated for the
range of confining pressures employed in this study. .e
ratios (n) for the Tage tuff (under different confining
pressures), Ogino tuff, Emochi andesite, and Jingkou
sandstone are in the ranges of 71–80%, 63–70%, 80–89%,
and 97–100%, respectively. .e results of nd (nd(wet)/nd(air-
dried)) for the Tage tuff, Ogino tuff, Emochi andesite, and
Jingkou sandstone are in the ranges of 66–76% (under
different confining pressures), 52–71%, 77–95%, and 84–
100%, respectively. .erefore, water has a greater effect on
the loading-rate dependence in the postfailure region.

4. Discussion

4.1. Stress Increment. To study the loading-rate dependence
of the rocks in the peak and postfailure regions, it is nec-
essary to obtain the stress increment values with ten-fold
increase in the strain rate. .e equations to calculate the
same are as follows:

Δσ � σ2f − σ1f , (3)

Δσd � σ2 − σ1d. (4)

.e following equations [3] are obtained by
substituting Equations (3) and (4) in Equations (1) and (2),
respectively:

Δσ � σ1f 101/(n+1) − 1 , (5)

Δσd � σ1d 101/ nd+1( ) − 1 , (6)

where△σ and△σd are the increments with ten-fold increase
in the strain rate in the peak and postfailure regions, re-
spectively. From Equations (5) and (6), △σ and △σd are
found to be proportional to σ1f (deviator stress) and σ1d
(deviator stress), respectively.

Figure 10 shows the changes in △σ for the four rocks
under the air-dried and wet conditions. .e results show that
△σ increases with the increase in σ1f (deviator stress) under
the air-dried and wet conditions. .e values of △σ for the
Tage tuff and Ogino tuff samples are lower; however, the
increment in △σ is greater than those for Emochi andesite
and Jingkou sandstone, based on the comparison of the slopes
of the fitting lines. .e data pertaining to the sandstone
samples under the wet condition are relatively scattered.

Figure 11 shows the changes in △σd for the four rocks
under the air-dried and wet conditions. Similar to △σ,

△σd increases with the increase in σ1d (deviator stress) under
the air-dried and wet conditions.

Overall, both △σ and △σd have a good linear re-
lationship with σ1f and σ1d, respectively, under both air-
dried and wet conditions. As mentioned in the previous
section, it is difficult to quantitatively study the loading-rate
dependence of rocks in the postfailure region when the
confining pressure is zero. Based on the results obtained in
this section, △σd can be estimated using Equations (4) and
(6). .e index nd corresponding to a confining pressure of
0MPa can be calculated using Equation (2).

4.2. Verification of Test Results. In the previous section, we
found that nc calculated using E was approximately equal to
nd calculated using Ed. .erefore, nd can be replaced by nc to
assess the loading-rate dependence of the rocks in the
postfailure region. However, only few quantitative results on
the loading-rate dependence in the postfailure region are
available in literature..erefore, we need to verify the results
of the ASR tests. Hashiba and Fukui [14] demonstrated that
the various time-dependent behaviors, such as the loading-
rate dependence, creep, and stress relaxation, are closely
related. Hence, stress relaxation tests were conducted in the
postfailure region, and a nonlinear constitutive equation, the
parameters of which are obtained from the ASR tests, was
employed to determine the stress relaxation. Based on the
comparison of the experimental and calculated results, the
reliability of the ASR test results was verified.

.e stress relaxation tests were conducted, and the air-
dried Tage tuff was taken as the example under confining
pressures of 3, 6, and 9MPa. In addition, stress relaxation
tests on the air-dried Ogino tuff, Emochi andesite, and
Jingkou sandstone samples were conducted under a con-
fining pressure of 6MPa. .e relaxation time was 105/s. .e
strain was controlled with a strain rate of 10−4/s for loading
up to the start point of the stress relaxation. .e start points
are located in the stable region of the stress-strain curves in
the postfailure region. Table 5 lists the strain and stress
values at the start points.

.e Nonlinear Maxwell model proposed by Okubo and
Fukui [18] was used to simulate the stress relaxation of rocks
in postfailure region. For conventional Maxwell model, σ is
proportional to the rate of dashpot strain (dε2/dt). For the
Nonlinear Maxwell model in Figure 12, σ follows the power-
law like a non-Newtonian fluid. Accordingly, the consti-
tutive equations can be written as follows:

ε � ε1 + ε2, (7)

σ � Eε1, (8)

σ � η
dε2
dt

 

(1/n)

, (9)

where ε1 and ε2 denote the strain values of the spring and
dashpot, respectively, η is the viscosity coefficient of the
dashpot, and σ is the stress at the start point of stress re-
laxation. n was obtained from the ASR test results. E and Ed
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Figure 11: △σd vs stress in the postfailure region under (a) air-dried, (b) wet conditions.
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Figure 10: △σ versus peak strength under (a) air-dried, (b) wet conditions.

Table 5: Values of parameters.

Rock σ3 (MPa)
Start points

E (MPa) Ed (MPa) n η
Strain (10−4) Stress (MPa)

Tage tu�
3 300 22.09 4030 5570 48 26.76
6 300 32.15 4180 7370 48 39.01
9 300 22.09 4630 7230 50 44.84

Ogino tu� 6 300 32.11 4540 7940 43 43.50
Emochi andesite 6 300 67.55 9070 9930 53 80.49
Jingkou sandstone 6 200 27.56 11210 9380 41 34.43

Advances in Materials Science and Engineering 9



were used for the calculation in Equation (8). Table 5 lists the
values of the parameters.

Figure 13 shows the comparison of the experimental and
calculated results of stress relaxation for the four rocks under
the di�erent conning pressures on a semilogarithmic chart.
�e calculated and experimental results are in good
agreement. �ere is no obvious di�erence between the
calculations with E and Ed. �is demonstrates the reliability
of the parameters obtained from the ASR test results.

4.3. Research Limitations and Suggestions. Although we
investigated the loading-rate dependence of various rocks in
the peak and postfailure regions under di�erent conning
pressure andmoisture conditions, there are some limitations
in this study. �erefore, following are the suggestions given
to improve this study and the direction for future research:

(i) �emechanism of the e�ect of conning pressure or
moisture condition on n and nd values for various
rocks should be studied. For example, the physi-
cochemical e�ects of water on the loading-rate
dependence of the rocks in the peak and post-
failure regions can be investigated.

(ii) �e evolution of the stress-strain curve is related to
the evolutionary morphology and propagation path

of cracks [19]. �erefore, it is important to in-
vestigate the relationship between crack propaga-
tion and fracture mechanism and the loading-rate
dependence of rocks.

(iii) �e ASR test results show that brittle rocks
(e.g., Jingkou sandstone) fail abruptly after the peak
strength, and the stress decreases almost in-
stantaneously. �is failure process cannot be con-
trolled using the conventional strain control mode.
�erefore, special control methods need to be
considered to accurately obtain the stress-strain
curve after the peak strength, such as the linear
combination of stress and strain [20, 21] or constant
lateral-strain rate method [22]. Based on these
methods, the loading-rate dependence of brittle
rocks in the postfailure region can be more accu-
rately investigated.

5. Conclusion

In this study, with Tage tu�, Ogino tu�, Emochi andesite,
and Jingkou sandstone as the research subjects, ASR and
cyclic loading-unloading tests were conducted to in-
vestigate the loading-rate dependence of these rocks in the
peak and postfailure regions. An index of the loading-rate

Spring Dashpot

σ σ

ε1 ε2

Figure 12: Schematic diagram the of Maxwell model.
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Figure 13: Comparison of experimental and calculated results of stress relaxation in the postfailure region for (a) Tage tu�, (b) other rocks.
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dependence in the postfailure region was proposed. .e
effects of confining pressure and moisture condition on the
indices n and nd were discussed. Finally, stress relaxation
tests were conducted in the postfailure region and later
compared with the results obtained using the nonlinear
Maxwell model to verify the reliability of the ASR test
results. Following are the main conclusions drawn from
this study:

(i) .e stress fluctuated with the change in the strain
rate, which is closely related to the loading-rate
dependence. Both the air-dried and wet rocks ex-
hibit loading-rate dependence in the pre, peak, and
postfailure regions.

(ii) A method to calculate the loading-rate de-
pendence index in the postfailure region was
proposed. .e value of nc calculated using E is
largely equal to the value of nd calculated using Ed.
In the future, nc can be used to assess the loading-
rate dependence in the postfailure region. .is
would put an end to the time-consuming and
costly cyclic tests.

(iii) For Tage tuff and Ogino tuff, the loading-rate de-
pendence in the peak and postfailure regions under
the wet condition was greater than that under the
air-dried condition. .e effects of water on Emochi
andesite and Jingkou sandstone were minor. .e
effect of water on the loading-rate dependence of the
rocks was greater than that of the confining pres-
sure. .e loading-rate dependence in the peak-
failure region was greater than that in the post-
failure region, regardless of the condition employed
(air-dried or wet).

(iv) .e loading-rate dependence of the peak strength
decreased with the increase in the confining pres-
sure. .e effects of the confining pressure on the
loading-rate dependence of the peak strengths of
Tage tuff and Ogino tuff were relatively lower than
those on the loading-rate dependence of the peak
strengths of Emochi andesite and Jingkou sand-
stone. .e increase in the confining pressure in-
creased the loading-rate dependence of Tage tuff,
Ogino tuff, and Emochi andesite in the postfailure
region under the air-dried condition. .e loading-
rate dependence of the wet rocks in the postfailure
region did not exhibit any significant variation with
the increase in the confining pressure.
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