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Abstract

The long-term compression—shear—seepage coupling of rock mass is a cause of many engi-
neering geological disasters. This study aimed to explore the creep characteristics of rock
mass under different seepage conditions. Based on the shear-creep—seepage test results of
shale, the shear-creep—seepage model considering damage was constructed using a series
connection of the elastomer (H), a nonlinear viscoelastic body with nonlinear function A
(NVEP), a viscoplastic body with seepage switch S (VPB), and a viscoelastic—plastic body
considering damage (VEPB). The variation law of the model parameters was analyzed, and
the results showed that the model effectively described the entire change process of rock-
creep characteristics, notably the deformation law of the accelerated-creep stage. The corre-
lation coefficient R? was greater than 0.98, and the fitting curve was highly consistent with
the experimental data. Furthermore, the greater the seepage-water pressure, the smaller the
shear stress applied in the corresponding test of each stage, and the greater the cumulative
shear strain of each stage. Moreover, the seepage-water pressure had a damaging effect on
the mechanical strength of the rock samples. The parameter values k; and A were nega-
tively correlated with seepage-water pressure and shear stress, whereas the parameter values
k, and n; were negatively correlated with seepage-water pressure and positively correlated
with shear stress. The results of this study can provide theoretical support for the research
and analysis of rock-mass engineering stability under long-term seepage conditions.

Keywords Shear—seepage coupling - Injection water pressure - Accelerated phase -
Nonlinear model

1 Introduction

Shanxi, Shaanxi, Inner Mongolia, and Ningxia account for 67% of the identified coal re-
serves in the arid and semiarid regions of Northwest China, which is a large-scale coal-
development area in China (Wang 2007). According to the coal-mining practice in the
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northwest, coal-rich area, the Shanxi—Shaanxi—Inner Mongolia—Ningxia region has abun-
dant underground water despite harboring only 3.9% of the country’s water resources (Liu
et al. 2019b). Under the action of long-term seepage, the rock in the area easily produces
tensile cracks, and the seepage characteristics change, reducing the shear strength of the soil
and changing the seepage field (Tang et al. 2011; Liu et al. 2021). The surface and inte-
rior of the slope soil form interlaced fracture grids (Long et al. 2019; Zhang et al. 2021),
which damage the slope on the surface and internally. Therefore, the creep characteristics
of slope rock mass under seepage conditions constitute a scientific problem in the study of
slope-instability prevention.

Recently, several authors have studied the influence of seepage on rock-creep charac-
teristics. Wang et al. (2022) established the fractional-order nonlinear perturbation creep
model of shale under osmotic pressure. They found that with an increase in osmotic pres-
sure, the fracture mode of shale changed from single brittle fracture to complex brittle and
ductile fractures. Through the cyclic loading and unloading test of shale under osmotic pres-
sure, Wang et al. (2021a) found that shale permeability increases with permeability loading
and decreases with the unloading of osmotic pressure. Hou et al. (2021) conducted triax-
ial creep tests of seepage—stress coupling and found that rock-creep deformation increases
with increasing seepage-water pressure, and the accelerated-creep stage is attained rapidly.
Xia et al. (2020) conducted shear—seepage tests on granite joint samples and observed that
the peak shear strength of the joint surface was positively correlated with the normal stift-
ness, whereas the transmittance and water flow were negatively correlated with the normal
stiffness. A seepage evolution model of soft rock was established by Zhou et al. (2020),
who studied the influence of seepage on soft-rock damage and failure behavior. The crack-
propagation behavior of soft rock under the action of seepage-water pressure was also identi-
fied. Li et al. (2020) proposed a macro/micromechanical model for the relationship between
creep crack propagation and macroscopic deformation of brittle rock considering the influ-
ence of seepage-water pressure. According to the experimental results, the effects of seepage
pressure on crack length, crack growth rate, axial strain, and axial strain rate during brittle
rock creep were analyzed. Liu et al. (2019a) considered the influence of confining pressure
and seepage to establish a nonlinear viscoelastic—plastic creep model under one-dimensional
and three-dimensional conditions, providing a basis for creep-deformation prediction under
seepage. The Burgers creep model that considers osmotic pressure was developed by Zhao
et al. (2019). They analyzed the influence of osmotic pressure on the propagation behavior
of decelerating creep crack and steady creep crack of rock, and they verified the rationality
of the rock creep-crack model. Xu et al. (2018) proposed a stress—strain constitutive model
of rock considering the coupling effect of seepage and stress, and they obtained the complete
evolution curve of rock-creep strain under different osmotic pressures as well as the crack-
propagation mechanism during rock creep. Shi et al. (2018) found that the shear strength
of the joint surface is negatively correlated with the seepage-water pressure but positively
correlated with the joint surface roughness and normal pressure.

Evidently, significant progress has been achieved in exploring the mechanism of creep
deformation considering seepage and in establishing a corresponding, reasonable creep
model. However, only a few studies have investigated the accelerated-creep characteristics
and fracture-propagation behavior of weak rock under the influence of seepage. Therefore,
the creep characteristics of rock under shear-creep—seepage coupling were investigated in
this study using the shear-creep—seepage test results of shale. We established a shear-creep—
seepage model considering damage by connecting the following in series: an elastomer (H),
a nonlinear viscoelastic body with nonlinear function A (NVEP), a viscoplastic body with
seepage switch S (VPB), and a viscoelastic—plastic body considering damage (VEPB). The
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Fig.1 Schematic of mud-shale
sample and water-injection holes

75mm

Table 1 Shear-creep—seepage test scheme

Group Specimen Water Normal Duration of water Shear-loading
number pressure load injection per stage load duration per stage
1 Mud shale 0 MPa 2 MPa 6h 24 h

2 1 MPa

3 2 MPa

4 3 MPa

results of this study can provide theoretical guidance for researching and analyzing mine
slope stability with a weak interlayer.

2 Testing procedures

The rock sample used in the Ma test (Ma et al. 2022a) was mud shale, which was taken from
a mining area in Sichuan Province and processed into a cuboid of 150 mm x 75 mm X
75 mm. Three water-injection holes were opened at equal intervals on the upper surface
of the rock sample parallel to the center line of the shear direction, as illustrated in Fig. 1.
Before the test, the free water-inlet method was used to artificially saturate the rock sample
to avoid the influence of changes in water content on the test results during the application of
seepage-water pressure. The shear-creep—seepage test was performed on the shale sample,
and a normal load of 2 MPa was applied to the rock sample. According to the scheme
presented in Table 1, the water-injection holes were injected continuously with water for 6 h
at the beginning of each shear loading, and the water injection was stopped when the shear
failure of the rock sample occurred. The experimental results are presented in Fig. 2.

3 Analysis of shear-creep-seepage of shale
It can be observed from Fig. 2 that the time—shear-strain curves of shale under different
seepage-water pressures had similar trends of four stages (Li et al. 2021): (1) The first

stage is the elastic-deformation stage, wherein the rock appears as an elastic body, macro-
scopically appearing as an instantaneous elastic strain of rock at a high strain rate. (2) The
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Fig.2 Shear-creep test curves of shale under different water injection pressures

attenuation-creep stage is the second stage, wherein the primary pores and secondary cracks
in the rock gradually close under pressure loading, and the shear deformation of the rock in-
creases slowly with time. (3) In the third stage of constant-velocity deformation, the internal
cracks of the rock are closed, the rock deformation rate tends to be stable, and the creep-
deformation curve is a straight line. (4) In the final accelerated-deformation stage, because
of the increasing shear deformation, the shear cracks caused by irreversible damage start
expanding and penetrating. The shear-deformation curve showed a nonlinear change with
time and finally resulted in fracture failure. Overall, the rock samples exhibited complex de-
formation behaviors in the shear-creep tests. Therefore, a reasonable scientific constitutive

model is crucial for the accurate description of the creep characteristics and deformation
behavior of shale.

4 Shear-creep-seepage model considering damage

The establishment of a constitutive model based on the results of a shear-seepage test is an
important part of rock-rheology research. Rocks are generally elastic, viscous, plastic, vis-
coelastic, and viscoplastic (Li et al. 2023). Thus, it is often difficult for a single-component
model to reflect the creep characteristics of rocks fully and accurately. Therefore, accord-
ing to the basic component criteria, a suitable series—parallel combination is performed to
characterize the rheological behavior of rocks (Chen et al. 2021b; Zhao et al. 2022). The
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Fig.3 Rock-creep curve and L7\
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Fig.4 Shear-creep—seepage
model considering damage
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characterization is based on basic components such as a Hooke elastomer (H), a Newtonian
viscous body (N), and a Saint—Venant plastic body (S) (Sun et al. 2021). A creep model is
also established to characterize the creep characteristics of shale under seepage.

The elastomer (H), nonlinear viscoelastic body with nonlinear function A (NVEP), vis-
coplastic body with seepage switch S (VPB), and viscoelastic—plastic body considering
damage (VEPB) are connected in series, and the shear-creep—seepage model considering
damage is constructed. The mechanical model and constitutive equation are introduced in
Figs. 3 and 4.

At the beginning of the test, the rock specimen produces instantaneous strain, indicating
the need for an elastomer in the creep model (Wang et al. 2019). The creep equation of the
elastic body is as follows (Wang et al. 2021):

&1 =

7 I
5 (H
where &) is the strain, %; o is the stress, MPa; and k; is the elastic modulus of the elastomer,
MPa.

As the test time increases, the deformation enters the attenuation-creep stage and in-
creases, showing obvious nonlinear characteristics. However, the creep curves of shale differ
under different seepage pressures, indicating that the elastic modulus and viscosity coeffi-
cient of the model under different seepage pressures are different, and the viscoelastic body
should be included in the model. For the viscoelastic body, although the traditional vis-
coelastic model can better describe the creep-attenuation characteristics under specific stress
conditions, the model struggles to reflect the creep nonlinear characteristics effectively under
different seepage pressures because of its constant viscous parameters. Therefore, we con-
sider the time correlation of the viscosity coefficient in the viscoelastic body. To establish
a nonlinear viscoelastic body, it is assumed that the coefficient satisfies the power-function
relationship with time during the creep process. The differential constitutive equation of the
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model is as follows:
U:k282+7]1l17)‘é2, (2)

where g, is the strain, %; o is the stress, MPa; k, is the elastic modulus of the viscoelastic
body, MPa; 1, is the viscosity coefficient of the viscoelastic body, MPa h; and X is a constant.
The creep equation of the nonlinear viscoelastic body is obtained by solving Eq. (2)

(Zhang and Wang 2021):
(ol k2 A
=—|1- ——t . 3
w= e (5] ®

The viscoplastic body (VPB) with seepage switch S has the following working principle:
when the seepage switch is closed, the viscoplastic body works; when the seepage switch
is turned on, the viscoplastic body fails. When the seepage switch works, the variation law
of the rock in the constant-creep stage is characterized thus: the slope of the creep curve
is greater than O and increases approximately linearly with time. The creep equation is as
follows (Ma et al. 2022b):

£y =1, @

M2

where ¢3 is the strain, %; o is the stress, MPa; and n, is the viscosity coefficient of the
viscoplastic body, MPah.

For the viscoelastic—plastic body, the accelerated-creep stage of the rock is characterized.
When the rock enters the third stage, internal damage occurs and gradually accumulates,
and the rock exhibits obvious nonlinear characteristics (Yang et al. 2022). Therefore, we
characterize the creep behavior of rock in the acceleration stage using the viscoelastic—
plastic body considering damage.

It is assumed that the damage variable and time of siltstone during creep satisfy a negative
exponential function (Zhou et al. 2022; Zhang et al. 2022; Chen et al. 2021a), that is,

D=1—exp(—at), ©)

where D is the damage factor, and « is the material constant.
Then, the creep equation is

o [w(2) e
gq=— " |1—exp(—"2¢)],
! 3nsexp(—at) P m

where ¢4 is the strain, %; o is the stress, MPa; o; is yield strength, MPa; k;3 is the elastic
modulus of the viscoelastic—plastic body, MPa; and 53 is the viscosity coefficient of the
viscoelastic—plastic body, MPa h.

According to the superposition principle, the elastomer, nonlinear viscoelastic body, vis-
coplastic body, and viscoelastic—plastic body are connected in series to construct the shear-
creep—seepage model considering the damage. When the seepage switch S is opened, the
model does not consider the seepage-water pressure, and its creep equation is

eE=¢e1t+e+é&s

k — o, k @)
=2 + z |:1 —exp (——ztk>i| + A — |:1 —exp (——3t>] .
ki ke mi 3nzexp(—ar) 3
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When the seepage switch S is closed and o < oy, the model considers the seepage-water
pressure but not the accelerated-creep stage. The creep equation is

o o ky o
e=¢egt+e+e3=—+—|1—exp| ——¢ + —t. (8)
kq k> ni Ukl

When the seepage switch § is closed and o > o5, the model considers the seepage-water
pressure and the accelerated-creep stage. The creep equation is

e=¢ + & +e3+¢&4

e e | R e e 0|
=—+4+ —|l—exp|—— —t+———|l—exp|[—— .
ki ke P mi 2 3nzexp(—ar) P m
Therefore, the creep equation of the shear-creep—seepage model considering damage is as
follows:
o o ko
77 e <__tx)
ki ko |: P N

+—ﬁ:ﬂL—P 30} S=0
— ex —_—— N = N
315 exp(—ai) P

]+3m S>0.0 <o, (10)

=1 —+—|[1l—exp|——
ki ky P mi 2
o o ko o
—+ — 1—exp<——t*) + —t
kl k2 |: 7’]1)\.

o — 0
+—|:1—exp

5 Model validation and parameter identification

To verify the accuracy and effectiveness of the model, fitting analysis was performed on the
test results. From the experimental data, ¢, o, and ¢ are known, and the parameters to be
determined are ky, k», 11, A, 12, 13, &, and k3. Generally, model-parameter determination
methods can be divided into graphical methods and optimization analysis algorithms. The
optimization analysis algorithm can be divided into the regression analysis and least-squares
methods. The least squares method is widely used because it has a high fitting accuracy and
combines effectively with numerical software. In this study, the least-squares method was
implemented on the mathematical analysis software Matlab to perform nonlinear fitting on
the experimental data and to invert the creep parameters. The entire workflow is illustrated in
Fig. 5. The parameter-identification results of the shear-creep—seepage model considering
damage are presented in Table 2, and the fitting results of the model curve as well as the
original data are shown in Fig. 6.

Table 2 and Fig. 6 show that the shear-creep—seepage model considering damage has
a better recognition effect and higher fitting accuracy for the creep characteristics of shale
under different seepage-water pressures, notably the nonlinear change behavior in the ac-
celeration stage. The fitting curve is highly consistent with the experimental data, and the
correlation coefficient R? is greater than 0.98. From the description of the creep behavior
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Fig.5 Workflow diagram

£1(?) is the first expression in Eq.(10);
&(7) is the second expression in Eq.(10);
&3(7) is the third expression in Eq.(10);

Table2 Rock-parameter identification results under different seepage-water pressure conditions

Seepage- Shear ki ko n A n n3 o k3 R?

water stress/ MPa/h  MPa/h MPa/h MPa/h MPa/h? MPa/h

pressure/ MPa

MPa

0 1.0 7.019 10.050 1.634 2.142 0.9999
1.8 6.701 22.115 3.950 1.715 0.9999
2.6 6.545 39.691 8.727 1.390 0.9976
34 6.493  54.155 11.064 1.283 0.9998
4.2 6.246  82.559 13.920 1.062 0.328 2.117 0.704 0.9815

1 1.0 6.519 9.855 0.910 1.610 81891.092 0.9999
1.7 6.276 17.057 2.856 1.431 57110.024 0.9997
2.4 5964 30.258 4.765 1.230 45078.233 0.9963
3.1 5577 47.624 6.633 1.142 36570.338 0.9999
3.8 5.135  71.213 11.790 0.957 30181.985 38564.244 1.509 106.149 0.9828

2 1.0 6.157 9.146  0.760 1.442 56765.715 0.9998
1.6 5446 14.411 2707 1302 42851.525 0.9998
22 4.843 24788 3.824 1.152 36706.306 0.9989
2.8 4499 38.208 5.360 1.063 27974.966 0.9998
3.4 4.169 64.673 10.526 0.822 22884.221 14960.382 1.958 2636.656 0.9805

3 1.0 5.847 7.765 0.801 1.323 35359.736 0.9997
1.5 4715 12.680 2.808 1.137 22851.593 0.9998
2.0 4.088 18.187 3.630 1.075 17127.444 0.9987
2.5 3.642  28.800 4.872 0.955 10852.298 0.9987
3.0 3.408 50.066 10.265 0.738  8062.872 29209.048 0.995 7.200 0.9962
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Fig.6 Fitting-comparison diagrams of test data and theoretical curve under different seepage-water pressures

before and after the acceleration stage, the model is not only suitable for studying the stable-
creep-deformation behavior of rock, but also suitable for studying nonlinear accelerated-
creep-deformation characteristics. In addition, it can be observed from Figs. 6a—d that under
the same normal load, compared with the shear—seepage test results of 0 MPa seepage-water
pressure, the failure strength of the rock samples shear creep decreased by 9.52%, 19.05%,
and 28.57% when the seepage-water pressure was 1 MPa, 2 MPa, and 3 MPa, respectively.
This result shows that the increase in seepage-water pressure is accompanied by a decrease
in the shear-creep failure intensity. It can also be seen that under the same shear stress load,
the shear deformation of shale follows the seepage pattern. With the increase in permeable
pressure, the rock sample saturation increases under the action of permeable water pressure.
Thus, seepage-water pressure has a damaging effect on the mechanical strength of rock.
Figure 7 illustrates the cumulative shear-strain curve of shale under different seepage
pressures. The analysis shows that the greater the seepage pressure, the smaller the shear
stress applied in the corresponding test of each stage, but the greater the cumulative shear
strain of each stage. Thus, the larger the seepage-water pressure of the rock sample, the
smaller the shear stress required to reach the stable-creep state; the faster the stable-creep
stage is attained, the faster the deformation cracks in the rock develop, and the greater the
cumulative deformation. The cumulative strain growth of each stage under 3 MPa osmotic
water pressure is shown in Table 3 compared with that under 0 MPa, 1 MPa, and 2 MPa
osmotic water pressures. The percolation—stress—creep coupling is involved in this process.
Changes in the rock osmotic-water pressure change the seepage field and pore-water pres-
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Table 3 Increase in cumulative strain at all levels under other seepage-water pressure conditions relative to
3 MPa seepage-water pressure

Seepage-water pressure Level 1 Level 2 Level 3 Level 4 Level 5
0 MPa 8.13% 19.85% 24.86% 24.19% 24.59%
1 MPa 3.20% 15.09% 17.50% 17.02% 11.61%
2 MPa —3.25% 7.23% 9.43% 8.92% 4.87%

Fig.8 Curve of cumulative 0.30 T T T T
seepage-water flow with time . 1MPa seepage water pressure
under different seepage-water 3 0.25F 2MPa seepage water pressure ]
pressures = 3MPa seepage water pressure
2 0.20f
<
)
2 0.15} 1
o
2
s 0.10F 1
=
£ 0.05} 1
000026 60 80 100 120

time/h

sure, which affects rock deformation and changes the stress field in the rock. Changes in the
stress field affect the change in soil-mass stress and strain, which change the permeability
coefficient and porosity of the soil mass and finally change the internal seepage field. Then,
the seepage field affects the stress field, which is the seepage-stress—creep coupling effect.

Figure 8 shows the curve of cumulative seepage flow with time under different seep-
age pressures. The greater the seepage pressure, the greater the seepage flow per unit time.
According to the preliminary test, as the shear load increases, cracks start forming and de-
veloping in the rock sample, which provides a channel for high-pressure water seepage,
increasing the water seepage per unit time. An increasing trend is maintained in this pro-
cess. Before entering the acceleration phase, the seepage rate of 1 MPa, 2 MPa, and 3 MPa
is approximately 0.0004 h/L, 0.001 h/L, and 0.0016 h/L, respectively.

At the accelerated-creep stage, the rock sample cracks expand and permeate rapidly, and
the high-pressure injected water changes from seepage mainly along the pores and micro-
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Fig.9 Variation curves of seepage pressure and shear stress with parameter values

cracks to seepage mainly along the penetrating shear cracks. Additionally, the seepage rate
and flow rate of the seepage water increase significantly. The seepage rate of 1 MPa, 2 MPa,
and 3 MPa is approximately 0.0039 h/L, 0.0048 h/L, and 0.0063 h/L, respectively. This re-
sult indicates that the water conductivity of rock samples is closely related to the degree
of fracture development. This finding provides important theoretical support for the safe
construction and long-term stability analysis of open-pit slope rock mass.

The study of the variation of model parameters is an important part of creep-model
research. Because of the different shear stresses of each level corresponding to different
seepage-water pressures in this study, we analyzed the model-parameter variation from the
perspectives of seepage-water pressure and shear stress. Figure 9 shows a three-dimensional
correlation diagram of parameter values against seepage pressure and shear stress. The dia-
gram illustrates the behavior and change trend of the parameter values with two variables:
(1) The parameter value k; is negatively correlated with both variables, and the slope of the
parameter line generated under the same shear stress increases with increasing shear stress.
The slope of the parameter line generated under the same level of seepage-water pressure
increases with increasing seepage-water pressure. (2) The parameter value k; is negatively
correlated with the seepage-water pressure and positively correlated with shear stress. The
slope of the parameter line generated under the same level of shear stress increases with
increasing shear stress. The slope of the parameter line generated under the same level of
seepage-water pressure decreases with increasing seepage-water pressure. (3) The parameter
value 7, is negatively correlated with the seepage-water pressure and positively correlated
with the shear stress. The slope of the parameter line generated under the same level of shear
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Fig. 10 Three-dimensional surface-fitting diagram of parameter values

Table 4 Three-dimensional surface-fitting equation and correlation coefficient of parameter values

Parameter Fitting equation R?

k1 21 =7.513 — 0.046x — 0.551y — 0.056x2 + 0.067y% — 0.291xy 0.9828
ko 25 =12.750 — 4.096x — 5.411y — 0.034x2 +5.332y% 4 1.723xy 0.9877
7 23 =0.891 — 2.518x + 0.947y + 0.593x2 4 0.554y% + 0.246xy 0.9523
A 24 =2.461 — 0.394x — 0.423y + 0.039x2 4 0.032y% + 0.035xy 0.9693

stress increases with increasing shear stress. The slope of the parameter line generated under
the same seepage-water pressure only changes slightly, indicating that the shear stress has
a greater influence on parameter 7,. (4) The parameter A is negatively correlated with both
variables, and the slope of the parameter line generated from the two angles also decreases

as the variables increase. The three-dimensional surface fitting is illustrated in Fig. 10, and
the fitting curve is shown in Table 4.

6 Conclusions

(1) Based on the shear-creep—seepage test results of shale, the shear-creep—seepage model
considering damage was constructed by connecting the elastomer (H), a nonlinear vis-
coelastic body with nonlinear function A (NVEP), a viscoplastic body with seepage
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switch S (VPB), and a viscoelastic—plastic body considering creep damage (VEPB) in
series.

(2) The model effectively described the entire change process of rock-creep characteristics,
notably the deformation behavior of the accelerated-creep stage. The correlation coef-
ficient R? was greater than 0.98, and the fitting curve was highly consistent with the
experimental data.

(3) The greater the seepage-water pressure, the smaller the shear stress applied in the cor-
responding test of each stage, and the greater the cumulative shear strain of each stage.
Moreover, the seepage-water pressure had a damaging effect on the mechanical strength
of the rock samples. The parameter values k; and A were negatively correlated with
seepage-water pressure and shear stress. The parameter values k, and 1; were negatively
correlated with seepage-water pressure and positively correlated with shear stress.
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