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Abstract
To reveal the shear-seepage coupling characteristics of fractured specimens under cyclic loading and unloading, the specific 
test device and test method were designed in this study. The cyclic loading and unloading shear-seepage coupling test on 
the fractured rock mass under different confining pressures and seepage pressures was carried out by processing “double 
L-shaped” specimens, and the change laws of the shear characteristics and seepage characteristics of fractured specimens with 
different roughness were experimentally investigated. The results indicated that the peak shear stress, residual shear stress, 
and shear stiffness of rough fractures all increase with increasing confining pressure, while the change in normal dilatation 
displacement is the opposite. Under a constant normal stress, the permeability of rough fracture decreases, increase, and 
then stabilizes with increasing shear displacement. The peak shear stress of the smooth fracture is 3.7 times lower than that 
of the rough fracture with the same shear displacement, and the smooth sandstone specimens are all in a shear shrinkage 
state, with the normal shrinkage displacement of less than 1.0 mm. In addition, during unloading, permeability increases 
to some extent but cannot recover to the original value. The confining pressure causes permanent damage to the permeabil-
ity of fractured rock mass. The permeability of sandstone specimens changes primarily in the early loading stage and late 
unloading stage. Based on the test results, the relationship between permeability and confining pressure follows a negative 
exponential function under cyclic loading and unloading conditions.
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Highlights

•	 The shear-seepage coupling test device and test method were designed.
•	 The effect of seepage pressure on the hydro-mechanical coupling of rough fractures has a threshold value.
•	 The permeability of rough fractured specimen changes in the staged manner of “decrease-increase-stability” with increas-

ing shear displacement.
•	 The initial stage of loading and the later stage of unloading are the main stages of permeability change of fractured sand-

stone specimens.

Keywords  Cyclic loading and unloading · Single fractured rock mass · Shear-seepage coupling · Permeability · Confining 
pressure

http://crossmark.crossref.org/dialog/?doi=10.1007/s00603-022-03125-x&domain=pdf


2138	 T. Yang et al.

1 3

1  Introduction

Excavating an engineering rock mass results in a large num-
ber of mining-induced fractures (Fu et al. 2021; Kong et al. 
2021; Li et al. 2021), which weaken the overall mechanical 
properties of rock mass (Vazaios et al. 2019; Liu et al. 2021) 
as well as affect the permeability characteristics of rock mass 
(Chen et al. 2016; Aalianvari et al. 2017; Xue et al. 2019). 
During tunnel excavation, tunnel surrounding rock will 
undergo shear slip (Guo et al. 2019; Abierdi et al. 2020; 
Chen et al. 2020). In shear failure and even rock mass insta-
bility, the potential shear fracture surface is under normal 
unloading conditions (Li et al. 2015, 2020; Jia et al. 2021). 
Compared with intact rock, the mechanical and hydraulic 
properties of fractured rock mass are significantly different 
under loading and unloading conditions (Huang et al. 2020; 
Ren et al. 2020; Xiang et al. 2021). For fractured rock mass, 
a single fracture is the basic unit that constitutes the fracture 
network of rock mass, and the study of its mechanical and 
hydraulic coupling characteristics is the basis of more com-
plex coupling behavior of a fractured rock mass (Di et al. 
2017; Sun et al. 2019; Tian et al. 2021; Yang et al. 2021; 
Zhang et al. 2021a). Therefore, analyzing the shear-seep-
age coupling characteristics of a single fractured rock mass 
under cyclic loading and unloading conditions is significant 
for improving engineering excavation methods.

Different scholars have developed different types of shear-
seepage test devices (Zhang et al. 2019; Shen et al. 2021) 
and carried out experimental studies on the shear-seepage 
characteristics of fractures caused by factors such as fluid 
injection mode (Yeo et al. 1998; Wang et al. 2020a), normal 
loading mode (Chen et al. 2000; Chao et al. 2020), nor-
mal stress magnitude (Cao et al. 2018; Wang et al. 2020b), 
and fracture roughness (Nishiyama et al. 2014; Huang et al. 
2017; Qian et al. 2018; Liu et al. 2020a). As for the shear-
seepage test fluid injection mode, most scholars adopt uni-
directional flow (Lee et al. 2002; Javadi et al. 2014), that 
is, the fluid is injected along the end of the specimen and 
the flow direction is the same as the shear direction. This 
method is widely used, the shear displacement of specimens 
is large, and cubic law can be used to easily calculate the 
hydraulic opening; however, determining the fluid sealing 
during shearing is difficult. At present, the study of normal 
loading mode primarily focuses on a constant normal stress 
and constant normal stiffness (Ahola et al. 1996). Esaki et al. 
conducted shear-seepage tests on granite structural planes 
under constant normal stress conditions and found that the 
hydraulic conductivity of fractures increased by an order 
of magnitude after shearing (Esaki et al. 1999), and there 
are many similar loading methods (Rong et al. 2016). Many 
scholars have used self-developed test devices to discuss the 
influence of normal stress, shear displacement, and seepage 

pressure on the seepage law of fractures (Olsson and Barton 
2001; Park et al. 2013; Yin et al. 2017). These test speci-
mens are primarily square specimens, and the maximum 
normal stress and shear displacement can reach 60 MPa 
and 20 mm, respectively, but due to a lack of proper sealing 
around the shear box, the maximum seepage pressure that 
can be applied in the test can reach 0.6−1 MPa. In addition, 
the damage of the fracture surface (Boulon et al. 1993; Liu 
et al. 2016), accumulation of filling material (Koyama et al. 
2009; Vogler et al. 2016), and evolution of the geometric 
characteristics of the fracture surface (Xiong et al. 2011; 
Gui et al. 2017; Mofakham et al. 2018; Li et al. 2019) are the 
roughness mechanisms affecting the shear-seepage coupling 
characteristics (Rong et al. 2018).

The stress paths for rock mass unloading and loading are 
completely different, leading to different strengths, deforma-
tion, failure mechanisms, and permeability characteristics 
(Qiu et al. 2014; Meng et al. 2016, 2018; Zhu et al. 2019; 
Gramiger et al. 2020; Liu et al. 2020b; Zhang et al. 2021b; 
Zhao et al. 2021a; Zhao et al. 2022). In addition, the effect 
of unloading on rock mass mechanical and hydraulic prop-
erties cannot be ignored (Zhou and Shou 2013; Duan et al. 
2019; Feng et al. 2020; Peguiron and Labiouse 2020; Jiang 
et al. 2020; Zhao et al. 2021b). Zhang et al. (2020) carried 
out hydro-mechanical coupling tests on fractured sandstone 
specimens under cyclic loading and unloading, and proposed 
the concept of the permeability recovery rate (PRR) and 
permeability enhancement reduction rate (PERR) to char-
acterize the change of permeability. The results show that 
the PERR of single fractured sandstone increases, while 
the cumulative PRR fluctuates in a “V” shape. In addition, 
numerous scholars have conducted experimental studies on 
the permeability characteristics of different types of rock 
fractures under cyclic loading and unloading (Cappa et al. 
2005, 2006; Sathar et al. 2012; Faoro et al. 2013; Kling et al. 
2016; Zhang et al. 2018;  Ma et al. 2019; Eggertsson et al. 
2020; Zhang et al. 2021c).

The current experimental research on the mechanical 
and hydraulic coupling characteristics of a single fracture 
has the following shortcomings: (1) it is difficult to ensure 
the sealing of fluid during the shear test, making it impos-
sible to analyze the effect of high seepage pressure on the 
shear characteristics of fractures. (2) The behavior of rock 
mass deformation and permeability is very different under 
unloading and loading conditions. However, there are rela-
tively few experimental studies analyzing the shear-seepage 
coupling characteristics under cyclic loading and unloading 
conditions. In this paper, sandstone specimens with a single 
fracture are analyzed. Shear-seepage coupling tests of a rock 
mass with single fracture under cyclic loading and unloading 
were carried out using topographic scanning and an inde-
pendently designed shear-seepage coupling test method. 
Also, the mechanical and hydraulic coupling characteristics 
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of smooth and rough fractures were studied. The changes in 
mechanical and hydraulic parameters after cyclic loading 
and unloading of fractured rock mass studied in this paper 
are of great significance for underground rock mass excava-
tion methods.

2 � Experimental Method

In underground engineering, such as tunnel excavation and 
deep coal seam mining, in fact, the fractured rock mass is 
subjected to the joint action of seepage, cyclic loading and 
unloading in the process of excavation. During loading, the 
fracture surface still has good mechanical properties; how-
ever, its mechanical characteristics deteriorated significantly 
during unloading. At the same time, the physical properties 
of rock mass, such as strength characteristics and perme-
ability, will change obviously during cyclic loading and 
unloading process. Based on this, the study of shear-seepage 
coupling characteristics of fractured rock mass under cyclic 
loading and unloading conditions has important significance 
and scientific value for the prevention and control of water 
inrush and mud inrush in the process of underground engi-
neering excavation. Therefore, this paper carried out shear-
seepage tests on single fractured sandstone under cyclic 
loading and unloading to study the seepage and shear char-
acteristics of single fractured rock mass under mechanical 
and hydraulic coupling.

2.1 � Experimental Setup

The experiment was carried out using a multi-field coupled 
triaxial apparatus. The test system was manufactured by Top 
Industry in France (Fig. 1).

The system consists of six parts: control system, triaxial 
pressure chamber, axial pressure system, confining pressure 
system, seepage system, temperature system, and special 
high-precision sensors (displacement, pressure, tempera-
ture). The triaxial pressure chamber is used to install special 
shear test specimens, as shown in Fig. 1c. For this experi-
ment, the axial pressure provides the shear pressure in the 
test, and the confining pressure provides the normal stress 
in the test. The seepage pressure is applied using an injec-
tion pump, and the seepage pressure should be less than the 
confining pressure to avoid fluid flow from the gap between 
the specimen and the rubber jacket.

2.2 � Specimen Preparation and Measurement 
of Morphological Parameters

The system focuses on sealing the test specimens. In this 
paper, the method of reforming the shear-seepage coupling 
test system for single fractured rock mass is achieved by ana-
lyzing specific “double  L shaped” specimens. First, a single 
fractured sandstone specimen with a size of Φ50*100 was 
prepared using a Brazilian splitting device (Fig. 2a). Then, 
the same length l = 10 mm at the opposite ends of the upper 
and lower blocks were cut (Fig. 2b). An “L shaped” hole 
with an aperture of 3 mm and a hole depth of (l + 3) mm was 
drilled on the opposite face without cutting, and the other 
end of the hole exited the fracture surface (Fig. 2c). Then, A 
VTOP 300 T scanner was used for 3D morphology scanning 
of the fracture surface (Fig. 2d). Finally, the two rock masses 
were assembled and placed in a mold with an inner diameter 
of 50 mm, and liquid silicone rubber was used to evenly fill 
the part of the end face of the cut rock to restore the speci-
men to its original shape (Fig. 2e). The filled mold was left 
for 48 h, and the mold was opened after the silicone rubber 
was fully solidified (Fig. 2f). To reduce seepage time, each 
sandstone specimen was vacuum-saturated before the test 
(Fig. 2g). Once the preparation of the “double-L-shaped” 
specimens was completed, each specimen was placed in 
the triaxial chamber (Fig. 2h). Next, the confining pressure, 
axial shear force, and seepage pressure were loaded to carry 
out the shear-seepage test under cyclic loading and unload-
ing conditions.

Sixteen specimens of bluish sandstone were selected in 
this test (Fig. 3). To ensure accuracy of the experiment, the 
roughness of the structural plane is approximately equal to 
one group. The formula for calculating the joint roughness 
coefficient (JRC) is as follows (Tse and Cruden 1979; Jang 
et al. 2014; Zhao et al. 2018):

where Z2 is the root mean square of the first derivative; yi is 
the height of the joint profile xi,Δx is the distance between 
xi+1 , and xi , L is the horizontal length of the joint profile.

To analyze the mechanical and hydraulic coupling char-
acteristics of rough fractures, specimens S13 and S14 in 
comparison group 3 were not subjected to seepage pres-
sure. In addition, to study the effect of fracture roughness 
on the test results, a comparative test was added. Artificial 
fractures (specimens S15 and S16) were machined in intact 
specimens of the same size with a high-precision chainsaw, 
and the roughness of the two specimens was very small. The 

(1)JRC = 32.2 + 32.47 logZ2

(2)

Z2 =

[

1

L ∫
x=L

x=0

(

dy

dx

)2

dx

]1∕2

=

[

1

L

n−1
∑

i=1

(

yi+1 − yi
)2

xi+1 − xi

]1∕2
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dimensions, roughness coefficients, and test conditions of all 
the specimens are listed in Table 1. All specimens in this test 
were processed using the test steps outlined above (Fig. 2). 
The pre-cast length of silicone rubber for each specimen was 
10 mm, and the preset shear length was 8 mm.

2.3 � Experimental Procedure

The specific steps of the shear-seepage coupling test of sin-
gle fractured rock mass under cyclic loading and unloading 
conditions are as follows:

(1)	 Scanning of fracture surface topography. To observe 
the failure of the fracture surface bulge caused by stress 
loading and fluid flow, the point cloud of the fracture 
surface was first processed (Fig. 4i, v) and digitally 
characterized (Fig.  4ii, vi). Next, two-dimensional 
topography (Fig. 4iii, vii) and three-dimensional topog-

raphy (Fig. 4iv, viii) of the fracture surface were gener-
ated using MATLAB.

(2)	 The preparation and sealing of the specimens are shown 
in Fig. 2.

(3)	 Shear-seepage coupling test under cyclic loading and 
unloading conditions. First, the confining pressure was 
increased to the test value and held for 5 min until the 
pressure stabilized. Then, the liquid injection pump was 
turned on to increase the seepage pressure within the 
fracture, the injection pump was closed, the axial load-
ing cylinder was opened, and shear displacement load-
ing was carried out at a constant rate of 0.002 mm/s. 
When the test increased to a selected shear displace-
ment, the loading cylinder was suspended, the injection 
pump was opened, and the injection seepage pressure 
was increased into the fracture in stages, which is about 
7–8 groups. The maximum injected seepage pressure 
should not be greater than the confining pressure. The 

Fig. 1   Multi-field coupled triaxial apparatus a Sketch of the triaxial 
system (P1—axial loading path; P2—confining pressure loading 
path; P3—upstream chamber seepage path; P4—downstream cham-
ber seepage path; P5—self-balancing system; V1–V12—switch; 
1—computerized data-acquisition unit; 2—fuel reservoir; 3–6—
high-precision flow pump; 7—water reservoir; 8—high-pressure gas; 
9—pressure relief valve; 10—LVDT; 11—electric heating ring; 12—

circumferential strain gauge; 13—specimen); b picture of the testing 
system (b1—system host; b2—main system control display panel; 
b3—system valve operation panel; b4—triaxial pressure chamber; 
b5—pressure pump, from left to right: axial pressure pump, confin-
ing pressure pump, upstream water pressure pump, downstream water 
pressure pump); c Detail picture of the triaxial pressure chamber
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next set of seepage tests can be carried out only when 
the seepage tests at each stage are stable. After com-
pleting all the seepage tests, the injection pump was 
closed, the axial loading cylinder was reopened, and 
the shear displacement was continuously applied. The 
above seepage test steps were repeated when the shear 
displacement increased to the selected shear displace-
ment for the next stage. According to this, the seep-
age test for grade 7–8 shear displacement was carried 
out, and the injection pump was shut down after all the 

seepage tests were completed. The ideal shear length 
of the test is equal to the length of silicone rubber 
(10 mm) filled by the end face of the specimen. If leak-
age occurred along the side of the fracture during the 
test, the test was stopped. Finally, cyclic loading and 
unloading tests were carried out in stress control mode 
with a constant shear stress and seepage pressure. Axial 
deformation, radial deformation, pressure changes, and 
flow changes were monitored synchronously through-
out the test.

Fig. 2   Preparation flow chart of “double-L-shaped” specimens
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3 � Results and Discussion

3.1 � Hydraulic Characteristics Analysis of Fractured 
Sandstone Under Normal Loading

The variation curves of flow rate, permeability, axial, and 
radial deformation of the specimen with increasing seep-
age pressure under constant confining pressure are shown 
in Fig. 5. When the seepage pressure increases from 0 to 
2.2 MPa, the axial and radial deformations of the specimen 
slowly increase in a “step-like” manner, with an increase of 
about 14.95E-2 mm and 14.98E-2 mm, respectively, but the 
permeability and hydraulic opening remain unchanged at 
5.27E-9 m2 and 25.15E-2 mm, respectively (Fig. 5a). The 
unequal relationship between fracture mechanical deforma-
tion and hydraulic opening is related to fracture roughness. 
When the seepage pressure increases from 2.2 to 3 MPa, 
the axial and radial deformations increase linearly, the frac-
ture permeability increases suddenly, and the mechanical 
and hydraulic coupling effect is significant. When the seep-
age pressure increases from 0 MPa to about 2.7 MPa, the 
axial and radial deformation of the specimen increase by 
11.20E-2 mm and 11.17E-2 mm, respectively (Fig. 5b). 
Simultaneously, the flow rate increases slowly, and the 
permeability decreases from 4.03 to 3.87E-9 m2, primar-
ily because the fracture produces non-Darcy flow charac-
teristics, which means the increasing seepage pressure per 
unit increment does not cause an equal increase of flow 

rate. When seepage pressure increases from 2.7 to 4 MPa, 
the fracture deformation, flow rate, and hydraulic opening 
increase with increasing seepage pressure, and the mechani-
cal and hydraulic coupling effect of fracture is significant. 
When the confining pressure is constant, the influence of 
seepage pressure on the mechanical and hydraulic coupling 
of rough fractures has a certain critical range. When the 
seepage pressure is lower than this range, the coupling char-
acteristics are not significant; when it is within this range, 
the coupling characteristics are significant.

In addition, the flow rate increases with increasing seep-
age pressure under different confining pressure conditions, 
but there are significant differences in the variation law of 
the curve growth (Fig. 5). When the confining pressure is 
24 MPa, the flow rate with increasing seepage pressure can 
be fit using an exponential function. When confining pres-
sure reaches 30 MPa, the curve of flow rate and seepage 
pressure shows a significant turning point. When the seepage 
pressure is less than 2.7 MPa, the flow rate increases linearly 
with seepage pressure, but the growth rate is very low. When 
the seepage pressure is greater than 2.7 MPa, it also shows a 
linear increase, but the slope changes significantly, and the 
growth rate increases significantly. The data can be fit using 
a bilinear function with the turning point as the boundary.

The variation curve of permeability of different fracture 
specimens with confining pressure is shown in Fig. 6. With 
increasing confining pressure, the permeability of the speci-
men gradually decreases (Fig. 6a). In general, the perme-
ability decreases rapidly at the beginning, but with increas-
ing confining pressure, permeability decreases gradually. 
The above studies show that when the confining pressure 
is small, the smaller contact part of the two rough fracture 
surfaces is compressed, and the fracture rapidly produces 
large deformation and permeability decreases rapidly. With 
increasing stress, the contact area of the two compressed 
rough fracture surfaces of the specimen becomes larger and 
larger, so that the deformation capacity of the fracture grad-
ually decreases, and the permeability gradually decreases 
gradually. Under the same confining pressure, the perme-
ability of the fracture decreases with decreasing seepage 
pressure (Fig. 6b).

3.2 � Shear‑Seepage Coupling Characteristics 
Analysis of Fractured Sandstone Under Normal 
Loading

3.2.1 � Relations Between Shear Stress and Shear 
Displacement

Rough fractures exhibit complex mechanical properties dur-
ing shearing. The shear stress curve and shear characteristic 
parameters of the fractured sandstone are shown in Fig. 7 
and Table 2, respectively.

Fig. 3   Appearance of bluish sandstone specimen
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Fig. 4   Morphology characterization of fracture surface
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These curves generally show the following relationships 
(Fig. 7) when the shear displacement is initially loaded, 
ranging from 0 to 0.6 mm, the curves are all concave. 
Then, the curve increases linearly with increasing shear 
displacement, indicating that the fracture surface does 
not produce significant convex wear damage in this stage. 
Then, the shear stress almost linearly increases to the peak 
shear stress, and the corresponding shear displacement 
when it reaches the peak point is between 0.6 and 1.0 mm. 
Next, the shear stress decreased with increasing shear dis-
placement, and most of the specimens attenuated sharply 

with a large decrease, which was due to the softening of 
the fracture surface as well as interactions with water, 
resulting in the weakening of and failure between particle 
bumps. However, some specimens attenuated slowly (S11 
and S12) with a small decrease, and the difference in the 
decrease reflects the strength of the water–rock interac-
tion. After the shear peak, the shear stress decreased to 
the residual shear stress in a form of almost negative expo-
nential with increasing shear displacement. Finally, when 
the shear displacement reached 2–3.5 mm, the shear stress 
gradually stabilized, primarily due to the large failure area 

Fig. 5   Variation curves of 
flow rate, permeability, axial, 
and radial deformation of the 
specimen with the seepage pres-
sure under constant confining 
pressure
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between the protrusions where the fracture planes occlude 
each other.

In addition, the shear stiffness of the fracture increases 
significantly with increasing confining pressure (Fig. 7) 
(Table 2). The peak shear stress and residual shear stress 
of the fracture increase simultaneously with increasing 
confining pressure. In addition, in different shear stages, 
the shear stress curve of the fractures will appear as a 
tooth-like drop, which may be caused by shear slip on 
the fracture caused by the seepage pressure injected into 
the fracture at this time, resulting in the attenuation of 
the bearing capacity of the fracture. However, the bearing 
capacity will gradually recover after the seepage pressure 
is removed.

The shear stress–shear displacement curve of the rough 
fractured sandstone without seepage pressure coupling is 
shown in Fig. 8. Both the peak shear stress and the residual 
shear stress increase with increasing confining pressure. In 
the initial displacement strengthening stage, a small compac-
tion stage with small shear stiffness can be observed, and the 
length of compaction stage tends to be longer with increas-
ing confining pressure. Compared to the rough surface with 
shear-seepage coupling, there is no shear stress drop due to 
the lack of seepage pressure.

The shear stress–shear displacement curve for smooth 
fractured sandstone is shown in Fig. 9. Different from the 
rough fractured sandstone, the shear stress increases rapidly 
as shearing begins and does not soften immediately after 
reaching the peak value but continues to fluctuate slowly 
within 1 MPa until the end of shearing. The peak shear stress 
of the smooth fractured sandstone is 3.7 times lower than 
that of the rough fractured sandstone for the same shear 

displacement, indicating that the damage degree of the 
smooth fractured sandstone is the least.

3.2.2 � Relationship Between Normal Displacement 
and Shear Displacement

Deformation of the fracture during shearing will lead to 
increasing or decreasing the fracture opening, leading to a 
complex change law for fracture permeability. The normal dis-
placement–shear displacement variation curve of the specimen 
with a rough fracture during the shearing process is shown in 
Fig. 10. At the initial stage of shearing, the fractures undergo 
weak compression deformation (shrinkage). The maximum 
shrinkage of fractures varies from − 0.002 to − 0.027 mm. 
Then, with increasing shear displacement, joint dilatancy 
behavior occurs. At this stage, the contact area of the fracture 
surface decreases and the normal displacement increases rap-
idly due to the shear climbing effect of the fracture surface. 
Then, when the shear displacement reaches 2–3 mm, the nor-
mal displacement of the fracture increases at a decreasing rate. 
Finally, the normal displacement gradually reaches a stable 
value. In addition, the curve of specimen S12 after peak does 
not gradually slow down but increases at a uniform rate. The 
main reason for the above differences is that during shearing of 
the fracture in this test, the shear surface of the fracture is grad-
ually increasing, causing many particle bumps to not decrease 
with progressive shearing, and thus continue to climb, result-
ing in increasing normal displacement. In addition, the peri-
odic fluctuation of normal displacement after peak is caused 
by hydraulic loading. The final normal displacement of frac-
tures gradually decreases with increasing confining pressure. 
This is primarily because increasing confining pressure will 

Fig. 6   Variation curve of permeability of fractured sandstones with confining pressure
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restrict the normal deformation of fractures, which will reduce 
normal deformation. However, specimen S11 has the mini-
mum normal displacement of 0.66 mm, which may be due to 

the smaller roughness value of specimen S11 compared to 
specimens S10 and S12.

The normal displacement–shear displacement curve of 
rough fractured sandstone without seepage pressure coupling 
is shown in Fig. 11. During shearing, normal deformation of 
fractures shows the phenomenon of shrinkage first followed by 
dilation. For the same fracture specimen, the final normal dis-
placement of the fracture decreases with decreasing confining 
pressure. Compared with the rough surface with shear-seepage 
coupling, the deformation process is similar, but there is no 
periodic fluctuation in normal displacement at the later stage 
of shearing due to the absence of seepage pressure.

The normal displacement–shear displacement curve of the 
smooth fractured sandstone is shown in Fig. 12. Throughout 
the whole shearing process, all the specimens are in shear 
shrinkage state, with the normal shrinkage displacement of 
less than 1.0 mm. The initial shear section shows significant 
linear elastic deformation. With increasing shear displacement, 
the shear shrinkage section has a turning point, and the shear 
shrinkage slowly decreases. In addition, the greater the confin-
ing pressure, the more significant the shear shrinkage.

3.2.3 � Effect of Shear Process on Seepage Characteristics

Shear slip of a rough fractured rock mass will cause disloca-
tion and shear damage of the asperities between fracture sur-
faces and then cause a change in the fracture opening, affect-
ing its seepage characteristics. This section primarily analyzes 
the seepage characteristics of fractures under different shear 
displacements.

At present, the parallel plate model with single fracture 
is the most widely used model in fracture seepage research, 
which qualitatively describes the relationship between frac-
ture flow capacity and fracture width using the cubic law (Wu 
et al. 2018):

where Q is the volume flow rate through the cross section of 
the specimen per unit time(m3/s); b is the mechanical open-
ing of the fracture(m);� is the dynamic viscosity coefficient, 

(3)Q =
b3wΔP

12�ΔL

Fig. 7   Relationship between shear stress and shear displacement 
for rough fractured sandstones (S7-30  MPa–2.5  MPa indicates that 
the confining pressure and seepage pressure of specimen S7 are 30 
MPa and 2.5 MPa, respectively.)

Table 2   Monitoring values 
of characteristic mechanical 
parameters of fractured 
sandstones during shear

Specimen �t

(MPa)
u
p

t

(mm)
�
p

t

(MPa)
Ks

(GPa / m)
ur
t

(mm)
�
r
t

(MPa)

S7 30 0.58 25.94 48.01 2.91 15.16
S8 28 0.88 21.62 25.04 2.05 12.76
S9 26 0.99 18.02 20.23 2.55 9.40
S10 30 0.50 26.73 52.53 3.08 17.24
S11 24 0.80 14.98 32.00 2.85 11.65
S12 20 0.71 12.10 26.67 2.53 8.78
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Fig. 10   Relationship between normal displacement and shear dis-
placement for rough fractured sandstones

Fig. 9   Relationship between shear stress and shear displacement for 
smooth fractured sandstones

Fig. 8   Relationship between shear stress and shear displacement for 
rough fractured sandstones without seepage pressure coupling

and the viscosity coefficient of water at room temperature 
is 1.005 × 10−3 Pa· s; w is the fracture width (m); ΔP is the 
seepage pressure difference at both ends of the specimen 
(Pa);ΔL is the effective seepage length of the fracture along 
the seepage direction during the process of shearing slip(m), 
which can be expressed as:

In practice, ideal fractures do not exist, and most of 
the fracture surfaces are rough. Therefore, the mechanical 
opening in the cubic law is no longer the geometric aver-
age fracture width, but the fracture opening obtained by 

(4)ΔL = L − Ut

substituting the experimental fracture flow rate into the 
cubic law, that is, the equivalent hydraulic opening bh . 
Therefore, Eq. (3) can be rewritten as (Esaki et al. 1999):

According to Eq. (5), hydraulic opening is:

Based on the above analysis, the fracture permeability 
obtained in this test according to Darcy’s law is (He et al. 
2021):

(5)Q =
b3
h
wΔP

12�ΔL

(6)bh = −

(

12Q�ΔL

wΔP

)
1

3
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The permeability–shear displacement variation curve of 
the specimen with a rough fracture during shearing is shown 
in Fig. 13. The permeability variation of different fracture 
specimens during the shearing process basically conforms 
to the following law: under a constant normal stress, with 
increasing shear displacement, fracture permeability will 
undergo a three-stage change process of “decrease-increase-
stability”. The “decrease” process in the first stage is pri-
marily caused by the contact closure of the bulge between 
the fracture surfaces, causing the seepage channel between 
the fractures to shrink, resulting in a decrease in permeabil-
ity. In the second stage, fracture permeability will increase 
significantly with increasing shear displacement, which is 
primarily caused by the shear dilatation characteristics of 
the fracture surface. That is to say, the convex contact of the 
fracture surface will appear to increase with increasing shear 
displacement, which will lead to an increased fracture open-
ing and permeability. Finally, as shear displacement contin-
ues to increase, permeability gradually tends to stabilize. In 
addition, there are many bumps in the specimen with rough 
fractures, which produce complex surface geometry, leading 
to fluctuation of the seepage field even after it is stabilized.

The permeability–shear displacement curve of the smooth 
fractured sandstone during shearing is shown in Fig. 14. 
Different from the rough fractured sandstone, the fracture 
permeability does not shrink in the initial stage of shearing 
but increases rapidly with increasing shear displacement. 
In addition, because the roughness of the fracture surface is 
very small and the distribution of fracture opening is rela-
tively uniform, the permeability change of the sawed sand-
stone specimens is smaller than that of the rough fractured 
sandstone specimens.

3.3 � Analysis of Permeability Characteristics 
of Fractured Sandstone Specimens Under Cyclic 
Loading and Unloading

During the test, the shear stress and seepage pressure were 
zero when the confining pressure was loaded for the first 
time. Therefore, this section examines the influence of cyclic 
loading and unloading on fracture permeability after shear 
stress and seepage pressure are applied.

The permeability curves of smooth and rough fractured 
sandstone specimens at various stages are shown in Fig. 15. 
Confining pressure has an effect on the permeability of 
smooth and rough fractured sandstone specimens in each 
stage. With increasing loading and unloading times, the per-
meability changes of the two types of specimens become 
more and more intuitive. The unloading stage is the main 

(7)k =
b2
h

12
=

1

2.9

(

Q�ΔL

wΔP

)
2

3

stage of permeability variation for the sandstone specimens, 
and the highest point of permeability of three-cycle loading 
and unloading appears at the end of the unloading stage.

For the two types of fractured sandstone specimens, 
permeability decreases during loading, and permeability 
recovers during unloading, but the recovery values dur-
ing unloading are all smaller than the permeability values 
during loading under the same stress conditions (Fig. 15). 
The deformation of the fractures in the specimen is plastic 
deformation. A change in confining pressure during load-
ing will cause deformation of the fractures. Although the 
deformation can be recovered to a certain extent, the fracture 
permeability cannot be restored to the original value after 

Fig. 11   Relationship between normal displacement and shear dis-
placement for rough fractured sandstones without seepage pressure 
coupling

Fig. 12   Relationship between normal displacement and shear dis-
placement for smooth fractured sandstones
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the confining pressure is restored, indicating that the damage 
caused by confining pressure to the permeability of frac-
tured rock mass is permanent. In addition, at the beginning 
of each cyclic loading stage, the slope of the change curve 
of permeability with confining pressure is relatively large, 
and as confining pressure continues to increase, the slope of 
the change curve of permeability with confining pressure 
gradually decreases. At the beginning of the unloading stage 
in each cycle, the slope of the change curve of permeability 
with confining pressure is small, and as confining pressure 
continues to decrease, the slope of the change curve of per-
meability with confining pressure gradually increases. The 

initial stage of loading and the late stage of unloading are the 
primary stages in which the permeability changes, and these 
two stages are the primary stages in which the sensitivity of 
the permeability to stress is reflected.

The variation curves of permeability of fractured sand-
stone specimens under different seepage pressures under 
cyclic loading and unloading paths are shown in Fig. 16. 
The greater the seepage pressure, the greater the influence on 
permeability, because the fracture surface will be deformed 
under the action of seepage pressure, resulting in permeabil-
ity change. From the above analysis, both confining pressure 
and seepage pressure will cause differences in permeability 
within a fractured rock mass.

According to the fitting analysis of the variation law of 
permeability with confining pressure during loading and 
unloading, the permeability and confining pressure have a 
negative exponential relationship, and the fitting equation is:

where � is the confining pressure (MPa); a, b, c are fitting 
parameters.

Fitting parameters of different loading and unloading 
stages are shown in Table 3.

Both the coefficient a and coefficient c decrease with 
increasing loading times and unloading times (Table 3). 
In addition, the coefficient b can reflect the sensitivity of 
sandstone permeability to stress, that is, the sensitivity of 
the opening and closing degree of fractures to stress. The 
loading stage is the sensitivity of the degree of fracture clo-
sure to stress, and the coefficient b decreases gradually with 
increasing loading times, indicating that the sensitivity of 

(8)k = ae−b� + c,

Fig. 13   Relationship between permeability and shear displacement for rough fractured sandstones

Fig. 14   Relationship between permeability and shear displacement 
for smooth fractured sandstones
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Fig. 15   Permeability variation curve of smooth and rough fractured sandstone specimens under cyclic loading and unloading



2152	 T. Yang et al.

1 3

fractured sandstone specimens to stress gradually decreases 
with increasing loading time. The unloading stage is the 
sensitivity of fracture opening to stress, and the coefficient 
b decreases gradually with increasing unloading times, indi-
cating that the sensitivity of fractured sandstone specimens 
to stress gradually decreases with increasing unloading 
times.

4 � Conclusions

In this study, the shear-seepage coupling test device and test 
method of single fractured rock mass were designed by pro-
cessing specific “double  L shaped” specimens, effectively 
resolving the issue that it is challenging to ensure fluid tight-
ness in the test. At the same time, the shear-seepage coupling 

test of single fractured sandstone specimens under different 
confining pressures and seepage pressures was carried out. 
The test results not only reveal the shear-seepage coupling 
characteristics of fractured rock mass with different rough-
ness, but also provide important guiding significance for 
rock mass engineering excavation. The following conclu-
sions can be drawn:

(1)	 When confining pressure is constant, the influence of 
seepage pressure on the hydro-mechanical coupling 
of rough fractures has a threshold value. When the 
seepage pressure is lower than the threshold value, the 
characteristics of hydro-mechanical coupling are not 
significant. When it increases into the threshold value, 
the coupling characteristics are significant. In addition, 
when the confining pressure is low, the change in flow 

Fig. 16   Permeability variation curve of rough fractured sandstone specimens under different seepage pressures
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rate with seepage pressure can be fit to the data using 
an exponential function; when the confining pressure 
is high, the change in flow rate with seepage pressure 
can be fit to the data using a bilinear function.

(2)	 The peak shear stress, residual shear stress, and shear 
stiffness of rough fractures all increase with increasing 
confining pressure, while the change in normal dilata-
tion displacement is the opposite. In addition, different 
from rough fractured sandstone specimens, smooth 
fractured specimens do not soften immediately after 
reaching the shear stress peak but continue to fluctuate 
slowly within a 1 MPa range. And the smooth frac-
ture specimens are in shear shrinkage state, with the 
normal shrinkage displacement of less than 1.0 mm. 
The curves of shear stress and normal displacement of 
specimens without seepage pressure coupling have the 
same variation trend as those of specimens with shear-
seepage coupling; however, there are no periodic drops 
and fluctuations in the late shearing period.

(3)	 Under a constant normal stress, with increasing shear 
displacement, the permeability of rough fractures 
changes in the staged manner of “decrease-increase-

stability”, which is closely related to the mechanical 
properties of asperities on the fracture surface. Differ-
ent from rough fractured sandstone, the permeability of 
the smooth fractured specimens does not decrease as 
described above but increases rapidly with increasing 
shear displacement.

(4)	 During cyclic loading and unloading, the permeability 
in the loading stage decreases with increasing confin-
ing pressure, and permeability in the unloading stage 
increases with decreasing confining pressure. During 
unloading, permeability recovered to some extent but 
could not return to the original value, indicating that 
the damage caused by the confining pressure to the per-
meability of the fractured rock mass was permanent. 
In addition, the initial stage of loading and later stage 
of unloading are the primary stages of permeability 
change of fractured sandstone specimens. Under cyclic 
loading and unloading, permeability and confining 
pressure have a negative exponential function.
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