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Abstract
In this paper, the Barton-Bandis model was used to develop a theoretical estimate that accounts for the hydro- 
mechanical coupling in a fracture considering shear dilation under 3D compression and a shear stress. The axial stresses and  
the shear stress, as well as the seepage pressure and roughness characteristics of the fracture, were taken into consideration.  
Based on the properties of the sandstone of the Xinglong Tunnel in Chongqing, China, the  COMSOL™ software was used to implement  
the hydro-mechanical coupling model of a horizontal rough single fracture under the action of 3D compression and a shear  
stress. The results of shear-seepage tests performed in a multi-field coupled triaxial apparatus were used to corroborate the appli-
cability of the model. Finally, by establishing numerical models of rough single fractures with different inclination angles, the  
seepage and mechanical characteristics of rough fractures under different stresses and seepage pressures were analyzed, and the 
influence of degree of different fracture inclination angles on peak shear stress, normal displacement, permeability, and flow 
velocity was quantified. On this basis, the rough single fracture permeability with different inclination angles was derived as 
a function of the stress state. The results obtained contribute to understanding the hydro-mechanical coupling characteristics 
in rough fractures with different inclination angles under 3D compressive and a shear stress due to the difficulty of performing 
true triaxial experiments in a rock mass with inclined rough fractures.
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Introduction

In recent years, there has been a significant increase in the 
construction of underground facilities, such as tunnels, water  
conservancy structures and hydropower projects, and national 
strategic protection projects. The rapid development of 
large-scale geological projects, such as shale gas extraction, 
underground water-sealed oil reservoirs, and geothermal 
resource development (Cacace et al. 2013; Eshiet and Sheng  
2014; Aalianvari 2017; Vazaios et al. 2019; Li et al. 2021), 
involves fracturing the rocks and initiating fluid flow under 
complex stress and geological environmental conditions  
(Selvadurai et al. 2015, 2018a; Meng et al. 2021; Zhan et al. 
2022) (Fig. 1a). Therefore, exploring the hydro-mechanical 

coupling characteristics of a fractured rock mass under stress 
is an important problem to be solved in rock engineering safety 
control (Liu and Sun 2019; Sun et al. 2019; Yang et al. 2020;  
Yu et al. 2022). The study of a single fracture seepage pat-
tern is the basis and key to the study of rock fracture network 
seepage patterns and hydro-mechanical coupling character-
istics of fractured rock masses (Chen et al. 2021; Wei and 
Chen 2021) (Fig. 1c). The significant manner in which non- 
linear effects, dilatancy, contact degradation, hardening and 
softening, etc., can influence the behavior of the interface is 
borne out by theoretical and experimental evidence (Selvadurai  
and Boulon 1995). Therefore, many researchers have explored 
single fracture seepage patterns using experimental research and 
numerical simulations, putting forward the concepts of equivalent  
hydraulic aperture, fracture roughness, area contact rate,  
and tortuosity of an equivalent single fracture to describe  
the seepage characteristics of rough fractures (Louis 1974; 
Tsang and Witherspoon 1983; Zimmerman et  al. 1991;  
Ishibashi et al. 2015; Qian et al. 2019).

The dilation caused by shear stress will increase the fracture  
aperture (Selvadurai and Yu 2005; Cao et al. 2021; Wang et al. 
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2021; Yang and Fall 2021), while normal stress will lead to 
fracture closure, thus reducing the fracture aperture (Lin and 
Lee 2009; Zhang and Nemcik 2013; Selvadurai 2015). The 
deformation caused by lateral stress will also result in changes 
in the fracture aperture (Liu et al. 2007; Liu and Chen 2011). 
These stress changes are mainly reflected in fracture deforma-
tion and shearing slip, which changes both the dimensions of 
the fluid transport channel (Di et al. 2017; Zhao et al. 2011;  
Ning et al. 2022; Zhang et al. 2022) and the seepage pres-
sure (Shin and Santamarina 2019; Yu et al. 2020). Con-
versely, the change in the seepage pressure in the fracture 
will also act on the rock mass and alter the stress state of 
the rock mass (Vogler et al. 2018; Zhang et al. 2021). At 
the same time, the roughness characteristics of the rock 
fracture will affect its mechanical and seepage character-
istics, thereby making the hydro-mechanical coupling pro-
cess increasingly complex (Zhang and Chai 2020; Phillips 
et al. 2021). The stress state affects the size of the hydraulic 
aperture (opening or closing) (Kou et al. 2021), while the 
roughness affects the distribution of the hydraulic aperture 
(effective seepage channel distribution) (Zhao et al. 2018). 
Therefore, it is necessary to investigate the hydro-mechanical  
coupling characteristics of rough rock fractures under 
3D compressive and shear stress to fully understand flow  
through the rock mass.

In terms of experimental research, several researchers have 
developed different shear seepage test devices (Zhang et al.  
2019; Gui et al. 2020) to investigate the shear-seepage char-
acteristics of fractures using fluid injection methods (Yeo 
et al. 1998; Javadi et al. 2014), normal loading (Chen et al. 
2000; Chao et al. 2020), normal stress at different magni-
tudes (Koyama et al. 2009; Wang et al. 2020), and fracture 
roughness (Qian et al. 2018; Liu et al. 2020). Rong et al.  

(2016) investigated the variation of the permeability char-
acteristics of a fracture with shear displacement using a  
single fracture shear-seepage test. The results showed  
a significant nonlinear correlation between the pressure 
gradient and the fluid volume and flow velocity during the  
seepage test. Several researchers have also conducted 
experiments on the permeability characteristics of differ-
ent types of fractured rock masses with shear displacement 
(Nishiyama et al. 2014; Yin et al. 2017; Cao et al. 2019;  
Wang et al. 2019; Shen et al. 2020).

From the aforementioned literature review, it can be 
concluded that the following deficiencies exist in the anal-
ysis of the hydro-mechanical coupling characteristics of 
rough fractured rock masses:

1. There is great variability in the seepage patterns of frac-
tures under the action of a 3D stress state, and no universal  
theory has been formulated. A quantitative description 
of the hydro-mechanical coupling characteristics of frac-
tures under the action of a 3D stress state has yet to be 
investigated.

2. The variations in characteristics, such as fracture rough-
ness and inter-fracture contact under 3D compressive  
stresses and a shear stress, are not well understood. Since these  
directly affect the seepage characteristics of the fracture,  
such attributes cannot be ignored when developing the  
single fracture seepage model.

3. In laboratory experiments, the inefficient sealing of 
the shear box means that allows the application of the 
maximum seepage pressure in a test can only reach  
0.6–1 MPa.

4. There is no specific analysis that explains how the fracture incli-
nation angle influences the factors governing the seepage.

Fig. 1  a Schematic illustration 
of groundwater flowing into a 
tunnel excavation through the 
surrounding fractured rock. b 
Geometric distribution charac-
teristics of a fracture cross-
section. c Schematic diagram 
of fluid flow through the rough 
fractured rock
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Based on these observations, the current study was  
designed and carried out to address the limitations and issues 
in the existing research findings. The hydro-mechanical  
coupling equation of a rough fracture under a 3D compressive  
stress state and a shear stress was derived by considering the  
influence of multiple factors, such as normal stress, lateral stress,  
shear stress, seepage pressure, and roughness characteristics.  
The hydro-mechanical coupling characteristics of a hori-
zontal rough single fracture under the action of an axial  
compressive stress and a shear stress was then studied using the   
COMSOL™ software and the results of the laboratory tests. 
Lastly, the hydraulic characteristics of rough fractures with 
different inclination angles and coupling of water pressure 
were analyzed. The flowchart of this study is shown in Fig. 2. 
Accordingly, the proposed theoretical model, test, and simu-
lation results of hydro-mechanical coupling of fractured rock 
mass are helpful for understanding the hydro-mechanical cou-
pling characteristics of rough fractured rock mass with differ-
ent inclination angles under a 3D compressive stress state and 
a shear stress and effectively solves the difficulty of performing 
true triaxial experiments in a rock mass with inclined rough 
fractures. At the same time, it provides a basis for studying 
the hydro-mechanical coupling characteristics of the fractured 
rock mass of the Xinglong tunnel project in Chongqing, China, 
under the action of groundwater and the disturbance stress of 
tunnel excavation. It is a valuable benchmark for examin-
ing the water inflow in the tunnel project and the instability  
of surrounding rock.

Theoretical model of hydro‑mechanical 
coupling of a rough single fracture 
considering shear dilation under 3D stress

The mechanical properties of fractured rock mass change  
with the external forces (normal, lateral, and shear stresses) 
(Wong and Peng 2020). We assume that the angle between 
any inclined fracture and the xoy surface is � . The stress  
state also affects the roughness characteristics of the fractures; the  
normal stress changes the geometric characteristics within 
the fracture, and the shear stress causes the asperities in  
contact shear to generate gouge (Nguyen and Selvadurai  
1998; Selvadurai and Nguyen 1999). These changes alter the hydro-
mechanical aperture within the fracture, affecting the relationship  
between stress and permeability of the rough fracture. In addition, the size  
distribution of the connected cavities between the fractures 
determines the extent of the seepage pressure on the fracture 
walls, which in turn affects the magnitude of the effective  
normal stress on the fractures. The change in the effective nor-
mal stress will cause a change in the mechanical response  
of the fracture, which will further impact the fracture instability. These  
processes constitute the hydro-mechanical coupling model of the rough  
fracture to be studied in this paper.

In order to facilitate the modelling and to ensure the  
correctness of the model, the following basic assumptions have 
to be introduced:

1. No crack expansion in the rock matrix during fluid flow.
2. The fracture is fully saturated with water and the com-

pressibility of the water is not considered.
3. The fluid density and the dynamic viscosity coefficient 

remain constant and the fluid flow in the fracture obeys 
Darcy’s law.

4. The chemical effect of interaction between the water and 
the rock mass is ignored.

According to stress transformations, the normal stress 
�n and shear stress � of the fracture are correlated to the 
two-directional positive stresses 

(
�x, �y, �z

)
 , respectively, are 

given in Eq. (1) (Timoshenko and Goodier 1970; Selvadurai 
2000).

1. Under normal stress �n perpendicular to the fracture, 
normal deformation U1 of the fracture occurs, which 
causes a decrease in the fracture aperture, leading to a 
reduction in the hydraulic aperture of the fracture.

2. Under lateral compressive stress �y parallel to the frac-
ture, lateral deformation of the fracture occurs and can 
lead to an increase in the fracture aperture, increasing 
the hydraulic aperture of the fracture.

3. Under shear stress � parallel to the fracture, shear defor-
mation � of the fracture occurs and causes an increase 
in the fracture aperture, together with additional normal 
deformation U2 caused by shear dilation, together with 
lateral deformation of the fracture.

Correlation between fracture aperture and total 
normal deformation

When the normal deformation caused by �n′ is U1 , and the 
additional normal deformation caused by shear dilation is 
U2 , the resulting normal deformation is given by Eq. (2) 
(Lei et al. 2017).

According to Barton et al. (1985), the effective normal 
stress �′

n
 is related to the normal deformation U1 in the form 

of Eq. (3):

(1)
�n =

(
�z+�x

2

)
+
(

�z−�x

2

)
cos 2�

� =
(

�z−�x

2

)
sin 2�

(2)U = U1 − U2

(3)�n
� =

U1

a − b ⋅ U1
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Fig. 2  Flowchart of hydro-mechanical coupling characteristics analysis of fractured rock masses with different inclination angles
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where �n′ is the effective normal stress acting on the fracture, 
and a and b are constants.

From Eq. (3), it can be deduced that:

with the assumption that when �n� → ∞ , U1 → Umax ≈ bm , where  
Umax is the maximum closure of the fracture, and bm is the  
initial aperture of the fracture.

Therefore, after substituting b =
a

Umax

 into Eq. (3), the 
effective normal stress can be written as:

From Barton (1982), we have Kin =
(

��n
�

�U1

)
U1→0

 , where, 

Kin is the initial normal stiffness of the fracture. From Eqs. 
(3) and (5), we have: a =

1

Kin

.
After substituting a and b into Eq. (3), the effective 

normal stress �n′ can be expressed as Eq. (6) (Barton and 
Choubey 1977):

From Eq. (6), the normal deformation of the fracture can 
be obtained in the form:

According to the effective stress principle, we have (Terzaghi 
1943; Selvadurai 2021):

where p is the seepage pressure.
From Eqs. (7) and (8), the normal deformation of the 

fracture under the action of the normal stress �n perpendicu-
lar to the fracture can be written as Eq. (9).

The normal stiffness under stress can be expressed as 
(Nguyen and Selvadurai 1998).

The incremental shear stress � for the fracture gives 
(Jahangir et al. 2021).

(4)
1

�n
�
=

a

U1

− b

(5)�n
� =

U1

Umaxb − bU1

(6)�n
� = Kin

⎛⎜⎜⎝
U1

1 −
U1

bm

⎞⎟⎟⎠

(7)U1 =
bm ⋅ �n

�

Kinbm + �n
�

(8)�n
� = �n − p =

(
�z + �x

2

)
+
(�z − �x

2

)
cos 2� − p

(9)U1 =
bm ⋅ �n

�

Kinbm + �n
�

(10)Kn =
d�n

�

dU1

= Kin

(
1 −

�n
�

bmKin + �n
�

)−2

where Ks is the shear stiffness of the fracture.
When |𝛿| < ucs , a shear dilation occurs, and the dilation 

caused by the shear displacement d� is estimated from the 
shear dilation angle dm as given in Eq. (12) (Selvadurai 
et al. 2018b).

where ucs is the ultimate shear displacement resulting from 
the shear dilation.

From Barton (1982) the shear dilation angle of the 
fracture, dm can be determined from Eq. (12) (Hou et al. 
2016).

where �b is the basic friction angle of the fracture.
From Eqs. (11), (12), and (13), we have:

Barton et  al. (1985) used rough undulating surfaces 
formed by tensile fracturing in experimental materials to sim-
ulate fractures and proposed a nonlinear JRC-JCS empirical  
equation to estimate the peak shear strength of irregular, 
unfilled fractures, as given in Eq. (15) (Bandis et al. 1981):

where �peak is the peak shear stress, JRC is the joint rough-
ness coefficient, and JCS is the uniaxial compressive 
strength of the rock.

Barton (1982) observed experimentally that, under con-
stant compressive stress conditions, the shear displacement 
corresponding to the peak shear stress could be considered 
unrelated to the positive stress, but related to the scale, as 
expressed in Eq. (16).

where upeak is the peak shear displacement and afx is the corre-
sponding side length of the fracture in the shearing direction.

Assuming that the linear elastic response of the fracture 
reaches the peak shear stress, the shear stiffness can be writ-
ten as (Asadollahi et al. 2010):

From Eqs. (15), (16), and (17), we have:

(11)d� = Ks ⋅ d�

(12)dU2 = tan(dm) ⋅ d�

(13)dm ≈ tan(dm) =
1

2

[
arctan

(
2�

��
n

)
− �b

]

(14)dU2 =
1

2Ks

[
arctan

(
2�

��
n

)
− �b

]
d�

(15)�peak = �n
�tan

[
�b + JRC lg

(
JCS∕�n

�
)]

(16)upeak =
afx

500

(
JRC

afx

)0⋅33

(17)Ks =
�peak

upeak
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By integrating Eq. (14), we have:

This gives the total normal deformation taking into con-
sideration the shear dilation:

Correlation between fracture aperture and lateral 
deformation

Since the fracture is assumed to be very thin, the lateral deforma-
tion of the fracture is equal to the lateral deformation of the rock 
matrix, as follows (Jin et al. 2015):

where E is the elastic modulus of the rock, � is Poisson’s 
ratio of the rock, and �fx and �fy are the normal and tangential 
strains, respectively.

Jin et al. (2015) derived the seepage characteristics of a 
rock joint under three-dimensional stresses. Therefore, the 
actual fracture aperture can be derived as:

where b∗
m

 is the actual fracture aperture, afy is the corre-
sponding side length of the fracture in the normal direction, 
and A is the area of the fracture surface.

Equation (23) can be simplified to:

Seepage characteristics of rough fractures

Water flow in a smooth fracture can be simplified to a flat 
plate model. The permeability can, thus, be written as (Snow 
1969; Develi and Babadagli 2015):

(18)Ks =
�n

�tan
[
�b + JRC1g

(
JCS∕�n

�
)]

(
afx∕500

)
∕
(
JRC∕afx

)0.33

(19)

U2=
1

2Ks

{[
arctan

(
2�

�n
�

)
− �b

]
⋅ � −

�n
�

4
ln

(
1 +

4�2

�n
�2

)}

(20)
U =

bm⋅�n
�

Kinbm+�n
�
−

(afx∕500)∕(JRC∕afx)
0.33

2�n
�
⋅tan[�b+JRC1g(JCS∕�n�)]

⋅

{[
arctan

(
2�

�n
�

)
− �b

]
⋅ � −

�n
�

4
ln
(
1 +

4�2

�n
�2

)}

(21)�fx =
1

E

[
�x − v

(
�y + �z

)]

(22)�fy =
1

E

[
�y − v

(
�x + �z

)]

(23)b∗
m
=

(
bm − U

)
⋅

[(
afx − afx ⋅ �fx

)
⋅

(
afy − afy ⋅ �fy

)]
A

(24)b∗
m
=
(
bm − U

)
⋅

(
1 − �fx

)(
1 − �fy

)

However, when the surface of the fractures is rough, the 
actual flow of water in the fractures is much more compli-
cated than in the flat plate model. Considering the influ-
ence of the roughness of the fractures, the equations for the 
permeability and flow rate of the rough fractures can be 
obtained in Eq. (26) (Nguyen and Selvadurai 1998) and Eq. 
(27) (Esaki et al. 1999).

where Q is the fluid flow velocity vector, bh is the hydraulic aperture  
of the fracture, w is the fracture width, � is the fluid density, g  
is the gravitational acceleration, μ is the dynamic viscos-
ity coefficient of the fluid, and ∇P is the hydraulic gradient 
along the fluid flow direction.

Coupling of stress field to seepage field

From Eq. (26), it can be seen that the fracture permeability  
is determined by its hydraulic aperture. However, its rough 
characteristics will differentiate between the hydraulic aper-
ture and the real mechanical aperture for the rough fracture  
(Boulon et al.1993). The rough fracture contains non-uniformly 
distributed contact and cavity domains; the connected cavities  
with a larger aperture are the main seepage channels for fluid 
flow, and its irregular distribution will present “channel flow” 
characteristics. This makes it difficult to characterize the hydrau-
lic aperture and, for this reason, the concept of an equivalent  
hydraulic aperture has been proposed; i.e., the hydraulic  
aperture bh of the rough fracture and the mechanical aper-
ture b∗

m
 have the following relationship (Souley et al. 2015):

From Eq. (28), it can be inferred that there is a propor-
tionality coefficient f  between the hydraulic aperture of the 
fracture and the mechanical aperture. The coefficient f  is 
correlated to the fracture roughness characteristics because 
(1) the geometric characteristics of the fracture change under 
the action of normal stress, including contact domain and 
inhomogeneous distribution of cavity space, and (2) changes 
in the shearing of asperities and the accumulation of gouge 
due to asperity breakage.

Considering the influence of these two aspects on seep-
age, the Eq. (29) was used in this study to redefine Eq. (28) 
(Chen and Zhao 2020):

(25)k =
1

12
b∗
m

2

(26)k =
1

12
b2
h

(27)Q = −
b3
h
w�g

12�
∇P

(28)bh = fb∗
m
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where f1 is a coefficient that accounts for the geomet-
ric change on the aperture bh , and f2 is a coefficient that 
accounts for asperity damage.

The influence coefficient f1 can be expressed as follows 
(Chen et al. 2017):

(29)bh = f1f2b
∗
m

(30)f1 = (1 − 1.1�)4
(
1 +

2

D∗
Δ

)3∕5

where � is the fracture contact rate, D∗
Δ
 is the fractal dimen-

sion of the anisotropic distribution of the fracture, and their 
variation with the normal stress is expressed as follows 
(Chen et al. 2017):

(31)� = �r − n(1 − e
�n

�

Kin )

(32)D∗
Δ
= ae

b

��n+c

Fig. 3  Hydro-mechanical coupling model of a horizontal rough fracture under 3D compressive and shear stresses
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where �r is the fracture convex contact rate at zero normal 
stress, n is the test constant, n(1 − e

�n
�

Kin ) is the fracture contact  
rate with the amount of normal stress, and a, b, and c are the 
test fitting constants.

The coefficient f2 reflects the influence of asperity dam-
age on seepage during shearing, which is mainly expressed 
as the influence of the generated gouge material. Since 
the gouge generated by the convex fracture damage is 
correlated to the plastic shear, the coefficient f2 can be 
expressed as Eq. (33) (Nguyen and Selvadurai 1998).

where cf  is the fracture gouge material yield factor, and Wp 
is the plastic work of shearing, which can be expressed as 
(Nguyen and Selvadurai 1998):

where � is the shear displacement of the fracture.
Combining Eqs. (24), (26), (27), and (29), the corre-

sponding equations for permeability and flow rate can be 
obtained, which are given as Eqs. (35) and (36), respectively.

(33)f2 = exp

(
−∫

Wp

0

cf dWp

)

(34)dWp = �d�

(35)k =
1

12

[
f1f2

(
bm − U

)
⋅

(
1 − �fx

)(
1 − �fy

)]2

(36)Q = −

[
f1f2

(
bm − U

)
⋅

(
1 − �fx

)(
1 − �fy

)]3
w�g

12�
∇P

The permeability and seepage equations of rough frac-
tures under 3D compressive and shear stresses can be 
obtained by substituting Eq. (20) into Eqs. (35) and (36). 
So far, Eq. (1) through Eq. (36) are the hydro-mechanical 
coupling models of rough rock fractures, considering the 
influence of multiple factors such as normal stress, lateral 
stress, shear stress, seepage pressure, fracture inclination 
angle, and fracture roughness characteristics.

Development and analysis 
of hydro‑mechanical coupling model 
of a horizontal rough single fracture

The  COMSOL™ finite element software was used to develop 
the hydro-mechanical coupling model of a single rough  
fracture under the action of 3D compressive and shear 

Table 1  Parameters of rough fractured rock mass

Material properties Parameter Units

Initial normal stiffness of the fracture 
Kin

0.25 GPa/mm

Basic friction angle �b 30 Degrees
Joint roughness coefficient JRC 8.0736 Non-dimensional
Uniaxial compressive strength of rock 

JCS
74 MPa

Initial permeability k
0

4.8 ×  10−7 m2

Tensile strength �T 6.8 MPa
Elasticity modulus E 3.7 ×  104 MPa
Poisson’s ratio � 0.36 Non-dimensional
the corresponding side length of the 

fracture in the shear direction afx
100/cos � mm

the corresponding side length of the 
fracture in the normal direction afy

50 mm

Dynamic viscosity coefficient μ 0.001 Pa · s
Unit weight of water �

w
1 ×  104 N/m3

Sandstone density � 2600 kg/m3

Gouge material yield factor cf 0.001 m/N
Initial contact rate of fracture �

r
0.03 1

Fig. 4  Shear stress–shear displacement relationship curves under dif-
ferent normal stress and seepage pressures (25–3 MPa means normal 
stress of 25 MPa and seepage pressure of 3 MPa)

Fig. 5  Normal displacement-shear displacement curves under differ-
ent normal stresses and seepage pressures
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stresses. The realization process of multi-field coupling in 
 COMSOL™ is that the coupling variable will accurately 
invoke another physical field for reverse calculation when 
solving a certain field, and the bidirectional coupling simu-
lation can be realized by introducing coupling variable into 
multi-field calculation. Secondly, the additional functional 
modules of  COMSOL™ can be easily extended to facilitate 
secondary development to implement theoretical models.  
For the seepage field of a fractured rock mass, “Darcy physi-
cal field” should be invoked to describe the fluid flow in 
fractures during simulation, and “fracture flow” should be 
selected in “Darcy physical field.” There is an elastic–plastic 
model in the “solid mechanics physical field” for the stress 
field, so that the hydro-mechanical bidirectional coupling sim-
ulation can be realized in calculating the seepage and stress  
field.

Figure 3 shows the hydro-mechanical coupling model  
of a horizontal rough fracture, in which the fracture divides  
the model into two identical regions, with a fracture size of 100  
mm in length and 50 mm in width. Based on the sandstone of the  
Xinglong tunnel in Chongqing, China, the rough fracture is 
generated by importing the XYZ data coordinates obtained 
after 3D morphological scanning with a VTOP 300 T scan-
ner into  COMSOL™ for modeling, as shown in Fig. 3a. The 
initial and boundary conditions of the model are as follows: 
the positive stresses in three directions were applied to the 
whole model, namely �x , �y , and �z , and the equilibrium 
force was calculated through iterations. After the model was 
equilibrated, shear displacement loading was applied to the  

left end of the upper block model so that the upper part of  
the model could slide to the right along the fracture. The 
left side of the fracture represents the constant inlet water  
pressure boundary, the right side is the outlet water pressure 
boundary, which is open to the atmosphere, and other fracture 
surfaces are modelled as impervious boundaries, as shown in  
Fig. 3c. A constant shear rate of 0.002 mm/s to the right  
was applied to the upper block, and the lower block was  
kept fixed.  COMSOL™ was used to generate the finite ele-
ment mesh using a free tetrahedral mesh. The predefined  
cell size was set to the adaptive mesh feature, and the result-
ing mesh had 904,659 cells and 3044 edge cells. Table 1 lists 
the parameters of the rough fractured rock media used in  
this study.

Figure 4 shows the shear stress–shear displacement curves 
under different normal stresses and seepage pressures. It can 
be seen that the peak shear stress, residual shear stress, and 
shear stiffness of the fracture under the same seepage pres-
sure increased with an increase in the normal stress, whereas 
the peak shear stress and residual shear stress of the fracture 
under the same normal stress decreased with an increase in 
the seepage pressure. When the seepage pressure increased 
from 3 to 6 to 9 MPa, the peak shear stress under a normal 
stress of 15 MPa gradually decreased from 6.1 to 5.2 to 4.7 
MPa, respectively, and the residual shear stress decreased 
from 4.6 to 4.1 to 3.1 MPa. This phenomenon is primarily 
due to a reduction of the normal effective stress in the rough 
fracture caused by the seepage pressure, reducing the peak 
shear stress and residual shear stress.

Fig. 6  Variation curve of fracture permeability under different normal stresses and seepage pressures (15 MPa−3 MPa−8 mm means normal 
stress of 15 MPa, seepage pressure of 3 MPa and shear displacement of 8 mm)
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Figure 5 shows the normal displacement-shear dis-
placement curves for different normal stresses and seep-
age pressures. The normal deformation of the fracture 
increased gradually with an increase in the seepage pres-
sure under the same normal stress. When the seepage 
pressure increased from 3 to 6 to 9 MPa, the maximum 
normal displacement of the fracture under a normal stress 
of 15 MPa increased to 2.10 mm, 2.15 mm, and 2.37 mm, 
respectively. This is mainly because the increase in seep-
age pressure causes the normal effective stress of the frac-
ture to decrease, leading to expansion of the fracture and 
an increase in the shear dilation of the fracture. In addi-
tion, at the same seepage pressure, the shear dilation of the 
fracture decreased with an increase in the normal stress. 
This could be attributed to the fact that an increase in the 
normal stress will inhibit any change in fracture asperities, 
thereby reducing the normal displacement.

Figure 6 gives the variation curves of the permeability of 
rough fractures under different normal stresses and seepage 
pressures. Figure 6a shows the permeability distribution 

characteristics along the length of the specimen in the shear 
direction. It can be seen that the permeability at each point 
was the same regardless of the stress, and all points showed 
an overall trend with the highest permeability at 76.25 mm. 
The permeability at each point decreased when the nor-
mal stress increased. Also, the permeability at each point 
increased when the seepage pressure increased. At a shear 
displacement of 16 mm, the fracture permeability increased 
from 4.44 ×  10−6  m2 to 4.46 ×  10−6  m2 at a normal stress of 
15 MPa as the seepage pressure increased from 3 to 6 MPa, 
and from 4.28 ×  10−6  m2 to 4.32 ×  10−6  m2 at a normal 
stress of 20 MPa. Figure 6b demonstrates the relationship 
between permeability and shear displacement. It can be 
seen that there was a significant decrease in permeabil-
ity at the initial stage of loading, which is mainly due to 
closure of the asperity contact of the fracture. In addition, 
under the same normal stress the peak permeability of the 
fracture increased as the seepage pressure increased. The 
permeability increase was the least at a normal stress of 25 
MPa and greatest at a normal stress of 15 MPa.

Fig. 7  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 chamber seepage 
path; P5–self-balancing system; V1–V12–switches; 1–computerized 
data-acquisition unit; 2–fuel reservoir; 3–6–high precision flow pumps; 
7–water reservoir; 8–high pressure gas cylinder; 9–pressure relief valve; 
10–LVDTs; 11–electric heating ring; 12–circumferential strain gauge; 

13–specimen). b Photograph 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, confining pressure pump, upstream water pressure 
pump, downstream water pressure pump). c Details of the triaxial pres-
sure chamber
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Experimental study of shear‑seepage 
coupling in rough single fractures

The shear-seepage test procedure for rough fractures is 
a multi-factor process combining normal stress, shear 
stress, seepage pressure, and roughness characteristics. 
Under different stresses and seepage pressures, the shear-
seepage process in the fractures has varying characteris-
tics. In this section, the shear-seepage process in rough 
fractures was experimentally studied using a multi-field 
coupled triaxial apparatus from the Mine Disaster Pre-
vention and Control Laboratory of Shandong University 

of Science and Technology, as shown in Fig. 7. The test 
specimens had the same fracture surface as used for the 
model simulation, where the fracture length is 100 mm, 
and the width is 50 mm. The specimens are shown in 
Fig. 3a.

In this experiment, the axial stress contributed to the shear 
stress, and the confining pressure provided the normal stress. 
The seepage pressure was applied using an injection pump. 
The seepage pressure was always less than the confining 
pressure to avoid fluid flow between the rock sample and 
the rubber sleeve. The sealing of the fracture specimens was 
paramount; after several specimen preparation methods were 

Fig. 8  a–h Preparation flow chart of “double-L-shaped” specimen
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tried a single fracture shear-seepage coupling test system 
was achieved by manufacturing specific “double-L-shaped” 
specimens, as shown in Fig. 8.

The fractured specimens are subjected to shear-seepage 
according to the experimental steps in Fig. 9. Figure 10 
shows the measured results at a normal stress of 20 MPa 
and a seepage pressure difference of 3 MPa compared with 
the simulated results. From Fig. 10a and b, it can be seen that 
the simulated shear stress and normal displacement values 
are a reasonable match with the measured data. The simula-
tions, using Eq. (35), which was derived by considering the 
change of fracture geometry under normal stress and the 
shearing of fracture asperity contacts and accumulation of 
gouge under shear stress, are compared with the change of 
fracture permeability with shear displacement seen in the 
experiments (Fig. 10c). The calculated results were almost 
of the same order of magnitude as the measured permeabil-
ity. Therefore, it is possible to use Eq. (35) to calculate the 
rough fracture permeability, validated by the experiments, 
of the hydro-mechanical coupling model of a rough single 

Fig. 9  Schematic diagram of the loading and unloading paths of 
rough sandstone specimens

Fig. 10  Comparison of simulated and experimental values
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fracture, which was derived here, and to consider the shear 
dilation under 3D stress states.

Establishment and analysis 
of hydro‑mechanical coupling model 
for a rough single fracture with different 
inclination angles

In complex geologic structures, the distribution and orien-
tation of fractures in rock masses can be variable. In order to 
study the hydro-mechanical coupling characteristics of frac-
tures with different inclination angles under the action of 3D 

stress states, a hydro-mechanical coupling model of fractures 
with different inclination angles (�=0◦, 30◦, 45◦, 60◦) was 
utilized in this study, as shown in Fig. 11. For these calcula-
tions, the model parameters, as well as the initial and bound-
ary conditions, were the same as in the horizontal rough 
fracture model discussed previously.

Analysis of shear mechanical characteristics 
of rough fractures with different inclination angles

The peak shear stress of a sandstone with a rough single frac-
ture is correlated to the seepage pressure, normal stress, and 
fracture inclination angle. Figure 12 shows the relationship 

Fig. 11  Model and meshing for 
fractures with different inclina-
tion angles
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between the peak shear stress and the fracture inclination 
angle for the rough single fracture in a sandstone. It can 
be observed that the peak shear stress decreased slightly 
with an increase in the seepage pressure at constant normal 
stress. The fracture inclination angle may also significantly 
impact the peak shear stress. Under constant axial stress and 
seepage pressure, the peak shear stress gradually increased 
as the fracture inclination angle increased from 0° to 30°, 
45°, and 60°; i.e., the peak shear stress was highest when 
the fracture inclination angle was 60° and lowest when the 
fracture inclination angle was 0°. When the normal stress 
was 15 MPa and seepage pressure P was 6 MPa, the peak 
shear stress increased from 3.2 MPa to 20.5 MPa, 28 MPa, 
and 40 MPa when the fracture inclination angle increased 
from 0° to 30°, 45°, and 60°, respectively.

Figure 13 demonstrates the curves of the normal dis-
placement of the specimens with the fracture inclination 
angle under different normal stresses and different seep-
age pressures at a shear displacement of 16 mm. It can be 
observed that the normal displacement increased and then 
decreased as the fracture inclination angle was increased 
from 0° through 30°, 45° to 60°; i.e., the normal displace-
ment of the specimen was the highest at fracture inclination 
angle �=45◦ , followed by the specimen at �=30◦ and the 
smallest at �=0◦ . From this figure, it can be seen that the 
normal displacements of the fracture with different inclina-
tion angles are 1.43 ( �=0◦ ), 8.99 ( �=30◦ ), 9.58 ( �=45◦ ), and 
8.09 ( �= 60

◦ ) with a seepage pressure of 6 MPa and normal 
stress of 15 MPa.

Analysis of shear hydraulic characteristics of rough 
fractures with different inclination angles

The flow velocity distributions in rough fractures with incli-
nation angles of 30° and 45° under different shear displace-
ments is shown in Fig. 14. The blue area indicates the low-
flow velocity zone, and the blue to red transition indicates 
increasing velocity. From Fig. 14, it can be seen that the 
non-uniform distribution characteristics of the flow velocity 
within the fracture changed significantly during the initial 
loading stage of shearing (4–8 mm), while the non-uniform 
distribution change of the flow velocity tended to stabilize 
as the shear displacement increased. This phenomenon is 
observed primarily because the fracture aperture in the post-
shear peak section has stabilized, causing minimal influence 
on the flow velocity. When the fracture inclination angle 
was 30°, the flow velocity value at a shear displacement of 
16 mm (Fig. 14d) was 8 times higher than that at a shear 
displacement of 4 mm (Fig. 14a). As the fracture inclination 
angle was increased to 45°, the flow velocity value at a shear 
displacement of 16 mm (Fig. 14h) was 12.5 times higher 
than when the shear displacement was 4 mm (Fig. 14e). 
This indicates that the shear displacement has a greater 

influence on the flow velocity in a rough inclined fracture, 
caused mainly by the change in the contact distribution of 
the fracture. Furthermore, when the shear displacement was 
16 mm, the flow velocity values for a fracture inclination 
angle of 45° were similar to those for a fracture inclination 
angle of 30°, indicating that the fracture inclination angle 
has little influence on the flow velocity. Figure 14 provides 
a thorough and clear understanding of the influence of the 
distribution of geometric characteristics of rough fractures 
on the change in flow velocity distribution under different 
shear displacements.

Figure 15 shows the variation in the permeability clouds 
under different normal stresses and shear displacements for 

Fig. 12  Relationship curve between peak shear stress and fracture 
inclination angle (15−3 MPa represents a normal pressure of 15 MPa 
and seepage pressure of 3 MPa)

Fig. 13  Relationship curves between normal displacement and frac-
ture inclination angle (15−3 MPa represents normal pressure of 15 
MPa and seepage pressure of 3 MPa)
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Fig. 14  Distribution of fracture 
flow velocity under different 
shear displacement and fracture 
inclination angles (m/s)
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a rough fracture with an inclination angle of 45°. As the 
normal stress increases, the fracture permeability becomes 
smaller. In addition, permeability fluctuation occurred 
locally in the fracture with a larger shear displacement, 
which is mainly due to the sudden increase in the fracture 
aperture in this area compared with the neighboring areas. 
This increases the fracture permeability and causes fluctua-
tions in the permeability. When the seepage pressure was 9 
MPa, and the normal pressure was 15 MPa, the maximum 
permeability value at a shear displacement of 16 mm was 
3.9 times higher than that at the shear displacement of 6 mm, 
indicating that shearing has a significant influence on the 
permeability of fractured sandstone specimens.

Figure 16 shows the variation in the fracture permeability 
with different inclination angles as the shear displacement is 
increased. It can be seen that under constant seepage pressure 
and normal stress, and an increase in shear displacement, 
the permeability of fractures with different inclination angles 
showed a “decreasing-increasing–decreasing-stabilizing” 
trend. When the fracture inclination angle increased from 
0° to 30°, 45°, and 60°, the permeability increased and then 
decreased as the fracture inclination angle increased; i.e., the 
permeability was the highest at a fracture inclination angle α 
= 45°, followed by α = 30° and was smallest at α = 0°. The 
effect of the fracture inclination angle on permeability can 
also be seen here.

Fig. 15  Rough fracture permeability cloud with inclination angle of 45°  (m2)
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The variation curves of permeability with fracture incli-
nation angle under different normal stresses and different 
seepage pressures at a shear displacement of 16 mm are 
given in Fig. 17. It is evident that the permeability of the 
fractures with different inclination angles is 0.27 ×  10−6m2 
( �=0◦ ), 3.53 ×  10−6m2 ( �=30◦ ), 3.98 ×  10−6m2 ( �=45◦ ), and 
2.69 ×  10−6m2 ( �= 60

◦ ) at a seepage pressure of 6 MPa and 
a normal stress of 15 MPa.

Parameter sensitivity analysis 
of the hydro‑mechanical coupling model

Sensitivity analysis is a statistical tool that evaluates how tar-
get features are influenced based on changes in input features 
(Shahani et al. 2021). The Pearson correlation coefficient  
(Ly et al. 2018) is a statistical index that describes the strength of  
the relationship between different variables, and the mathemati-
cal formula for calculating this coefficient is as follows. Pearson  
correlation coefficients between rough fracture inclination 
angles and hydro-mechanical coupling characteristic param-
eters are calculated in the paper, as shown in Table 2.

where S� and ST are the mean values of rough fracture incli-
nation angles and hydro-mechanical coupling characteristic 
parameters after standardization.

The absolute values of correlation coefficients between 
different fracture inclination angles and peak shear stress, 
normal displacement, and permeability are all between 

(37)r�T =

n∑
i=1

�
S�,i − S�

��
ST ,i − ST

�

�
n∑
i=1

�
S�,i − S�

�2

�
n∑
i=1

�
ST ,i − ST

�2

0.8 and 1, according to Table 2. Hence, a strong correlated 
relationship exists between fracture inclination angles and 
peak shear stress, normal displacement, and permeability. 
However, the absolute values of the correlation coefficient 
between fracture inclination angles and flow velocity are 
less than 0.3, indicating that the correlation between fracture 
inclination angles and flow velocity is weak. As a result, 
the sensitivity of rough fracture inclination angles to hydro-
mechanical coupling model characteristic parameters is as 
follows: The peak shear stress is higher than the permeabil-
ity, which is greater than the normal displacement, which is 
more significant than the flow velocity.

Permeability evolution of rough fractures 
with different inclination angles

In the hydraulic and mechanical coupling of rough fractures, 
the stress conditions inside the rock mass are different, and 
the inclination angle of the formed fracture surface can 
also vary. The fractured sandstone is subjected to stresses (
�x, �y, �z

)
 , and the influence of stress changes on the frac-

ture permeability was analyzed under three stress conditions 
�x , �y , and �z, respectively. The stress variation is taken as 
shown in Table 3, and the rough fracture permeability can 
be derived from Eq. (35).

The extent to which the variation of 
(
�x, �y, �z

)
 affects 

the permeability of rough fractures with different inclina-
tion angles is shown in Fig. 18. At a fracture inclination 
angle of 0°, i.e., a horizontal fracture, the influence of �z on 
the fracture permeability is the greatest, while variations 
of �x and �y have almost no influence on fracture perme-
ability. As the fracture slowly transforms from horizontal to 
an inclination angle of 60°, the influence of stress on frac-
ture permeability gradually changes. The influence of �x on 

Fig. 16  Relationship curve between permeability and shear displace-
ment at different fracture inclination angles

Fig. 17  Relationship curve between permeability and fracture inclina-
tion angle
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fracture permeability constantly increases although �z still 
plays a decisive role. The simulated data of the permeability 
variation 

(
�x, �y, �z

)
 can be well fitted by using the product 

exponential function approach proposed in Selvadurai and 
Glowacki (2008, 2017) and Glowacki and Selvadurai (2016). 
The fitting equation is shown in Eq. (38), and the fitting 
parameters are shown in Table 4.

Different researchers have adopted various evaluation crite-
ria to accurately evaluate the performance of machine learning 
algorithms (Shahani et al. 2022a, b). The correlation coefficient 
(R2), mean absolute error (MAE), and root mean square error 
(RMSE) are applied to illustrate the accuracy of the prediction 

(38)

k
(
�x, �y, �z

)
k0

= exp

{
−�1

�x
�T

}
exp

{
−�2

�y

�T

}
exp

{
−�3

�z

�T

}

model. R2 is the goodness of fit, which refers to the fitting degree 
of the regression curve to the actual value. The closer the value 
of R2 is to 1, the better the fitting degree is. However, the lower 
MAE and RMSE values indicate that the prediction model 
is more accurate. The mathematical formulas for R2, MAE, 
and RMSE are represented below in Eqs. (39), (40), and (41), 
respectively, and the calculation results are shown in Table 4.

where yi is the actual value, ŷi is the predicted value, and yi 
is the average of the actual values.

Table 4 shows that the correlation coefficient R2 of this 
model is 0.9982, 0.9999, 0.9780, and 0.9837, all of which 
are greater than 0.8, MAE is 0.0081, 0.0053, 0.1732, and 
0.1312, and none of them exceeds 0.2, and RMSE is 0.0115, 
0.0079, 0.2231, and 0.1834, indicating that the average dif-
ference between the prediction effect and the actual value is 
not more than 0.3. Hence, using the above three indicators 
demonstrates that the hydro-mechanical coupling model 
proposed has a high degree of prediction accuracy in rough 
fractures with different inclination angles.

(39)R2 = 1 −

n∑
i=1

�
yi − ŷi

�2

n∑
i=1

�
yi − y

�2 ∈ [0, 1]

(40)MAE =
1

n

n∑
i=1

||yi − ŷi
||,∈ [0,+∞]

(41)RMSE =

√√√√1

n

n∑
i=1

(
yi − ŷi

)2
,∈ [0,+∞]

Table 2  Pearson correlation 
coefficients between rough 
fracture inclination angles and 
hydro-mechanical coupling 
characteristic parameters

Table 3  Single stress variation values

Variation �x Variation �y Variation �z

(15,20,20) (20,15,20) (20,20,15)
(16,20,20) (20,16,20) (20,20,16)
(17,20,20) (20,17,20) (20,20,17)
(18,20,20) (20,18,20) (20,20,18)
(19,20,20) (20,19,20) (20,20,19)
(20,20,20) (20,20,20) (20,20,20)
(21,20,20) (20,21,20) (20,20,21)
(22,20,20) (20,22,20) (20,20,22)
(23,20,20) (20,23,20) (20,20,23)
(24,20,20) (20,24,20) (20,20,24)
(25,20,20) (20,25,20) (20,20,25)
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Conclusions and inferences

In this study, the seepage-stress coupling equation under 3D 
compressive stresses and a shear stress was first derived. 
Based on the sandstone encountered in the Xinglong Tunnel 

in Chongqing, China, the hydro-mechanical coupling charac-
teristics of a horizontal rough single fracture under 3D axial 
compression and shear were determined using both experimen-
tal and numerical methods. Finally, the model was extended to 
analyze the hydro-mechanical coupling of rough fractured rock 

Fig. 18  Variation of fracture permeability at different inclination angles with 
(
�x, �y, �z

)

Table 4  Values for fitting 
parameters

Fracture inclination 
angle

�
1

�
2

�
3

R2 MAE RMSE

0° 0.0086 0.0109 1.2274 0.9982 0.0081 0.0115
30° −0.3974 −0.0900 1.3044 0.9999 0.0053 0.0079
45° −0.7150 −1.0569 2.5806 0.9780 0.1732 0.2231
60° −1.3470 −1.4070 3.4840 0.9837 0.1312 0.1834
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masses with different inclination angles. The proposed theo-
retical model, test, and simulation results of hydro-mechanical  
coupling of fractured rock mass can be used to study the  
problems of water inrush and surrounding rock instability 
caused by excavation under the coupling action of ground-
water and disturbance stress, which has implications for  
rock mass engineering such as tunnel, rock slope, and  
underground water-sealed oil reservoirs. The following conclu-
sions have been drawn from the results of the research:

1. Considering the influence of (a) normal stress (causing 
changes in fracture geometry, such as contact domain 
and non-homogeneous distribution of cavity space), (b) 
lateral stress (causing lateral deformation of fracture), 
(c) shear stress (causing fracture shear dilation, shearing 
of asperity contacts, and accumulation of gouge), (d) 
seepage pressure (causing changes in the hydraulic aper-
ture of the fracture), and (e) roughness characteristics,  
a reasonable theoretical derivation combined with the 
Barton-Bandis fracture behaviour model can be utilized 
to obtain a hydro-mechanical coupling model for any 
inclined fracture under a 3D axial compression and a 
simple shear stress state.

2. The model for a rough single fracture under 3D axial 
compressive and shear stress was implemented using 
the  COMSOL™ software to alleviate the difficulties 
of conducting true triaxial experiments on rough frac-
tured sandstones. Under normal stress, the peak shear 
and residual shear stresses of a fracture decreased 
with an increase in the seepage pressure, whereas the 
normal deformation and peak permeability increased 
as the seepage pressure was increased. In addition, 
under the same seepage pressure, the peak shear stress, 
residual shear stress, and shear stiffness of the fracture 
increased with an increase in the normal stress, while 
the normal deformation of the fracture decreased with 
increasing seepage pressure. The permeability with 
shear displacement showed a “decreasing-increasing–
decreasing-stabilizing” trend. A multi-field coupled 
triaxial apparatus was then used to experimentally 
study the shear-seepage process in horizontal rough 
fractures, further corroborating that the hydro-
mechanical coupling model of a rough single fracture 
derived in this study and considering shear dilation 
under 3D stress can be successfully applied.

3. The computational model of a horizontal rough single 
fracture under compressive and shear stress was extended 
to the hydro-mechanical coupling model containing dif-
ferent fracture inclination angles. Under constant normal 
stress and seepage pressure, the peak shear stress gradually 
increased when the fracture inclination angle increased 
from 0° to 30°, 45°, and 60°; i.e., the peak shear stress was 
highest at a fracture inclination angle of 60° and lowest at a 

fracture inclination angle of 0°. However, the normal dis-
placement and permeability generally increased and then 
decreased with increases in the fracture inclination; i.e., 
the normal displacement and permeability were highest 
at a fracture inclination angle α = 45°, followed by α = 
30°, and smallest at α = 0°. In addition, the sensitivity of 
rough fracture inclination angles to hydro-mechanical cou-
pling model characteristic parameters is as follows: The 
peak shear stress is higher than the permeability, which 
is greater than the normal displacement, which is more 
significant than the flow velocity.

4. At a fracture inclination angle of 0°–i.e., a horizontal 
fracture–the influence �z on fracture permeability is the 
greatest, whereas variations of �x and �y had almost no 
influence on fracture permeability. As the horizontal 
fracture was slowly transformed to a fracture with an 
inclination angle of 60°, the influence of stress on frac-
ture permeability gradually changed. The influence of �x 
on fracture permeability constantly increased, but �z still 
played a critical role. It was found that the variation of 
permeability with 

(
�x, �y, �z

)
 can be well fitted by using 

a product exponential function of the stresses applied to 
the sample.
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