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Abstract
Water seepage in rocks, in geotechnical engineering such as the hydrofracturing of hard 
rocks, excavation of underground chambers, and prevention of mine water disasters, is a 
common problem. According to rock mechanics theory, the deformation and stress of rocks 
influence seepage behavior. In this study, a modified permeability model of argillaceous 
sandstone under coupled hydromechanical conditions was established to reveal the rela-
tionship between permeability and effective stress, including external stress and internal 
water pressure. The modeling results indicate a negative exponential relationship between 
the argillaceous sandstone permeability and the effective stress. The proposed effective 
stress-sensitive permeability model was validated by conducting two sets of seepage exper-
iments based on controlling the water pressure and external stress, with the results obtained 
considered satisfactory. Based on the proposed permeability model, a fully coupled mul-
tifield model of the water seepage and rock deformation was developed. Fully coupled 
scenario-based numerical simulations were conducted in a finite element environment to 
investigate water seepage evolution and rock deformation. The experimental and numeri-
cal results show that the trends in the evolution of the entire compressive stress–strain and 
permeability curves are reversed, and the maximum value of the permeability was not con-
sistent with the failure of argillaceous sandstone. This model and corresponding numerical 
simulations can provide insights for water seepage research and serve as a reliable theo-
retical basis for evaluating roof water injection and hydraulic fracturing in rock and mining 
engineering.
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Article Highlights

•	 Effective stress-sensitive permeability model was developed and validated experimen-
tally

•	 Established fully coupled model of water seepage and rock deformation
•	 Numerical simulation revealed evolutions of the rock permeability and deformation

Keywords  Permeability model · Hydromechanical interactions · Rock seepage 
experiment · Numerical simulation

1  Introduction

In geotechnical engineering, hydraulic fracturing, excavation of underground chambers, 
and roof water injection in coal mining can lead to water seepage into rocks (He et  al. 
2012; Lu et  al. 2013; Pan et  al. 2022; Kacimov  et al. 2022; Fan et  al. 2012). Relevant 
studies have been conducted on the seepage characteristics and influencing factors under 
coupled fluid–solid conditions (Yu et al. 2022a; Chen et al. 2022; Guo et al. 2014; Li et al. 
2022) by the research means of experimental analyses, mechanical modeling, and numeri-
cal simulations.

In 1941, Biot (1941) proposed a 3D consolidation theory that formed the basis for 
studying the theory of the interaction between rock deformation and seepage. In 1943, 
the theoretical model of fluid–solid interaction was first proposed based on the effective 
stress principle proposed by Terzaghi (1943). Many scholars have continued to improve 
the theory and form a relatively complete system for studying seepage mechanics (Biot and 
Willis 1957). Andreas et al. (2014) developed a discrete element model (DEM) to simulate 
dynamic fracturing driven by the internal generation of fluids in low-permeability elastic 
solids by studying the effects of fluid pressure on fractured systems. Golovin and Baykin 
(2018) studied the effect of pore pressure on the development of hydraulically driven 
fractures in poroelastic media. Hadi and Homayoon (2017) introduced a new empirical 
model for estimating groundwater seepage based on field surveys and laboratory analyses. 
After determining single- and two-variable relationships with water seepage, an appropri-
ate model for estimating the leakage was obtained using a stepwise algorithm. Wen et al. 
(2018) analyzed the hydraulic fracturing mechanism and cracking form in coal rocks and 
established geometric and mathematical models of hydraulic fracture propagation using 
a 3D meshless method. Obeysekara et al. (2018) proposed a novel approach to modeling 
fractured rocks by linking a finite discrete element solid model with a control-volume finite 
element fluid model and validated it against analytical solutions for single-phase flow. 
Dalla and Picano (2020) proposed a new method for a direct numerical simulation based 
on the Navier–Stokes equations coupled with the peridynamic theory of solid mechanics 
and reproduced the fractures in a solid structure under laminar flow conditions.

Many researchers have conducted experiments to study the relationship between seepage 
behavior and confining or seepage pressures. Seepage test systems have been developed to 
conduct laboratory experiments on water seepage (Zhang et al. 2021). Cheng et al. (2017) per-
formed experiments on the failure mechanism and seepage behavior of granite under different 
constraints and concluded that a shear fracturing pattern is more likely to form in granite sam-
ples under the effect of water pressure, contrary to conventional triaxial compressive results. 
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Zhao et al. (2021) proposed a dual-medium model that considers the substantial amount of 
water stored in the fracture network and the high conductivity of major large-scale fractures 
and explained the coupled seepage damage effect in fractured rock masses. Jiang et al. (2021) 
revealed the interaction between the temperature and the osmotic pressure through coupled 
heat–seepage–stress experiments and found that the number of fracture seepage channels 
increased at high temperatures, resulting in a higher permeability. Yu et al. (2022b) conducted 
triaxial compression tests under variable osmotic and confining pressures and developed a new 
damage constitutive model that could better reflect the stress–strain relationship.

Using the numerical simulation analysis method, a model can be established according 
to specific parameters to more intuitively restore the deformation field and change process 
of seepage. Currently, many methods are available for simulating problems involving the 
interaction between water seepage and rock deformation (Guo et a. 2012; Liu and Liu 2021; 
Zhou et al. 2022). Xiao et al. (2021) numerically analyzed the hydraulic fracturing process 
in a multilayered fractured oil reservoir based on the finite element method ABAQUS and 
obtained a linear relationship between the rock depth and the leakage rate. Chu (2021) estab-
lished a numerical model of a real mine in FLAC3D, and the simulation results showed the 
dynamic relationship between the overburden stress and pore water pressure in a confined 
aquifer for mining. Lei et al. (2017) and Lei et al. (2021) combined the discrete fracture net-
work (DFN) to simulate the geometric characteristics, evolution of geological conditions, and 
hydraulic characteristics of the natural fracture network formed in rocks and established a 
fully coupled hydraulic model to solve the stress–strain field in fractured porous media. Li 
and Liu (2021) used COMSOL to restore the failure process of rocks and analyzed the dis-
tribution law of the seepage pressure at characteristic points under different coupling condi-
tions. He and Zhuang (2018) and Shi et al.  (2021) concluded that the fracture propagation 
path tends to extend toward pressurized pores and is significantly affected by existing pres-
surized pores and the basic properties of porous media.

More studies should be conducted to explain the seepage laws of water in rocks under 
the effect of hydromechanical interactions and develop applicable models. Abundant evi-
dence has indicated that the behavior of water seepage is affected by the deformation and 
stress of rocks. However, systematic experimental verification of the effects of external 
load (such as the axle pressure and confining pressure) and pore water pressure on per-
meability are relatively lacking. Hence, this study conducted mathematical modeling and 
simulations based on the effective stress. An effective stress-sensitive permeability model 
was established, with two sets of seepage experiments conducted to validate the model. 
A fully coupled multifield model of water seepage and rock deformation was established, 
and a scenario-based numerical simulation was conducted. The modeling and simulation 
results of this study can provide insights into the water seepage behavior of rocks under the 
effect of hydromechanical interactions.

2 � Permeability Model Based on Effective Stress

2.1 � Modified Permeability Model with Effective Stress

Seepage in a rock mass is generally believed to obey Darcy’s law, in which the mean per-
meability of rock samples in a seepage experiment is often calculated using the following 
equation:
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where k is the permeability of the rock sample, m2. V is the inflow volume of the seepage 
water in unit time, m3. μ is the dynamic viscosity of water (Pa s). H and C are the height 
and cross-sectional area of the rock samples, m, m2, respectively. Δt is the time increment, 
s. Δp is the increment in the water pressure, defined as Δp = p2 − p1 , where p2 and p1 are 
the water pressures at the injection inlet and outlet, respectively, in the experiments (MPa).

A rock can be considered a complex porous medium that is often idealized as a dual-poros-
ity medium comprising a matrix and a fracture system. Its permeability is mainly related to the 
fracture system because the pores in a rock matrix have a significantly lower porosity than the 
fractures. Consequently, the flow velocity of the water in the fracture system will be greater 
than that in the rock matrix.

The fractures in a rock are mostly layered structures, and the permeability and porosity � of 
the rock mass can be expressed as (Zhang et al 2023):

where the equivalent aperture of the layered fracture is b , the average tortuosity is � , the 
fracture length per unit cross section is L , and the fracture area per unit volume is S.

Combining Eqs. (2) and (3), the permeability of the rock mass can be expressed as:

Because the porosity varies with the deformation, the deformation is governed by the stress 
tensor �ij  which represents the internal stress that is purely caused by the external load of the 
rock sample without considering of pore water pressure. In Eq. (4), the partial derivative of the 
permeability with respect to the stress can be expressed as:

where Df represents the coefficient of the stress effect on the rock porosity. Df  is positively 
correlated with the rock mass damage D as (Teng et al. 2019):

where �f  is the sensitivity coefficient of the fracture development with respect to the 
change in the stress.

Based on the compression characteristics of porous materials, the sensitivity coefficient �f 
can be expressed using the rock mass compression coefficient cf  as follows:

where �k represents the influence coefficient of damage on rock permeability.
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By substituting the damage variable and compression coefficient of the rock mass into 
Eq. (5), we obtain:

By integrating Eq. (8), we can describe the coevolution of the permeability, stress, and 
damage to the rock mass as follows:

where the subscript “0” represents the initial values of the corresponding variables.
When considering the action of water pressure, the effective stress on the rock skeleton 

should include the components of the external stress tensor �ij and water pressure p , which 
are further denoted by

Here, �′
ij
  is the effective stress tensor acting on the solid skeleton (MPa), and � is the Biot’s 

coefficient.
After substituting Eq. (10) into Eq. (9), the rock permeability in Eq. (9) can be modified 

into an effective stress-sensitive form as follows:

From Eq.  (11), the rock permeability and effective stress have a negative exponential 
relationship, which can be further expressed as:

where A is the stress influence coefficient, and B is the pore water pressure influence 
coefficient.

Figure  1 shows the evolution of the normalized permeability k/k0 with the effective 
stress, including the external stress and pore water pressure. This indicates that a higher 
water pressure corresponds to a higher rock permeability, whereas a higher external stress 
corresponds to a lower permeability.

2.2 � Validation of Permeability Model by Experiments

2.2.1 � Experimental Program

In this section, two sets of experiments, denoted by A and B, are presented to explore 
the effects of the pore water pressure and external stress, at the Beijing Key Laboratory 
for Precise Mining of Intergrown Energy and Resources, China University of Mining 
and Technology, Beijing. For these experiments, rock samples of argillaceous sandstone 
were obtained from the Buertai coal mine located in the Shendong mining area, China. 
In accordance with the International Society for Rock Mechanics (ISRM), the samples 
were processed into cylindrical shapes with a height of 100 mm and a diameter of 50 mm. 
The density of the used kind of rock samples was 2.34 × 103 kg/m3. Based on the mercury 
injection test, the porosity has an average of 5.4%. Before the experiments, naturally dried 
rock samples were weighed and then placed in a container of pure water for spontaneous 

(8)
�k

��ij
= −3�kcfDk
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−3�kcfD(�ij−�ij0)

(10)��
ij
= �ij − �p
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penetration. We took out the samples and weighed them regularly to calculate the incre-
ment in weight until the weight no longer changes, thus rock samples are regarded as natu-
ral adsorption saturation. Figure 2 shows the water contents in some of the rock samples 
during soaking, indicating that the rock sample reaches saturation after soaking for 6 h. 
The seepage experiments were conducted using a rock stress-seepage-temperature-chem-
ical servo test system, which uses a computer terminal system to control the sample envi-
ronment (shown in Fig. 3).

In Experiment A, the confining pressures were firstly loaded to 2 and 4 MPa, respec-
tively. Then, the corresponding servo targets of the axial pressure were loaded to 4 and 
6 MPa correspondingly. The outlet flow was recorded when the injecting water pressure 
was increased from 0.1 to 1 MPa, whereas the outlet was connected to the atmospheric 

Fig. 1   Evolution of normalized 
permeability ( k∕k

0
 ) with external 

stress and pore water pressure

Fig. 2   Temporal variation in the 
water content in a part of the 
rock sample
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environment. In Experiment B, the terminal confining pressure keeps 3 MPa. The pressure 
of the water injected into the inlet was maintained at 2 MPa. The axial compressive stress 
acting on the rock sample was controlled in a stepwise manner from zero until complete 
failure. At each step, the deformation speed was maintained at 0.02 mm/min. It is impor-
tant to note that the flow test was conducted when the axial compressive stress reached the 
attainment at each step. To ensure the accuracy of the seepage experimental results, the 
permeability at each step was tested thrice, and the time interval between each test was at 
least 3 min. All the experimental data mentioned in the following analysis are the mean 
values.

The external stress in the first set of experiments (A) and water pressure in the second 
set of experiments (B) were constant. Equation (12) was further improved for application to 
different experimental data as follows:

and

where A1 and B1 are the seepage parameters.

2.2.2 � Evolution of Permeability with Water Pressure: Experiment A

Figure 4 present the experimental permeability data of the rock samples in Experiment A 
and the fitting results with increasing pressure gradient obtained using Eq. (13). The per-
meability of the rock sample increased exponentially with an increase in the pressure gra-
dient. This is because an increase in the water pressure caused a decrease in the effective 
stress on the fractures at constant confining and axial pressures. The porosity and perme-
ability increased with increasing aperture of the fractures. The fractures were further com-
pacted with increasing confining pressure, thereby reducing the number of hydrophobic 
channels and decreasing the permeability. A comparison between Fig. 4a,  b shows that the 

(13)k = A1e
Bp

(14)k = B1e
−A�ij

Confining pressure chamber

Rock sample

Fig. 3   Triaxial multifield test system for rocks
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permeability of the rock samples is reduced by approximately 30% under the same water 
pressure with an increase in the confining pressure from 2 to 4 MPa.

2.2.3 � Coevolution of the Permeability with Stress and Deformation: Experiment B

Figure  4 shows the coevolution relationship of the permeability with the compressive 
stress–strain in the entire compression failure process. Figure 5 shows that the trends in 
the stress–strain and permeability are reversed; the stress–strain curve shows a peak shape, 
whereas the permeability evolution curve with the axial strain shows a valley shape. The 
failure corresponding to the extreme strength value can be divided into two stages. The 

Fig. 4   Validation of the perme-
ability evolution with different 
water pressures
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complete evolution of the permeability can be divided into two stages. The first stage is 
the stress loading stage, which is also the seepage shielding stage. When the stress was 
increased from 0 to 33.7  MPa, the permeability of the rock sample gradually decreased 
from an initial value of 0.056–0.014  mD, a decrease of 75%. This is attributed to the 
increase in the effective stress, which reduces the number of internal seepage fractures and 
decreases the fracture aperture, making it difficult for the water to penetrate. The second 
stage is the stress unloading stage in which the stress decreases from the peak value of 34.8 
to 9.26 MPa. The second stage is the seepage surge stage. In this stage, the permeability of 
rock sample increases from 0.014 to 0.27 mD by 3.8 times than it was before, showing an 
explosive growth with the decrease in the effective stress.

Conventionally, the failure of rock samples is considered to occur as a quantitative 
change before or at the peak strength, where a large number of cracks appear in the rock 
sample. Figure 5 shows that the maximum permeability is not consistent with the failure of 
the rock sample. This was because the newly created fractures were still small and discon-
nected when the rock sample failed; however, they expanded and combined to form pen-
etrating fractures with further compression in the post-peak stage, resulting in an increase 
in the fracture aperture and a sudden increase in the permeability. The evolution of per-
meability with the axial deviatoric stress in stages I and II was validated using Eq. (14), 
respectively. Satisfactory results were obtained from the fitting results, as shown in Fig. 6.

3 � Modeling the Multifield Coupling Between Water Seepage and Rock 
Deformation

3.1 � Porosity Model

Natural rocks have abundant fractures of different sizes, and the porosity is often used to 
express the cumulative quantity of fractures. Porosity affects the seepage velocity of water. 
The basic porosity model is defined as the proportion of the fracture volume in the rock. 
Various expressions were established under the influence of different loads or conditions. 
For example, Zheng et al. (2015) considered the porosity of rock and divided it into two 
components: a hard component �e and a soft component �t:

Fig. 5   Coevolution of the perme-
ability with the compressive 
deformation
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(15)�e = �e,0

(

1 − Ce�
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)

Fig. 6   Fitting curves of perme-
ability with stress
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where �e,0  is the initial porosity of the hard component, and Ce is the compressibility of 
the hard fraction of the fracture volume. �t,0 = V0,t∕V0 , where V0,t is the volume of the soft 
part when the stress is zero, and V0 is the bulk volume of the rock under free conditions.

Considered a rock sample and established a pipeline model, and the porosity was 
expressed as follows:

where a and b are the principal semi-axes of the ellipsoids, m. S is the cross-sectional area, 
m2. Considering the dual-porosity structure of the rock, particularly the pore volume con-
tributed by the matrix, the rock porosity can be written as (Zhang et al. 2021):

where �m and �f  represent the Biot’s poroelastic coefficients of the matrix and fracture, 
respectively.

In this study, it was assumed that the rock mass was a uniform porous elastomer 
without considering thermal expansion or chemical reactions. The porous medium of a 
rock is composed of a solid skeleton and fractures. As the porosity of the rock and its 
changes are relatively low, the porosity expressed in Eq.  (18) can be expanded using 
Taylor’s equation, as follows:

where �0  is the initial porosity, � is the Biot–Willis coefficient, as defined in Eq. (10), �v 
represents the volumetric strain, p0 represents the initial water pressure (MPa), and Ks rep-
resents the solid bulk modulus.

3.2 � Governing Equation for Rock Deformation

The effective stress of an isotropic porous rock can be expressed using Hooke’s law.

where � and G are the Lame constants of the porous media, �v is the volumetric strain of 
the rock, and �ij  denotes the Kronecker symbol (if i ≠ j , �ij = 0 , and �ij = 1 when i = j).

According to the elasticity theory, the volumetric strain is the accumulation of the 
normal strains in the x , y, and z directions as follows:

where Wx , Wy , and Wz are the displacements of the solid skeleton in the space coordinate 
system (m).

The strain was derived from the displacement using the geometric equations 
expressed in Eq. (22).
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The balance equation for the elastic material is as follows:

where Fi represents the body force, MPa.
Thus, the satisfied static balance equation for the internal stress and water pressure in the 

rock can be expressed as:

3.3 � Governing Equation for Water Seepage

According to the law of mass conservation, the mass of water flowing into a rock is equal to 
the mass of water flowing out. The general mass balance equation for water is expressed as:

where �l is the density of water, kg/m3. m = �l�  represents the mass of water per unit vol-
ume of rock (kg). t represents time (s), and v = −k∕� ⋅ ∇p is the velocity of water, which is 
assumed to obey Darcy’s law (m/s).

The density of water under isothermal conditions is generally expressed using the water 
pressure as (Du et al. 2018):

where �0 is the initial density of the water, kg/m3. Kl is the bulk compressive modulus in 
Pa.

Taking logarithmic operations on both sides of Eq. (26)  and taking the derivative with 
respect to time t , we obtain:

By substituting Eqs. (26) and (27) into Eq. (25) and simplifying the water seepage-control-
ling equation under hydromechanical coupling in a porous rock, we can obtain the following 
differential equation satisfying the pore water pressure with the validated stress-sensitive per-
meability model as:
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4 � Program of Numerical Experiment

For further analysis, the mathematical models expressed in Eqs. (24) and (28) were substi-
tuted into the finite element simulation software COMSOL for a numerical simulation. A 
numerical experimental program is described in this section.

4.1 � Establishment of a Geometric Model

The numerical model was designed in the form of a cylinder with the same geometric size 
as the samples used in the experiments described in Sect. 2. The diameter and height were 
50 mm and 100 mm, respectively. A linear elastic material was set as the numerical mate-
rial. The origin of the coordinates was at the center of the bottom surface of the argilla-
ceous sandstone sample. Figure 7a shows the 3D geometric model generated by the phys-
ics-controlled mesh. The total number of free tetrahedral elements was 21,078.

4.2 � Setting of Initial Conditions

Considering the actual loading process, experimentally observed data, and fitting results of 
the physical experiment, the confining pressure environment of the model was determined 
to be 5 MPa, the axial pressure was 2 MPa, and the injection water pressure was 1 MPa, as 
shown in Fig. 7b. The surface of the cylinder was set as a no-flux boundary, while water 
flows in from the lower bottom surface and flows out from the upper top surface. The time 
calculation length was in the range of 0–30 s, and a transient solver was used. Table 1 lists 
the parameters used in numerical experiments. The evolutions of the water density, poros-
ity, and permeability are shown in the derivations in Sects. 2 and 3.

Fig. 7   Geometric model
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5 � Analysis of Simulation Results

5.1 � Evolution of Water Pressure

The numerical results showed that the change in the water pressure distribution in the 
argillaceous sandstone sample diminished over time. From the contours of the water 
pressure after different seepage times shown in Fig. 8, the water pressure distributions 
changed very little between seepage times of 20 and 30 s (Fig. 8e, f); thus, the seepage 
is considered to reach an equilibrium distribution in the sample after 30 s. The obser-
vation time points in the following analysis are 0.05, 1, 5, 10, 20, and 30 s, varying 
from the beginning to the final equilibrium of seepage. Figure 9 compares the water 
pressure with the flow distance from the inlet at the observed seepage times. As shown 
in Figs. 8 and 9, the water pressure exhibits a layered distribution. The higher pressure 
of water at the initial time was mainly limited to the injection inlet of the sample, and 
this position gradually extended upward before seepage equilibrium was reached.

5.2 � Deformation of Argillaceous Sandstone Sample

Figure 10 shows the deformation of the rock sample under the combined effect of the 
water pressure, axial pressure, and confining pressure. Considering the structural sym-
metry in the x- and y-directions, the strains in the x- and y-directions are identical to 
those shown in Fig. 10a, and the strain in the z-direction is shown in Fig. 10b. Because 
the initial compression strain induced by the axial and confining pressures was higher 
than the expansion strain induced by the water pressure, the strain values were neg-
ative, as shown in Fig.  10. The strains of the sample in the three directions exhib-
ited similar evolution trends. The increase in the internal water pressure offsets the 
compressive deformation of the external loading to a certain degree. Thus, the strains 
increased with increasing distance from the inlet surface and decreased when the seep-
age pressure approached equilibrium.

Table 1   Parameters of argillaceous sandstone used for numerical experiment

Variable Parameter Value used Data sources

ρ0 Initial density of water (kg/m3) 1000 Conventional value
μ Hydrodynamic viscosity (Pa s) 0.001 Conventional value
K
l

Bulk modulus of water (Pa) 2.2 × 109 Conventional value
Ks Matrix bulk modulus of rock (Pa) 1.76 × 109 Guo et al. (2021)
ρs Matrix density of rock (kg/m3) 2340 Xiao et al. (2021)
E Young’s modulus of rock (Pa) 2.75 × 109 Guo et al. (2021)
ν Poisson’s ratio 0.24 Guo et al. (2021)
�
0

initial porosity 0.05 Mercury-injection test
κ0 Initial permeability (m2) 5.76 × 10−15 Experiment (Fig. 4)
� Stress factor (Pa−1) 0.048 Zhao et al. (2021)
α Biot’s coefficient (Pa−1) 1 Zhao et al. (2021)
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5.3 � Evolution of Permeability

Six observation points were selected from the z-direction centerline of the sample with 
flow distances of 0, 20, 40, 60, 80, and 100  mm. Figure  11 shows the evolution of the 
permeability at these observation positions with time. As shown, the increasing tendency 
in the permeability decreases with seepage time, except at positions with distances of 
0 mm and 100 mm of constant initial values, which correspond to the seepage inlet and 

Fig. 8   Contours of the water pressure after different times
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Fig. 9   Evolution of the water 
pressure with flow distance from 
inlet
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outlet surfaces controlled by the boundary conditions. Taking the 20 mm position as an 
example, we found that the permeability doubled from its initial value of 0.8 × 10−14 m2 in 
the first 10 s of seepage and increased by only 12% in the later 20 s. The permeability at 
each observation point did not increase when the water seepage reached equilibrium after 
approximately 30 s. The influence of the boundary stress and pore water pressure on the 
permeability governed by Eq. (12) remained unchanged after reaching equilibrium.

6 � Conclusions

This study developed a mathematical effective stress-sensitive permeability model for 
argillaceous sandstone under coupled hydromechanical conditions. Two sets of seepage 
experiments were conducted to validate the proposed stress-sensitive permeability model 
by controlling the water pressure and external stress, respectively. Based on the proposed 
permeability model, a fully coupled multifield model for water seepage and rock deforma-
tion was established. Subsequently, a scenario-based numerical simulation in a finite ele-
ment environment was conducted to investigate the evolutions of the water seepage and 
rock deformation. The following conclusions can be drawn based on the modeling and 
simulation results:

1.	 The permeability and effective stress of the argillaceous sandstone exhibited a negative 
exponential relationship. A higher water pressure corresponded to a higher permeability, 
whereas a higher external stress corresponded to a lower permeability.

2.	 The trends in the evolution of the entire compressive stress–strain and permeability 
curves were reversed; the stress–strain curve showed a peak shape, whereas the perme-
ability evolution curve showed a valley shape. The maximum value of the permeability 
was not consistent with the failure of argillaceous sandstone.

3.	 The water pressure formed a layered distribution. The higher pressure of water at the 
initial time mainly limited to the injection inlet of the sample, and gradually extended 
upward before reaching seepage equilibrium.

The modeling and simulation results of this study provide insights into the water seep-
age characteristics of argillaceous sandstone under hydromechanical interactions. These 

Fig. 11   Evolution of perme-
ability at different distances from 
the inlet
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insights may be helpful for the development of coupled water–rock mechanics in geotech-
nical engineering.
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