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The stability and safety of underground rock mass engineering are closely related to the permeability process of fluids and
permeability properties of rocks. To reveal the flow behavior of fluid in thermal damaged rock, first, a rock seepage testing
system was applied to study the permeability properties of red sandstone specimens after different high-temperature treatments
from 200 to 800°C under different confining pressures of 10 to 30MPa. Meanwhile, the microstructures of the red sandstone
specimens were characterized by the mercury intrusion porosimetry (MIP) and scanning electron microscopy (SEM). Then, the
permeability process of pore water pressure and the flow form of fluid also were investigated by the numerical modeling
method. The results show that the permeability properties of red sandstone specimens after high-temperature exposure follow
linear Darcy’s law, and the relation between confining pressures and equivalent permeability coefficient (K0 ) can be described
by a power function. Besides, the phenomenon that microscopic structural deterioration is intensified with increasing
temperature and the average pore size and porosity of the red sandstone specimens are both power functions is related to the
equivalent permeability coefficient. Furthermore, the results of numerical modeling indicated that the flow field within the range
affected by confining pressures gradually becomes stable and orderly from disorder, and flow lines of the fluid become smooth
and straight, and perpendicular to the isosurface of pore water pressure as time goes by. Moreover, the nonlinear correlation
between pore water pressure and seepage path length changes to a linear correlation, which is consistent with linear Darcy’s law.

1. Introduction

With the development of geothermal energy, coal mining,
nuclear waste treatment, and underground coal gasification,
as well as the restoration of underground protection engi-
neering, various problems are more and more prominent
[1–4]. One of the problems is the change of physical and
mechanical properties of surrounding rock mass caused by
thermal damage, especially the evolution process of perme-
ability characteristics of rocks after high-temperature expo-
sure has become a hot topic in the fields of rock
thermodynamics and hydraulics [5–11]. The permeability
properties of the rocks are the basic parameters in rock
hydraulics [12].

Studies have shown that high temperature causes changes
in the microstructure of rocks by inducing thermal damage
phenomena such as the initiation, propagation, and coales-
cence of microcracks, which directly affects the permeability
properties of rocks [13–18]. To solve this problem, Dwivedi
et al. [19] summarized five main mechanical parameters of
granite after high-temperature exposure by studying various
thermodynamic behaviors of Indian granite under high tem-
perature, providing information for the study of the thermo-
dynamic mechanism of granite. Griffiths et al. [20] and
Freire-Lista et al. [21] used various methods to study the
crack growth of granite after high-temperature exposure,
and the results showed that when the temperature was lower
than 400°C, the permeability of sandstone decreased slowly
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with the increasing temperature, while when the temperature
increased from 400 to 600°C, the permeability of sandstone
increased rapidly with the increasing temperature. Chaki
et al. [22]. Ma et al. [23] believed that the permeability was
greatly affected by the total porosity, effective porosity, and
critical pore size of the specimen. Chen et al. [24] studied
the relationship between permeability properties of granite
and temperatures, and the results showed that when the tem-
perature was less than 300°C, the permeability changed
slightly, when the temperature increased from 300 to
500°C, the permeability increased gradually, and when the
temperature was greater than 500°C, the permeability
increased significantly. Gao et al. [25] carried out permeabil-
ity and the mercury intrusion porosimetry (MIP) tests and
then used the fractal dimension of the pore characteristics
of the sample to capture the correlation between the trans-
port characteristics and the pore structure, so as to predict
the permeability-related characteristics of the specimen.
These studies mainly focus on the changes in microscopic
morphology and permeability properties of rocks after
high-temperature exposure. However, the permeability pro-
cess of the rock under confining pressure is rarely reported.
High temperature induces the generation and propagation

of cracks in rocks, thus, affecting the permeability properties
of the rocks. Meanwhile, confining pressure also affects the
permeability properties of the rocks. In addition, the relation-
ship between the permeability and the porosity of rock has
also been studied [22, 26–30]. Chaki et al. [22] studied the
porosity and permeability evolutions of thermal damage
granite, and results showed that the permeability measure-
ment can better characterize the porosity and connected
porosity of the specimen. Jiang et al. [26] established a new
wave velocity-permeability model for granite subjected to
different temperatures according to the modified wave
velocity-porosity formula and Kozeny-Carman formula. Jia
et al. [27] and Zheng et al. [28] studied the effective stress-
dependent permeability and porosity of low-permeability
rock, and results showed that a power-law form can be used
to describe the correlation of permeability and porosity.

These studies are useful for understanding the permeabil-
ity characteristics of rocks. However, there are few studies on
the relationship between the microscopic physical properties
and the macroscopic permeability characteristics under dif-
ferent confining pressures by characterizing the characteris-
tics of thermal damaged red sandstone from the perspective
of the mercury intrusion porosimetry and scanning electron
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Figure 1: Specimen preparation. (a) The high-temperature furnace. (b) The red sandstone specimens after high-temperature exposure.
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Figure 2: Schematic diagram of seepage testing system [11].
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Figure 3: Continued.
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microscopy (SEM). Thus, to reveal the correlation between
permeability characteristics of thermal damaged red sand-
stone and confining pressure, first, the permeability proper-
ties of red sandstone specimens after high-temperature
exposure of 200, 300, 400, 500, 600, and 800°C were studied
under different confining pressures of 10, 15, 20, 25, and
30MPa. Then, the microstructures of the red sandstone spec-
imens were characterized by the mercury intrusion porosi-
metry and scanning electron microscopy. Moreover, the
permeability process of pore water pressure and the flow
form of fluid were further investigated by numerical model-
ing method.

2. Methodology

2.1. Specimen Preparation. The natural red sandstones in this
study are all from Laizhou Mining Area, Shandong Province,
China. There are no visible textures and cracks on the sur-
face, and the structure is complete. In the natural state, the

rocks are reddish brown. The main components are quartz,
feldspar, and illite, with an average density of 2.47 g·cm-3.
The complete red sandstone blocks were cored, cut, and
polished into a standard cylindrical specimen with a diame-
ter of 50mm and a height of 100mm as recommended by
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Figure 3: Relationship between volume velocity and pressure gradient.

Table 1: Equivalent permeability coefficient of red sandstone
specimens at different temperatures and confining pressures
(×10-18 m2).

σs (MPa)
T (°C)

200 300 400 500 600 800

10 1.16 3.00 7.61 24.52 124.40 1389.65

15 0.74 2.32 5.50 18.51 68.92 1200.00

20 0.51 1.70 4.10 13.39 50.00 975.14

25 0.32 1.23 3.14 10.24 37.23 861.49

30 0.18 0.79 2.54 7.52 24.52 660.62
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Figure 4: Relationship between equivalent permeability coefficients
and confining pressures.
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the International Society for Rock Mechanics (ISRM)
[31]. The height deviation of the specimens was within
±0.05mm, and the allowable deviation of nonparallelism of
the two end faces was ±0.02mm. The mean uniaxial com-
pressive strength of the specimens is 58.63MPa obtained by
an electrohydraulic servo testing machine. The red sandstone
specimens were heat-treated by a high-temperature furnace,
as shown in Figure 1(a).

To revel the influence of temperatures on the properties
of red sandstone, the target temperatures were set at 200,
300, 400, 500, 600, and 800°C, respectively, and the heating
rate was 10°C·min-1 [32]. When the temperature reached
the designed temperature, keep the high temperature for
150min, so that the heat could be fully transmitted within
the specimens. Then, the specimens were taken out for natu-
ral cooling. The cooled specimens were wrapped with plastic
film to prevent the influence of humidity in the air. The red
sandstone specimens after high-temperature exposure were
shown in Figure 1(b).

2.2. Experimental Process. The full-automatic seepage testing
system in the State Key Laboratory for Geomechanics and

Deep Underground Engineering, China University of Mining
and Technology was used to carry out permeability tests on
red sandstone specimens after high-temperature exposure.
The schematic diagram of the testing system is shown in
Figure 2. The testing system is mainly composed of water
inlet subsystem, triaxial seepage test subsystem, and data
acquisition subsystem, and the maximum confining pressure
of 60MPa can be applied to the specimens. The data in the
test process are automatically saved by the data acquisition
subsystem.

First, the specimens were immersed in distilled water,
and when the weight of the specimens was constant, the spec-
imens were considered to be saturated before the test. Then,
the specimens were wrapped with 3mm waterproof tape,
and the waterproof tape was smooth and covered the surfaces
of the specimens, so as to prevent the test error caused by
water overflow and uneven distribution of confining pres-
sure. The wrapped specimen was put into the container of
the triaxial seepage test subsystem along the axial horizontal
direction. To ensure the uniform distribution of water pres-
sure, a porous metal gasket was placed at both ends of the
axial direction of the specimen. Meanwhile, a lower confining

Table 2: Pore structure parameters of heat-treated red sandstone specimens.

Parameters
T (°C)

200 300 400 500 600 800

Cumulative mercury intake (ml·g-1) 0.0146 0.0287 0.0448 0.0468 0.0518 0.0544

Mean pore size (nm) 56.4 61.9 63.2 96.2 102.2 144.3

Porosity (%) 3.17 6.83 10.11 10.47 11.53 12.06
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Figure 5: Pore structure of heat-treated red sandstone. (a) The relationship between the cumulative mercury intake of red sandstone under
different pore sizes. (b) The distribution of pore structure.
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pressure was applied, and an initial water inlet pressure was
set to prevent test error. When the outlet flow velocity is sta-
ble, the confining pressure was set to 10, 15, 20, 25, and
30MPa, respectively. When the confining pressure reached
to predetermined value, the outlet pressure was controlled
by the cross-flow pump and gradually increased. The inlet
and outlet pressures can be recorded through the pressure
gauge and stored on the computer with an accuracy of
0.01MPa. When the flow rate through the specimen is stable,
the permeability coefficient can be calculated through real-
time data, so as to quantitatively evaluate the influence of
confining pressure and temperatures on the permeability
characteristics of the red sandstone specimen.

3. Results and Discussion

3.1. Permeability Properties. The relationship between axial
hydraulic gradient and volumetric velocity is shown in
Figure 3. It is clear that with the increasing volumetric veloc-
ity, the axial hydraulic gradient increases, and the axial
hydraulic gradient under the same confining pressure has a
linear correlation with the volume velocity, and the correla-
tion coefficients are greater than 0.99, indicating that the per-
meability of red sandstone after high-temperature exposure
can be well characterized by linear Darcy’s law. In addition,
with the increasing confining pressure, the fitting line
changes steep slope, showing that high confining pressure
makes the seepage channel gradually narrowed and increases
the resistance of fluid migration to hold back the flow of the
fluid. It also can be seen from the effect of temperature on fit-
ting line slope under the same confining pressure that tem-

perature has a great influence on the permeability
properties of the specimens.

Considering that the equivalent permeability coefficient
is an important parameter to evaluate the permeability of
rocks [4, 25, 33, 34], and assuming that water is an incom-
pressible fluid, the equivalent permeability coefficient can
be described as a linear function of zero intercept in linear
Darcy’s Law [35].

K0 =
μ

A0

dL
dPS

Q, ð1Þ

where K0 is the equivalent permeability coefficient, μ is
hydraulic viscosity coefficient and10-3 Pa·s in this paper, A0
is the cross-section area of the specimens and 1:96 × 10−3
m2 in this paper, Ps is the pressure difference between inlet
and outlet water, and L is the length of specimen and 0.1m
in this paper. The equivalent permeability coefficient of red
sandstone specimens with different temperature levels and
confining pressures was calculated and analyzed as shown
in Table 1.

Table 1 shows the change of equivalent permeability
coefficient under different temperatures and confining pres-
sures. Clearly, high temperature can improve the equivalent
permeability coefficient of the specimens, and the equivalent
permeability coefficient increases several times over with the
increasing temperature, which is similar to the permeability
characteristics of granite after high-temperature exposure
obtained by Chen et al. [24]. The equivalent permeability
coefficient is the smallest at 200°C at the same confining pres-
sure. When the temperature is 800°C, the equivalent
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Figure 6: Relation of equivalent permeability coefficient with mean pore size and porosity.
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permeability coefficient reaches the maximum value and
much higher than other temperatures. When the tempera-
ture increases from 200 to 800°C, the equivalent permeability
coefficient increases by 659:82 × 10−18 – 1388:49 × 10−18 m2.
In addition, when the confining pressure increases from 10
to 30MPa, the equivalent permeability coefficient decreases
by 52.5–84.5%. Figure 4 further shows the equivalent perme-
ability coefficient and confining pressure. When the temper-

ature is 200°C, the fitting variable is 0.27. When the
temperature is 800°C, the fitting variable is 56.24, increasing
207 times compared to 200°C, which indicates that the higher
the temperature makes the permeability increase.

3.2. Pore Structure Characteristics. The permeability proper-
ties of rocks are closely related to the microstructure such
as pore size, distribution, and connectivity. Thus, the
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Figure 7: Scanning electron microscopy image of red sandstone surface before and after heat treatment.
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mercury intrusion porosimetry was adopted to test the pore
structure of red sandstone after high-temperature exposure.
The test results are shown in Table 2. The relationship
between the cumulative mercury intake under different pore
sizes and the pore distribution of pore structure are shown in
Figure 5.

As we can see from Figure 5(a), with the increasing tem-
perature, the accumulative mercury intake increases. When
the temperature is 200°C, the mercury content, average pore
diameter, and porosity of the specimens are the minimum.

However, when the temperature increases from 200 to
800°C, the mercury content, average pore size, and porosity
of the specimens increases by 2.7, 1.6, and 2.8 times, respec-
tively. In particular, the curves of cumulative mercury intake
at 300 and 400°C were far apart, indicating that when the
temperature increased from 300 to 400°C, the pore structure
of the specimens changed greatly. Moreover, when the pore
diameter is less than 1.6μm, the cumulative mercury intake
of the specimens at 400°C reached the maximum, and the
pore diameter is larger than 1.6μm, the cumulative mercury
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intake of the specimens at 800°C reached the maximum.
Besides, it is clear in Figure 5(b) that there are two obvious
peaks in the pore size distribution curve, and the highest peak
appears when the pore diameter is 1μm. After high tempera-
ture, the pore size of red sandstone is mainly distributed in the
range of 0.1–10μm, mainly because of the mismatching of
thermal expansion of different minerals and the temperature
stress generated by anisotropy. Thermal fracture occurs inside
red sandstone, leading to the increase of the diameter of pri-
mary pore fractures and the emergence of new pores. The
other peak occurs at a pore diameter of 100μm, and the max-
imum peak is at a temperature of 400°C, indicating that the
red sandstone specimen at 400°C has more pores and a larger
average pore diameter within this pore diameter range.

To better understand the influence of the equivalent perme-
ability coefficient of red sandstone after high-temperature expo-
sure, the relationship between average pore size and porosity
and equivalent permeability coefficient is shown in Figure 6. It
can be seen that the relationship of the equivalent permeability
coefficient and both the average pore size and porosity can be
described by the power function. In addition, the goodness of
fit is 0.8009–0.9998 under different confining pressures, indicat-
ing that the porosity and pore diameter distribution are impor-
tant factors affecting the permeability of water.

The red sandstone specimens at room temperature
(25°C) and high temperature (400°C, 800°C) were observed
by scanning electron microscopy, as shown in Figure 7.
When the temperature is 25°C, the surface of the red sand-
stone specimen is relatively flat without visible cracks and
large pores (Figure 7(a)). When the temperature rises to
400°C, pores gradually appear. The main reason is that the
weak clay minerals begin to expand strongly at 400°C, leading
to a sharp increase in microscopic defects. In addition, the
development of cracks and pores under the influence of high
temperature result in obvious heterogeneity, and the crystal
particles begin to dissolve and break, showing irregular
shapes and attached to the surface of the specimen
(Figure 7(b)). When the temperature rises to 800°C, the crys-
tal particles on the surface of the specimen exfoliate, the
pores continue to develop and increase, and the microcracks
and microdefects increase (Figure 7(c)).

3.3. Permeability Process of Pore Water Pressure. In recent
years, with the development of computer technology, the
numerical modeling method has been widely used in the
study of geotechnical engineering [36, 37]. COMSOL Multi-
physics as a finite element numerical modeling method has a
wide range of applications in many fields, including struc-
tural mechanics, fluid mechanics, and geotechnical mechan-
ics. After high temperature, the pores and cracks in red
sandstone increase, which directly affects the permeability
of red sandstone specimens. Therefore, COMSOL Multiphy-
sics numerical modeling software was adopted to simulate
the permeability process of red sandstone after high-
temperature exposure.

In this paper, the fluid module is selected, and the model-
ing process can be summarized into five steps: (1) the selec-
tion of the mass conservation principle in the seepage
model, (2) the assumption of seepage physical field, (3) the

establishment of the initial model based on the experimental
results, (4) the assignment of model boundary conditions,
and (5) data monitoring of model seepage process [38].

The mass conservation principle of the seepage model is
expressed as:

∂
∂t

εpρ
� �

+∇ ρuð Þ =Qm, ð2Þ

u = −
k
μ
∇p, ð3Þ

where ρ is the density of fluid, u is the Darcy velocity vector,
∇p is the pressure gradient, μ is the dynamic viscosity coeffi-
cient, k is permeability coefficient, and εp is the porosity.
According to the principle of conservation of mass, the mass
of inlet water is equal to that of outlet water. The pressure
gradient of the fluid is influenced by the permeability coeffi-
cient and porosity.

In addition, the boundary around the cylinder wall was
set as no flow and no slip. In addition, Darcy’s law was cho-
sen as the physical field, assuming that (1) the sample is a
homogeneous, isotropic linear elastomer, (2) the behavior
of fluid flow is linear and can be described by Darcy’s law,
and (3) the fluid density and viscosity coefficient are con-
stant, taking 1000 kg·m-3 and 0.001 Pa·s, respectively.

The basic physical parameters of red sandstone speci-
mens with the temperature of 800°C and confining pressure
of 20MPa were used for modeling. The equivalent perme-
ability coefficient was set 975:14 × 10−18 m2, the water inlet
was set 4.67MPa, the outlet pressure was set 0, and the poros-
ity was set at 12.06%. By entering specific values in the inter-
active interface, COMSOL can automatically convert
corresponding data into the above formulas based on the
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Figure 10: Relationship between pore water pressure and seepage
path length.
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programming language built into the fluid module. To better
observe the influence of inlet pressure gradient on permeabil-
ity behavior, the influence of confining pressure gradient is
not taken into account. A standard cylinder model with a
diameter of 50mm and a height of 100mm is established as
shown in Figure 8(a).

The relationship between pore water pressure and flow
field over time is shown in Figure 9. At the time t1, the pore
water pressure surface gathers at the water inlet, and the flow
field inside the model is disordered because the pore water
pressure has not been transferred to the interior of the model.
At the time t2, the pore water pressure surface moves forward
further along the x-axis direction, and the distance between
the pore water pressure surfaces gradually expands. Mean-
while, the pressure gradient gradually forms near the water
inlet, and the streamline of the fluid within the pressure influ-
ence range gradually becomes orderly. At the time t3, t4, and
t5, the spacing between the pore water pressure surfaces is
further enlarged, and the streamline of the fluid within the
pressure range becomes smooth and straight gradually and
is perpendicular to the pore water pressure isosurface. At
the time t6, the flow field inside the model becomes stable
and orderly. The streamline is already perpendicular to the
pore pressure surface, and the pore water pressure surface
presents an equidistant distribution, in line with the linear
Darcy’s law.

To further explore the relationship between pore water
pressure and seepage path length, the seepage path length
was divided at 20mm intervals along the x-axis direction as
shown in Figure 8(b). It can be seen from Figure 10 that
before the model reaches steady-state, the pressure and the
seepage path length show a nonlinear relationship, and the
overall shape is concave. The closer the distance is from the
outlet, the smaller the pore water pressure is. At the time t1,
the pore water pressure appears a transient negative pressure
state when x is in the range of 4 to 10mm. However, with the
time goes on, the pore water pressure gradually increases,
and after the flow pattern reaches stability (t6), the pore water
pressure has a linear relationship with the length of the seep-
age path, which is in line with the linear Darcy’s law.

4. Conclusions

The permeability properties of red sandstone specimens after
different high temperatures under the confining pressure can
be well described by Darcy’s law. The equivalent permeability
coefficient is positively correlated with temperature and neg-
atively correlated with confining pressure. In particular, the
relationship between the equivalent permeability coefficient
and confining pressure is a power function, and when the
confining pressure increases from 10 to 30MPa, the equiva-
lent permeability coefficient decreased by 52.5–84.5%, while
the equivalent permeability coefficient increases by 659:82
× 10−18 – 1388:49 × 10−18 m2 as the temperature increases
from 200 to 800°C.

There is a power function relationship between the mean
pore size, porosity, and the equivalent permeability coeffi-
cient, and the mercury intake, mean pore diameter, and
porosity increased by 2.7, 1.6, and 2.8 times, respectively,

when the temperature increased from 200 to 800°C. More-
over, the pore structure of red sandstone can be changed by
high temperature, which makes the surface of red sandstone
have more microcracks and pores and provides a channel for
fluid migration.

At the initial moment, the pore water pressure surface
gathered at the inlet, and the flow field in the model was dis-
ordered. As time went on, the pore water pressure surface
expanded along the outlet direction, the spacing between
the pore water pressure surfaces gradually expanded, and
the streamlines within the pressure influence range became
orderly. At this time, the pore water pressure and the seepage
path length presented a nonlinear relationship. When the
internal flow field of the model is stable and orderly, the fluid
flow line is perpendicular to the pore water pressure surface,
and the pore water pressure surface presents an equidistant
distribution. In this case, the pore water pressure has a linear
relationship with the seepage path length, which is in line
with the linear Darcy’s law.
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