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Due to the influences of various factors, such as temperature, stress, and composition, the research regarding rock permeability has
been complicated. This study examined the variation laws of sandstone specimens under changing rates of confining and pore
pressures after high-temperature heat treatments. The results showed that the free water in the rock volatilized during the low-
temperature heat treatments in the range of 100°C to 300°C, with the increase of the heat-treatment temperature above 500°C;
the crystal water in the rock is gradually separated out; and the particles in the samples had undergone phase transformations
resulting in increased permeability. According to ultrasonic wave velocity test results, the internal cracks of the samples
expanded with the increases in the heat-treatment temperatures. In addition, the high-temperature heat treatments were found
to improve the accuracy of the direction of the Earth’s stress when using circumferential wave velocity anisotropy methods.
Under the influence of slippage effects, as the pore pressure increased, the measured permeability of the samples decreased and
the slippage effect occurs in the rock samples with the permeability of 10-3 μm2

~10-6 μm2. The experimental results showed that
the contribution rate of the slippage effect decreases with the increase of the heat-treatment temperature of the specimen, and
the contribution rates of the sandstone slippage effect were generally higher than 5%. Therefore, the impact effects on the
permeability of sandstone slippage should be considered in practical engineering processes.

1. Introduction

In recent years, the characteristics of rock permeability have
become hot issues in rock physical and mechanical property
research. Rock permeability problems exist in many fields,
such as underground coal gasification, coalbed methane
engineering, shale gas development, and underground reser-
voir constructions. According to the traditional theory, the
absolute permeability of rock measured under different seep-
age media remains unchanged. However, due to many fac-
tors, such as temperature, stress states, and pore pressure
changes, the permeability levels measured by the gas and
the permeability levels measured by the liquid are often
inconsistent. In addition, these differences become increas-
ingly significant as the rock permeability decreases [1].

Many scholars have examined rock permeability charac-
teristics under the influences of multiple factors. For temper-

ature factors, Weinbrandt and Casse studied the changes in
permeability of Bois sandstone at different temperature
levels; also, the changes in the absolute permeability induced
the mechanical stress caused by the expansion of rock parti-
cles [2]. The case study results had indicated that the influ-
ences of temperature on the permeability of cemented
sandstone were related to the properties of saturated fluid
[3]. Jianping et al. studied the thermal cracking behaviors of
sandstone and Beishan granite at different temperature levels
and then analyzed the influence mechanisms of high-
temperature levels in the thermal cracking of rock, as well
as the types of thermal cracking [4, 5]. Lin [6] researched
granite wherein the fluid inclusions burst under high-
temperature conditions, causing a lot of new cracks inside
the rock. For stress factors: Iftikhar and Malik studied the
effect of stress on shale permeability and established a non-
linear transport model for single-phase gas flow in tight
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porous media [7]. Yang and Aplin [8, 9] conducted perme-
ability experiments under the combined actions of confining
pressure and pore pressure using more than 30 mudstone
samples and found that the influences of the pore pressure
levels on the permeability of the examined samples were
greater than that of the confining pressure levels. According
to Yang et al.’s research, the rock sample’s fractures and pores
are more stress-sensitive at low effective stress than at high
effective stress. Stress has a great influence on the structural
changes of rock pores and fractures [10, 11].

The research results presented by Chen et al. revealed
that the process of the increasing pressure was more sensitive
than that of the decreasing pressure [12]. The research by
Chen et al. and Hong-xue et al. proved that the effective stress
has a great influence on the permeability of shale [13, 14]. In
1941, Klinkenberg attempted to explain the differences
between gas-measured permeability and liquid-measured
permeability under slippage effect conditions. Since then,
many related research studies have been carried out regard-
ing slippage effects [15–18]. In one such study, Ma et al.
examined the transition processes of rock using Darcy’s
Law and slippage flow rates and successfully obtained the
Knudsen number threshold for induced slippage effects
[19]. Suleimanov et al. present an experimental study of gas
condensate flow in porous media at pressures above the
dew point pressure, and the mechanism of gas slip effect near
the dew point pressure in condensate flow in porous media
was analyzed [20].

In order to more clearly understand the change law of
permeability characteristics of sandstone under complex
conditions, this paper took multistage confining pressure
and variable pore pressure experiments of sandstone after
heat treatment on the background of underground coal gasifi-
cation engineering. To make the experimental results more
compatible with the underground coal gasification project,
the rock sample were selected from the Ehebaolige coalfield
in Inner Mongolia, a demonstration base for underground
coal gasification in China. Through experiments, the variation

of the permeability of sandstone after high-temperature heat-
ing with confining pressure and pore pressure was obtained.
Combining the slippage effect, the permeability test results
were modified. The research results provide some theoretical
guidance for seepage issues which may be encountered during
future practical engineering projects.

2. The Experimental Processes to Study
Permeability of Sandstone

2.1. Experimental Equipment and Materials. This study’s
experimental testing process adopted a RTR-2000 servo test
system (Figure 1) produced by GCTS. The system is able to
perform conventional single and triaxial experiments, along
with Brazilian splitting tests, permeability tests, and wave
speed tests.

The rock samples examined in this study were obtained
from coal seam roof sandstone in the gasification and combus-
tion area of the Ehebaolige coalfield, Inner Mongolia Autono-
mous Region. The rock was processed into 50 ∗ 100mm
test specimens. From all processed test specimens, three test
specimens with good appearance, close weight, and close
porosity were selected for experiments (Figure 2). The basic
physical properties of rocks are shown in Table 1.

Figure 1: GCTS test system.

Figure 2: Sandstone specimens.
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The permeability tests conducted in this study adopted
a pulse decay method, with the gas permeation pressure
levels of the test machine reaching a maximum of 1MPa.
During the testing process, a pressure difference could be
formed between the upper and lower ends of the rock
specimen by releasing the pressure of the bottom ram.
The rock permeability levels were calculated using the pres-
sure differences and time curves. In addition, circumferen-
tial velocity anisotropy experiments were completed using
an ultrasonic testing system. The sandstone specimens with
different heat-treatment temperatures were tested for cir-
cumferential wave velocity. The evolution of the pores
and cracks in the rock samples were predicted by the
changes in the wave velocity.

2.2. Experimental Program. During this study’s permeability
tests, first, the rock was heated to 100° C for three hours
and then taken out. Subsequently, the rock was initially fixed
with 0.5MPa of axial pressure and 2MPa of surrounding
rock, and gas saturation was simultaneously performed.
After the gas was saturated, confining pressures of 5MPa,
10MPa, 15MPa, 20MPa, 25MPa, and 30MPa were applied
to the samples, and the pore pressure at each stage of confin-
ing pressure was set to 0.2MPa, 0.3MPa, 0.4MPa, and
0.5MPa. After the permeability test was completed at a con-
fining pressure of 30MPa, the test sample should be taken
out, and the same rock sample was heated to the next-stage
heat-treatment temperature (300°C/500°C/700°C), and then
the above-mentioned cycle step experiment was performed.
The confining pressure and pore pressure of each test point
are shown in Table 2. The permeability test device is shown
in Figure 3.

The test results of the three test pieces have similar trends
and similar results, so in order to reduce the amount of calcu-
lation and article length, the average of the experimental
results of the three samples is used, and then the average
value of the experimental results is used to continue the in-
depth analysis.

3. Permeability Variations of the Sandstone
Samples under Different Confining
Pressures, Pore Pressures, and Heat-
Treatment Temperatures

3.1. Analysis of Permeability Test Results under Confining
Pressure and Pore Pressure Conditions. Figure 4 details the
permeability curves of the sandstone samples under different
confining pressure conditions. The pore pressure levels con-
trolled by the testing process were 0.2MPa, 0.3MPa,
0.4MPa, and 0.5MPa. Figures 4(a)–4(d) show the measured
results at the heat-treatment temperatures of 100°C, 300°C,
500°C, and 700°C, respectively.

As can be seen in Figure 4. In this study, the permeability
of the rock samples had gradually decreased with the con-
tinuous increases in the confining pressure levels, and the
permeability and confining pressure are approximately lin-
ear. According to Yang et al.’s research [10, 11], the rock
sample’s fractures and pores are more stress-sensitive at
low effective stress than at high effective stress. Therefore,
in this experiment, as the confining pressure increases, the
pores and cracks inside the sandstone samples were com-
pacted, and the seepage channels had been gradually com-
pressed, so the permeability gradually decreased as the
confining pressure increased.

It was observed in this study that with the increases in the
heat-treatment temperatures, the permeability levels of the
sandstone samples had also increased under the same confin-
ing pressure. This shows that before the heat-treatment tem-
perature was raised to 300°C, the free water inside the rock
was volatilized. When the heat-treatment temperature had
increased to above 500°C, the combined water inside the rock
volatilizes, causing the pores to increase, and the stress gener-
ated by the particle expansion causes the cracks to continue
to develop, resulting in a continuous increase in rock perme-
ability [2]. Lin [6] studied the granite and found that the fluid

Table 1: Basic physical parameters of sandstone.

Density (kg/m3) Porosity (%) Weight (g)

Sample 1-1 2.1874 14.196 420.45

Sample 1-2 2.1885 12.835 413.59

Sample 2-1 2.1694 15.013 414.56

Table 2: Rock sample permeability test points.

Confining
pressure
(MPa)

Inlet pore
pressure
(MPa)

Outlet pore
pressure
(MPa)

Heat-treatment
temperature (°C)

5, 10, 15, 20,
25, 30

0.7 0.3

100, 300, 500, 700
0.6 0.2

0.5 0.1

0.4 0

Figure 3: Permeability experimental device.
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inclusions existing in the rock were broken under high tem-
perature, which caused new microcracks in the rock. How-
ever, because sandstone is a granular rock, there may be no
fluid inclusions in the sandstone. Therefore, it is believed that
the permeability of the sandstone specimens after high-
temperature heat treatment is not affected by the fluid inclu-
sions. The structural changes of sandstone subjected to high
temperature need to be further studied.

Figure 5 illustrates the change curves of the permeability
at four heat-treatment temperatures under different pore
pressure conditions. It can be seen in the figure that, with
the increases in pore pressure, the permeability levels of the
sandstone specimens had gradually decreased. The gas pres-
sure level of the tests was less than 1MPa, which was consid-
ered to represent a low pore pressure stage. Therefore, it was

assumed that slippage effects may have occurred during the
experiment. Since changes in pore pressure will change the
free paths of molecules, when the average free path of the
molecules is close to the pore radius of the sandstone, the col-
lision between gas molecules and pore walls will produce a
slippage flow. This slippage flow will then result in the gas
permeability changing from a viscous flow to a slippage flow.
Therefore, changes in the gas permeability under the influ-
ence of slippage effects may potentially occur under low pore
pressure conditions. The specific definition and mechanism
of slippage effect will be discussed in detail in Section 5.

3.2. Analysis of the Confining Pressure Change Rates and
Permeability Sensitivity Coefficients. In order to study the
effects of confining pressure on the rock samples’
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Figure 4: Permeability changes under the different confining pressure levels.
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permeability, the permeability change rates and permeabil-
ity sensitivity coefficients were analyzed in this study. Sub-
sequently, the permeability change rate curves (Figure 6)
and permeability sensitivity coefficients (Figure 7) were
obtained. During the test of this study, the pore pressure
and confining pressure test values are gradually increased.
For example, in this experiment, the confining pressure is
first controlled to 5MPa, and then the average pore pres-
sure inside the sample is set to 0.2MPa, 0.3MPa, 0.4MPa,
and 0.5MPa for permeability testing. Subsequently, the
confining pressure was increased to the preset confining
pressure at the next level, and the pore pressure was set
to 0.2MPa, 0.3MPa, 0.4MPa, and 0.5MPa for testing
again. In order to obtain the permeability change rate

value, a defined one reference value is required first.
According to the methods commonly used in other studies
[21], the first value measured in experiments is generally
used as the reference value. The first value experimentally
measured in this paper is measured at a confining pressure
of 5MPa and a pore pressure of 0.2MPa. Therefore, the
permeability test value of confining pressure of 5MPa
and pore pressure of 0.2MPa is defined as the reference
value. The formula used for calculating the permeability
change rate was as follows [21]:

Δk =
k0 − ki
k0

× 100%, ð1Þ
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Figure 5: Permeability changes under the different pore pressure levels.
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where k0 represents the reference permeability of the rock
and ki is the permeability of the sandstone samples at
other measuring points during the testing process.

The permeability sensitivity coefficient was defined as
follows [21]:

CC =
Δki − Δk0
Pi − P0

ð2Þ

where p
0
is the confining pressure 5MPa, pi denotes the

confining pressure of the other test points, and Δki indi-
cates the permeability change rate under the same pore
pressure and different confining pressure conditions.

As shown in Figure 6, with the increases in the confining
pressure levels, the permeability change rates of the sand-
stone samples gradually increased. The increased confining
pressure led to the closures in the internal cracks in the
sandstone samples and decreased pore spaces. Subsequently,
the seepage channels of the sandstone samples became nar-
rower and the permeability levels gradually decreased. By
comparing the permeability change rates at different heat-
treatment temperatures, it was found that the permeability
change rates were higher when the confining pressure was
below 10MPa. However, when the confining pressure was
greater than 10MPa, the permeability rates of the change
curves slowed down and the permeability levels gradually
decreased. These findings indicated that, after the confining
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pressure became greater than 10MPa, the decreased pore
spaces of the sandstone samples under compression condi-
tions had formed relatively dense skeletal structures.

Figure 7 illustrates a plot of the permeability sensitivity
coefficient of a sandstone sample. It can be seen in the fig-
ure that with the increases in the confining pressure, the
sensitivity coefficient of the rock confining pressure dis-
played a gradually decreasing trend. The specimens which
were heat-treated at 300°C and 700°C displayed slight fluc-
tuations. However, the overall trend remained gradually
decreasing. These results indicated that with the increases
in the confining pressure levels, the influences of the con-
fining pressure on the changes in permeability had gradu-

ally weakened. It has been observed in actual engineering
processes that the greater the buried depth of the rock
is, the less likely the rock permeability will be affected by
the buried depth.

3.3. Pore Permeability Change Rates and Permeability
Sensitivity Coefficients. The pore pressure permeability
change rates and the pore pressure permeability sensitivity
coefficient curves were obtained in this study using the same
method, as detailed in Figures 8 and 9. During the calcula-
tions of the permeability change rates, the permeability
change rate of the pore pressure level measured under the
conditions of a confining pressure of 5MPa and a pore
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pressure of 0.2MPa was defined as the reference value.
The reference value selection principle is consistent with
Formula (1) [21].

Δkp =
kp0 − kpi

kp0
× 100%, ð3Þ

where kp0 represents the rock reference permeability and kpi is

the permeability of the sandstone samples at other experimen-
tal points during the testing process.

Therefore, the permeability sensitivity coefficient of pore
pressure could be defined as follows [21]:

Cp =
Δkpi − Δkp0
ppi − pp0

× 100%, ð4Þ

where pp0 indicates the pore pressure 0.5MPa, ppi represents
the pore pressure values of the other test points, and Δkpi is
the permeability change rate under the same confining pres-
sure and different pore pressure levels.

Figure 8 shows that with the increases in pore pressure,
the permeability change rates of sandstone samples had grad-
ually increased. The change in pore pressure increases the
mean free path of the gas molecules, and the ratio of the
mean free path to the pore radius changes, resulting in an
increasing rate of change in permeability.

Figure 9 shows the pore pressure sensitivity coefficient
curves of the sandstone samples. The sensitivity coefficients
of the pore pressure were found to display no obvious
upward or downward trends, which indicated that the influ-
ences of the pore pressure on the permeability levels of the
sandstone specimens were not stable. It was determined that
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by comparing the permeability sensitivity coefficients of the
confining pressure and pore pressure that the permeability
sensitivity coefficients of the pore pressure were an order of
magnitude larger than those of the confining pressure. These
findings suggested that the influences of the pore pressure on
the permeability changes of the specimens were greater than
those of the confining pressure under low pore pressure con-
ditions. This conclusion was found to be consistent with that
presented by Yang et al. in similar experiments involving
mudstone [10, 11].

Sandstone and mudstone are both considered to be
porous-type rocks. Since porous rocks may have certain sim-
ilarities, similar experimental results may exist. Therefore,

further research will be required to determine whether simi-
lar laws exist in fractured-type rock masses.

4. Analysis of the Circumferential Wave
Velocity Anisotropy Law of Rock

4.1. Analysis of the Wave Velocity Variations of the Rock
Samples following the High-Temperature Heat Treatments.
According to the study conducted by Lebedev and Kern
[22], the free water inside the rock will volatilize below
300°C under the influence of high-temperature heat treat-
ments. Then, when the temperature reaches above 500°C,
the crystal water in the rock will volatilize out. These changes

0.25 0.30 0.35 0.40 0.45 0.50 0.55

0.2

0.4

0.6

0.8

S
en

si
ti

vi
ty

 c
o

e�
ci

en
t 

(%
/M

P
a)

Pore pressure (MPa)

5 MPa
10 MPa
15 MPa

20 MPa
25 MPa
30 MPa

100°C heat-treated 
Con�ning pressure

(a) 100
°
C heat-treated test piece

S
en

si
ti

vi
ty

 c
o

e�
ci

en
t 

(%
/M

P
a)

0.30 0.35 0.40 0.45 0.50
0.4

0.6

0.8

1.0

1.2

Pore pressure (MPa)

20 MPa
25 MPa
30 MPa

5 MPa
10 MPa
15 MPa

300°C heat-treated 
Con�ning pressure

(b) 300
°
C heat-treated test piece

S
en

si
ti

vi
ty

 c
o

e�
ci

en
t 

(%
/M

P
a)

0.25 0.30 0.35 0.40 0.45 0.50 0.55
0.2

0.4

0.6

0.8

1.0

1.2

1.4

Pore pressure (MPa)

5 MPa
10 MPa
15 MPa

20 MPa
25 MPa
30 MPa

500°C heat-treated 
Con�ning pressure

(c) 500
°
C heat-treated test piece

S
en

si
ti

vi
ty

 c
o

e�
ci

en
t 

(%
/M

P
a)

0.25 0.30 0.35 0.40 0.45 0.50 0.55
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Pore pressure (MPa)

5 MPa
10 MPa
15 MPa

20 MPa
25 MPa
30 MPa

700°C heat-treated 
Con�ning pressure

(d) 700
°
C heat-treated test piece

Figure 9: Pore pressure permeability sensitivity coefficient curves.
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will lead to increases in porosity in the rock. Therefore, as the
temperature levels continue to rise, the composition of the
sandstone (such as quartz) will undergo a phase transition
from the α phase to the β phase, and the volume will increase,
which will lead to thermal cracking in the sandstone. The
above-mentioned factors tend to work together to cause the
permeability of the rock to change as the heat-treatment tem-
peratures increase [23, 24].

When the ultrasonic waves penetrate rock samples, the
ultrasonic energy will be weakened when it encounters
cracked surfaces or dense pores inside the samples. There-
fore, the ultrasonic waves can be used as a method of moni-
toring the development of the crack structures inside the
rock. In this study, the ultrasonic test system of the GCTS test
machine was used to perform circumferential wave velocity
anisotropy (CVA) on the sandstone samples following heat
treatments at different temperature levels (Figure 10). The
ultrasonic wave velocity value was tested once for every rota-
tion of 10°. The CVA test results at four heat-treatment tem-
peratures are shown in Figure 11.

It can be seen in Figure 11 that as the heat-treatment tem-
perature increased, the ultrasonic wave velocity had
decreased at all angles. This indicated that as the heat-
treatment temperature increased, the number of pores inside
the rock samples had increased and fractures had developed.
As a result, the energy and speed of the ultrasonic waves
decreased during the process of penetrating the pores and
cracks in the specimens.

According to the variation amplitude of the ultrasonic
wave velocity at four heat-treatment temperatures, the wave
velocity had decreased the most when the temperature level
had risen from 500°C to 700°C. The decreases of wave veloc-
ity from 100°C to 300°C were observed to be smaller than
those of the former, and the decreases observed from 300°C
to 500°C were the smallest. The analysis results indicated that
the free water inside the rock sample continued to volatilize
when the temperature rose from 100°C to 300°C. However,
when the temperature increased from 300°C to 500°C, the
changes inside the rock samples were not obvious and the
wave velocity had decreased slightly. When the temperatures
increased from 500°C to 700°C, the rock composition of the
sandstone samples changed, including the transformation

of the quartz and the (OH)− ejection from the inner layers
of the structures. These factors led to major changes in the
pore and fracture structures of the rock, resulting in large
decreases in the wave velocity. These phenomena reasonably
explained the conclusion that, “permeability increases con-
tinuously with increases in heat treatment temperature,” as
presented in the previous section of this study.

4.2. Analysis of the Relationship between Circumferential
Wave Velocity Anisotropy and the Ground Stress. In the pres-
ent study, the rock specimens were under a compressed state
due to the original rock stress conditions in the ground.
When the rock samples were removed from the ground, they
had undergone ground stress release and relaxation deforma-
tions. Those expansions produced a large number of unload-
ing microcracks with directional distributions related to the
release of the ground stress. The larger the ground stress is,
the larger the expansion will be. In other words, the maxi-
mum deformations were found along the direction of the
maximum principal stress. Therefore, the wave velocity in
the direction of maximum principal stress was the minimum
[25]. However, some of the rock specimens had undergone
low ground stress conditions, and the circumferential wave
velocity anisotropy as a result of stress release was not as
obvious. In the studies conducted by Fredrich and Wong
and Jiang et al., it was determined through various high-
temperature heat treatments of granite that the anisotropy of
the rock wave velocity became more obvious with the
increases in the heat-treatment temperatures, which improved
the accuracy of measuring the direction of the ground stress
[23, 26]. In the present study, based on the obtained wave
velocity data following the heat treatments at 100°C and
700°C, a radar diagram of the circumferential wave velocity
anisotropy test was drawn, as shown in Figure 12.

It can be seen in Figure 12(a) that the maximum principal
stress direction of the sandstone sample was approximately

Figure 10: Ultrasonic testing system.
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320° to 40° (140° to 220°) within the clockwise rotation angle.
As shown in Figure 12(b), following the heat treatment at
700°C, the maximum principal stress direction was 0° to 20°

(180° to 200°) within the clockwise rotation angle. The exper-
imental results showed that the accuracy of wave velocity
anisotropy of the sandstone was improved following the
high-temperature heat treatments. In addition, as shown in
Figure 13(a), due to the release of in situ stress, there were a
certain number of microcracks in the processed rock sam-
ples. It has been observed that when the ultrasonic waves
propagate parallel to the fracture surfaces, the energy attenu-
ation of the ultrasonic waves is small. Meanwhile, when the
ultrasonic waves propagate perpendicular to the fracture sur-
faces, the energy attenuation is large. It was found in this
study that following the high-temperature heat treatments,
due to such influencing factors as rock dehydration and
transformations of the internal components, the microcracks

in the rock samples had expanded and extended, forming
larger and wider cracks. Then, as the heat-treatment tempera-
tures had increased, the micropores also expanded and
penetrated. As shown in Figure 13(b), as a result of the afore-
mentioned changes, the circumferential wave velocity anisot-
ropy of the rock samples became more significant, which was
conducive to identifying the direction of the in situ stress.

5. Analysis of Slippage Effects on Sandstone
Permeability under Low Pore
Pressure Conditions

5.1. Causes of Slippage Effects in Gas Seepage Media. A large
number of previous tests have revealed that there are signifi-
cant differences between gas and liquid permeability results.
This has been confirmed to be mainly due to the slippage
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Figure 12: Radar map of the circumferential wave velocity anisotropy.
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effects of gas during its flow in dense rock [23]. Gas mol-
ecules collide with other gas molecules during motion, and
the distance between two collisions has been defined as a
free path. When the pore pressure changes, or the pore
radii inside the rock changes, the average free path of
the gas molecules will be close to the pore radii. This will
lead to the movement of each molecule on the pore walls,
resulting in a slip flow rate and changes in the measured
permeability, which are referred to as slippage effects.
The slippage effects are known to be related to the molec-
ular free paths, average pore radius, and average pore
pressure. The molecular free path expression can be writ-
ten as follows [27]:

λ =
μ

Pm

ffiffiffiffiffiffiffiffiffi

πRT

2M

r

, ð5Þ

where μ represents the viscosity coefficient of the gas
(Pa·s), T is the ambient temperature of the molecule
(°C), R denotes the molar gas constant (8314 J/(K·mol)),
M is the molecular weight (kg/(K·mol)), and Pm indicates
the average pore pressure (Pa) of the porous medium.

According to the above equation, the lower the average
pore pressure is, the higher the temperature will be, which
will result in increases in the average free paths of the
molecules. In addition, the more significant the slippage
effects are, the larger the measured permeability values will
be. For example, when the pore pressure levels increase,
the average free paths tend to decrease and the slippage
effects are inhibited. As a result, the measured permeabil-
ity values decrease. The gas pore pressure used in this
study’s testing process was less than 1MPa, which was
considered to be equivalent to a low pore pressure stage.
Therefore, it was very likely that slippage effects had
caused measured permeability distortions.

5.2. Verification of the Slippage Effects on the Sandstone
Specimens. Since the slippage effects will potentially cause
the measured permeability to deviate from the absolute per-
meability, it was necessary to verify the gas test results.
Therefore, observations were made in this study in order to
determine whether the slippage effects had resulted in the
permeability deviations in the examined samples [27].

In the Darcy Law seepage tests, the rock permeability was
solved as follows [28]:

kg =
2QsμLΔp1
A �p2 − p20
� � , ð6Þ

where kg indicates the gas permeability (μm2) of the rock

sample; μ is the viscosity coefficient of the seepage gas
(Pa·s); p

0
represents the atmospheric pressure (MPa); �p is

the average pressure (MPa),�p = p
1
− Δp

1
/2;Adenotes the core

cross section area (μm2); and L indicates the core length (m).
It can be seen from the above equation that if the gas

seepage follows Darcy’s Law, the gas flow rate through a
specimen will have a linear relationship with the square
deviation of the pressure. However, if the gas flow rate

does not have a linear relationship with the square devia-
tion of the pressure, it can be considered that slippage
effects have occurred.

In this study’s experiments, the gasflow ratewas expressed
as follows [28]:

Qs =
V sΔp1

Δt p
1
− Δp

1
/2ð Þ

, ð7Þ

where Qs is the average gas flow rate (m3/s), V s indicates the
internal volume of the gas manometer, p

1
represents the pres-

sure at the inlet end when t = 0, and Δp
1
is the change in air

pressure at the inlet end (MPa) during the time period t.
As shown in Figure 14(a), curves were drawn for the rela-

tionships between the flow rate and pressure variances under
the different confining pressure levels.

Figure 14 shows that under the same confining pressure,
with the increases in the square deviations of inlet and outlet
pressure levels, the gas flow rates of the sandstone specimens
had displayed nonlinear change relationships with the square
deviations of the gas pressure. These findings indicated that
slippage effects had existed during the sandstone gas seepage
process. Previously, Zhu et al. presented a classical linear
relation equation to modify the measurements of gas perme-
ability [29]:

kg = k∞ 1 +
b

pm

� �

, ð8Þ

where kg is the gas-measured permeability (μm2), k∞ repre-

sents the absolute permeability, pm is the average inlet and
outlet pressure, and b denotes the slip factor. Among these,
b = ð4c/rÞλpm, where c is a constant, r is the hydraulic radius,
and λ indicates the average free path for a gas molecule.

According to Formulas (5) and (8), the slip ratio is lin-
early related to the reciprocal of the pore pressure. There-
fore, as the pore pressure increases, the gas permeability
value will gradually decrease. Figure 15 illustrates a graph
showing the observed relationships between the pore pres-
sure and the permeability during the testing process.

As can be seen from Figure 15, following the different
heat treatments, the samples had all shown increased pore
pressure. Meanwhile, the gas permeability levels had
decreased. These results were found to be consistent with
the classical linear relation equation given by Klinkenberg.
Then, Klinkenberg linear fitting was performed on the per-
meability and pore pressure curves obtained in this experi-
ment for the purpose of determining [17] the relevant
linear fitting data, as shown in Table 3.

5.3. Contribution Rates of the Slippage Effects to the Gas
Permeability Levels of the Sandstone Samples. It was found
in this study that the confining pressure had changed the
pore radii of the specimens, and the pore pressure had
changed the mean free paths of the gas seepage. It was
believed that both would have some influence on the slip-
page effects during the seepage experiments, which would
subsequently affect the permeability test results. The
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contribution rate of the slippage effects was expressed by
the following formula:

m =
∣kg − k∞ ∣

kg
× 100%: ð9Þ

Therefore, in accordance with Formula (9), and com-
bined with results detailed in Table 3, the contribution
rates of the slippage effects under the different confining
pressures to the gas permeability were ascertained, as
shown in Tables 4–7.

It can be seen in Tables 4–7, under the conditions of a
constant confining pressure, as the pore pressure increased,
the contribution rates of slippage effects had gradually
decreased. These results indicated that the lower the pore
pressure, the more obvious the gas slippage effects. The rock
samples which had been heat-treated to 100°C were observed
to have a maximum contribution rate of 67%. The maximum
contribution rate of the slipping effect was 57% at a temper-
ature of 300°C. The maximum contribution rate of the
slipping effect was 57% at a temperature of 500°C. The max-
imum contribution rate of the slipping effect was 33% at a
temperature of 700°C. The average contribution rates of the
four heat-treatment temperatures were determined to be
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36.47% (100°C), 33.88% (300°C), 35.66% (500°C), and
15.64% (700°C). Therefore, the contribution rates of slippage
effects were observed to decrease with the increases in the
heat-treatment temperatures. It was observed that following
the high-temperature heat treatments, the free water and
crystal water were volatilized inside the rock samples, which
resulted in pore radii changes. Furthermore, the internal
compositions of the rock samples had changed, causing
thermal cracking. The above-mentioned factors had
resulted in changes in the ratios of the free paths of the

gas molecules to the pore radii, and the contribution rates
of the slippage effects decreased with the increases in the
heat-treatment temperatures.

In the present study, the contribution rates of the slippage
effects did not change significantly with the increases in the
confining pressure. These results indicated that the pores
and cracks in the sandstone specimens were relatively com-
plex. During the process of increasing confining pressure,
the specimens had also undergone complex processes of
crack closures or crack openings.
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Table 5: Contribution rates of the gas slippage effects (300°C).

Pore pressure (MPa)
Confining pressure (MPa)

5 10 15 20 25 30

0.2 0.366277 0.563398 0.558867 0.573132 0.544965 0.510242

0.3 0.238843 0.43071 0.438063 0.36032 0.447634 0.303699

0.4 0.21023 0.302757 0.295092 0.322143 0.223602 0.257637

0.5 0.128744 0.201287 0.201405 0.208477 0.237109 0.208675

Table 3: Slippage factor fitting results.

Fitting result Temperature (°C) Confining pressure (MPa) Absolute permeability (μm2) Slip factor: b R value

kg = 9:86773 ∗ 1 + 0:05872/pmð Þ 100 5 9:86773 × 10
−3 0.05872 0.89064

kg = 8:20541 ∗ 1 + 0:06712/pmð Þ 100 10 8:20541 × 10
−3 0.06712 0.8984

kg = 6:45132 ∗ 1 + 0:12175/pmð Þ 100 15 6:45132 × 10
−3 0.09036 0.84558

kg = 6:41437 ∗ 1 + 0:05104/pmð Þ 100 20 6:41437 × 10
−3 0.05104 0.78447

kg = 4:21344 ∗ 1 + 0:1435/pmð Þ 100 25 4:21344 × 10
−3 0.1435 0.79904

kg = 4:29634 ∗ 1 + 0:08435/pmð Þ 100 30 4:29634 × 10
−3 0.08435 0.82638

kg = 10:00299 ∗ 1 + 0:07357/pmð Þ 300 5 10:00299 × 10
−3 0.07357 0.94475

kg = 8:05097 ∗ 1 + 0:11674/pmð Þ 300 10 8:05097 × 10
−3 0.11674 0.93318

kg = 7:30418 ∗ 1 + 0:11637/pmð Þ 300 15 7:30418 × 10
−3 0.11637 0.91836

kg = 6:74855 ∗ 1 + 0:11408/pmð Þ 300 20 6:74855 × 10
−3 0.11408 0.95355

kg = 6:1865 ∗ 1 + 0:11408/pmð Þ 300 25 6:1865 × 10
−3 0.11325 0.88078

kg = 5:95165 ∗ 1 + 0:09976/pmð Þ 300 30 5:95165 × 10
−3 0.09976 0.96832

kg = 9:91036 ∗ 1 + 0:11841/pmð Þ 500 5 9:91036 × 10
−3 0.11841 0.95365

kg = 8:81055 ∗ 1 + 0:11655/pmð Þ 500 10 8:81055 × 10
−3 0.11655 0.96073

kg = 8:65558 ∗ 1 + 0:10407/pmð Þ 500 15 8:65558 × 10
−3 0.10407 0.96894

kg = 8:42846 ∗ 1 + 0:09362/pmð Þ 500 20 8:42846 × 10
−3 0.09362 0.8525

kg = 6:92297 ∗ 1 + 0:15748/pmð Þ 500 25 6:92297 × 10
−3 0.15748 0.99382

kg = 7:30189 ∗ 1 + 0:10025/pmð Þ 500 30 7:30189 × 10
−3 0.10025 0.90743

kg = 12:51976 ∗ 1 + 0:08558/pmð Þ 700 5 12:51976 × 10
−3 0.08558 0.92428

kg = 11:39367 ∗ 1 + 0:08891/pmð Þ 700 10 11:39367 × 10
−3 0.08891 0.93135

kg = 11:16607 ∗ 1 + 0:0737/pmð Þ 700 15 11:16607 × 10
−3 0.0737 0.93469

kg = 9:22503 ∗ 1 + 0:11147/pmð Þ 700 20 9:22503 × 10
−3 0.11147 0.89139

kg = 10:21858 ∗ 1 + 0:0563/pmð Þ 700 25 10:21858 × 10
−3 0.0563 0.87189

kg = 6:54563 ∗ 1 + 0:11957/pmð Þ 700 30 6:54563 × 10
−3 0.11957 0.92611

Table 4: Contribution rates of the gas slippage effects (100°C).

Pore pressure (MPa)
Confining pressure (MPa)

5 10 15 20 25 30

0.2 0.277069 0.321477 0.427681 0.245527 0.673934 0.39688

0.3 0.234694 0.251305 0.348748 0.179777 0.589421 0.339965

0.4 0.141999 0.17909 0.243681 0.159861 0.323769 0.203491

0.5 0.099783 0.109525 0.139466 0.06983 0.254414 0.142215
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The previous relevant studies have shown that in prac-
tical projects, when the contribution rates of the gas slip-
page effects are higher than 5%, the slippage effects
caused by gas seepage should be considered and cannot
be ignored [18]. The specimens examined in this experi-
ment were taken from the Ehebaolige underground gasifi-
cation coalfield in Inner Mongolia. The calculation results
showed that the slippage contribution rates were above 5%
in most of the measurement points. During underground
coal gasification processes, the gasifier and the gas gener-
ated by combustion will generate air pressure. The effec-
tive gas also has a certain pressure in the internal flow
process of fractured rock. Therefore, the effect of slippage
on gas flow in actual projects should always be considered.

6. Conclusions

In the present study, the permeability variations of sand-
stone specimens under different confining pressures and
pore pressures following high-temperature heat treatments
were examined. Then, combined with the theory of slip-
page effects, the change rule of rock permeability under
low pore pressure was analyzed, and the main conclusions
were as follows:

(1) During the process of the heat-treatment tempera-
tures rising from 100°C to 700°C, the water volatil-
ization and structural changes in the rock samples
had led to increases in the permeability levels.
Therefore, in accordance with the corresponding
relationships between the pore pressure and per-
meability, macroporous sandstone with an order
of permeability of 10-3μm2 will also experience
the phenomenon in which the measured perme-
ability results will deviate from the absolute perme-
ability. It was concluded that the rock samples with
the order of 10-3-10-6μm2 permeability may expe-
rience slippage effects

(2) The permeability was found to present a downward
trend with increases in the confining pressure and
pore pressure levels. It was determined that accord-
ing to the analysis results of the sensitivity coeffi-
cients, at the low pore pressure stage (less than
1MPa), the influences of the pore pressure on the
permeability changes were greater than those of the
confining pressure

(3) In the present study, Klinkenberg’s first linear fitting
equation was used to modify the gas permeability test
results which had deviated from the real values. The
absolute permeability values of the samples were
obtained through the aforementioned fitting equa-
tion. The fitting equation confirmed that the occur-
rences of slippage effects were closely related to the
pore pressure levels. It was also found that the perme-
ability contribution rates of the sandstone samples
were generally higher than 5%. Therefore, it was nec-
essary to modify the permeability deviations caused
by slippage effects in order to better apply the exper-
imental results in practice

(4) According to the ultrasonic wave velocity test results,
when the heat-treatment temperature rose to more
than 500°C, the internal compositions of the sand-
stone samples had changed, leading to increases in
the number of pores and crack expansions. Subse-
quently, this resulted in a maximum decrease in the
wave velocity. This study’s high-temperature heat
treatments of sandstone specimens had effectively
improved the measurement accuracy of the circum-
ferential wave velocity anisotropy method currently
used for determining the directions of ground stress

Data Availability

The data used to support the findings of this study are
included within the article.

Table 6: Contribution rates of the gas slippage effects (500°C).

Pore pressure (MPa)
Confining pressure (MPa)

5 10 15 20 25 30

0.2 0.574869 0.569753 0.510744 0.442865 0.484533 0.518131

0.3 0.435611 0.410177 0.361753 0.365337 0.524797 0.285722

0.4 0.290015 0.311748 0.278328 0.243383 0.411327 0.278633

0.5 0.219101 0.204108 0.184779 0.149865 0.300355 0.20409

Table 7: Contribution rates of the gas slippage effects (700°C).

Pore pressure (MPa)
Confining pressure (MPa)

5 10 15 20 25 30

0.2 0.204133 0.165205 0.101151 0.021287 0.081477 0.349152

0.3 0.007128 0.068362 0.305465 0.154198 0.010509 0.614211

0.4 0.018074 0.038854 0.324365 0.071718 0.073614 0.332584

0.5 0.053392 0.106899 0.137565 0.008503 0.26915 0.238551
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