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The coal permeability is known to be influenced by the pore pressure and effective stress in coal mines. In this study, the
characteristics of the bituminous coal permeability response to the pore pressure and effective shear stress in the Xutuan coal
mine in Huaibei Coalfield in China were investigated under different stress conditions. For this purpose, gas seepage tests with
various stress levels were conducted via the original gas flow and displacement testing apparatus using bituminous coal samples
from the Xutuan coal mine. The pore pressure effect on the permeability under different stress conditions was assessed by
varying the pore pressure in coal samples and simulating different in situ stresses. The axial and radial pressures were controlled
to study the response of coal permeability to the effective shear stress. The experimental results revealed that with an increase in
pore pressure, the permeability of coal in different stress environments firstly drops and then rises. The permeability increased
gradually with the effective shear stress, which trend became more pronounced when the effective shear stress exceeded zero. In
case of the axial pressure exceeding the radial one, the cross shear slip was observed, for which the permeability of coal samples
increased with the effective shear stress. In the opposite case, the separated shear slip was observed, with the reverse trend.

1. Introduction

China has a total of 102.3 billion m3 of proven coalbed
methane geological reserves and 47 billion m3 of recoverable
reserves, which ranks its development potential as third in
the world [1]. However, the permeability of coal seam gas
in China is generally low. Insofar as higher permeability
implies more continuous and efficient gas release from coal
seams, this parameter optimization is of great significance
for the efficient mining of coalbed gas, mine gas leakage pre-
vention and control, gas injection displacement, and other
fields. In cases of roadway excavation, working face advance,
or borehole drainage, the gas injection displacement influ-
ences the permeability of gas in the coal and rock masses.

For low-permeability coal seam with soft coal, the gas
pressure in the coal seam is rapidly reduced. The increase
in the effective stress in the coal matrix reduces the opening
of cracks in the coal, diminishing its permeability, causes a
substantial attenuation, and so on. Therefore, the pore gas
pressure and effective stress are significant factors controlling
the permeability. It is necessary to carry out more in-depth
experimental research to analyze the effect of these two fac-
tors on the coal permeability.

The relationship between the coal permeability and the
effective stress has been substantiated by the model proposed
by Palmer and Mansoori [2], which linked the effective stress
with the coal matrix shrinkage and, thus, explained the effec-
tive stress reduction effect on the permeability variation from
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the porosity standpoint. This negative exponential trend was
confirmed by numerous researchers worldwide [3–9]. How-
ever, Connell [10] revealed that the relationship between
permeability and effective force does not fully explain the
relationship between the permeability, stress, and gas pres-
sure. Zhang’s [11] research in his doctoral dissertation found
that under different experimental conditions, even if the
effective stress is the same, the permeability of coal is quite
different, and was analyzed from the angle of deviatoric
stress. Besides, the axial and radial seepage experiments were
carried out by Zhang et al. [12, 13], which revealed that the
radial permeability was sensitive to the axial pressure varia-
tion, while the axial permeability was sensitive to the radial
confining pressure variation. Most scholars only consider
the effect of effective normal stress when studying the rela-
tionship between effective stress and permeability, but do
not consider the effective shear stress. Therefore, the influ-
ence of effective shear stress on permeability can be analyzed
from the perspective of deviatoric stress.

Jiang et al. [14] studied the relationship between the pore
pressure and the permeability. Based on the semianalytical
solution of the distribution law of pore gas pressure in the
radial flow field, Sun [15] derived the analytical relation
between the permeability coefficient of the coal seam and
the gas seepage and pore pressure physical parameters.
Kumar et al. [16] revealed that the He permeability increases
with gas pressure under constant confining stress for both
nonpropped and propped cases. Ye et al. [17] analyzed the
variation pattern of permeability versus gas pressure through
seepage experiments and quite accurately described it with a
quadratic polynomial function. Zhao et al. [18] studied the
adsorption effect on gas seepage behavior under the complex
3D stress state conditions. The results obtained strongly indi-
cated that the permeability of coal samples increased with
temperature, while a negative exponential dependence linked
the permeability and effective stress dependence. Moreover,
under constant confining pressure, the increment of perme-
ability caused by the slippage effect was found to decrease
exponentially with the fluid pressure [19]. Long et al. [20]
experimentally studied the effect of adsorption and adsorp-
tion capacity on the coal permeability and derived the cubic
polynomial fitting curve, which exactly matched the experi-
mental results. Yin et al. [21] used the coal briquette pro-
duced by gas outburst coal to carry out seepage tests and
obtained the power distribution curve of the experimental
data. Cai and Yu [22] and Cai and Sun [23] conducted a the-
oretical study on the imbibition (which is a typical type of
capillary flow) in porous media and proposed a fractal model
for the elucidation of fracture mechanism and porosity.
Zhang et al. [24–26] experimentally studied the effect of gas
injection displacement on the coal permeability and reported
that the latter could be improved after adsorbing N2. Many
scholars worldwide paid much attention to the effect of effec-
tive stress or pore pressure on the permeability. However,
only a few of them attempted to perform a comprehensive
analysis of permeability response to pore pressure under
complex stress conditions (different effective stress, confining
pressure). Furthermore, most scholars focused on the effect
of effective normal stress on coal permeability, while studies

on the influence of coal skeleton shear stress on the perme-
ability are quite scarce. The effect of pore pressure on perme-
ability is generally attributed to (i) the Klinkenberg (gas
slippage) effect and (ii) the pore pressure compression effect.

In 1941, Klinkenberg [27] revealed that, in contrast to liq-
uids, gases do not adhere to the pore walls, and their slippage
along the latter gives rise to an apparent dependence of per-
meability on pressure. The pore pressure compression effect
implies that the gas pressure in the coal fissures acts on the
coal matrix and causes the coal matrix to shrink, thus
increasing the seepage channel of the coal fracture and then
increasing the permeability. However, the shrinkage defor-
mation of the coal matrix is related not only to the pore pres-
sure but also to the coal confining pressure. The extension
and dilation of the fracture are limited by the increasing
confining stress in the plastic zone, and the fracture system
cannot enhance the permeability greatly [28]. The deforma-
tion of the coal matrix is generally evaluated by the effective
stress, which combines pore pressure and confining pressure
to characterize the skeleton stress of coal. The deformation
of the coal matrix is accompanied by the restructuring
process in the coal pore system, which affects the permeabil-
ity of coal. Therefore, it is necessary to carry out perme-
ability experiments under complex stress conditions with
variable pore pressure and synthesize the effect of effective
shear stress, so as to deeply study the influence of the two
on coal permeability.

Given this, the characteristics of coal permeability
response to the pore pressure and effective shear stress under
different stress conditions observed in the Xutuan coal mine
in Huaibei Coalfield in China were experimentally investi-
gated in this paper. The experiment of gas seepage for various
stress conditions was carried out with the gas flow and
displacement testing apparatus developed by the authors
of this study. The influence of pore pressure on permeability
under different stress conditions was analyzed by varying
the pore pressure in coal samples and generating different
in situ stresses. The axial and radial pressures were con-
trolled to study the characteristics of the coal permeability
response to the effective shear stress. It is expected to system-
atically analyze the influence mechanism of the two factors
on the permeability of bituminous coal and to perfect the the-
oretical basis for coalbed methane (CBM) production and gas
injection displacement.

2. Experiment

2.1. Research Background. The Xutuan Coal Mine is located
in the Mengcheng County, southwest of Suzhou City, Anhui
province of China. The Xutuan coal field belongs to the
Permian coal system. The relative gas emission of the mine
is 22m3/t, and the mine belongs to the high gas mine. The
coal of Xutuan coal mine is bituminous coal. 32 and 82 coal
seams are the main mining seams in the mine field, and the
mining area accounts for 99% of the total area.

The results of industrial analysis of coal samples from dif-
ferent areas of the same coal seam are often different, because
of the influence of coal seam occurrence and sampling
methods. It is generally believed that samples with less ash

2 Geofluids



can better reflect the actual situation of coal seam. Therefore,
SA3 and SA8 coal samples are selected as experimental coal
samples. The coal sample SA3 was derived from 32 coal
seam, and the coal sample SA8 was derived from 82 coal
seam. The coal petrology parameters of the main coal seams
are listed in the following two tables (Tables 1 and 2).

The selected lumps of coal from the Xutuan coal mine
site were placed in sealed plastic packing and brought to
the laboratory. Then the coal was processed into a diameter
of 50mm and height of 100mm experimental coal samples.

2.2. Test Equipment. The gas flow and displacement testing
apparatus consists of the following subsystems: the loading
system, the temperature control system, and the strain test
system. The coal sample was placed in a colloid sleeve, and
the confining pressure was loaded using water. The airflow
displacement measuring device is composed of loading sys-
tem, temperature control system, and strain measuring sys-
tem. Coal samples are placed in a colloidal sleeve, and the
confining pressure is loaded with water. The rubber sleeve
is deformed by confining pressure to form a sealed space,
which can prevent gas escaping during the experiment. Axial
pressure was loaded by a fully automatic axial compression
pump. The temperature of the experimental system is main-
tained constant by a recirculating water bath system. When
the water in the high-pressure kettle is heated, the coal sam-
ple will also be heated. When the gas flows out of the coal
sample, it is measured by the flowmeter and the permeability
of the coal under this condition is calculated. It should be
noted that the gas pressure will always be lower than the
confining pressure to prevent the destruction of the sealing
space of the rubber sleeve, thus generating data anomalies.
Figures 1 and 2 are the schematic diagram and the physical
map of the gas flow and displacement testing apparatus.

2.3. Calculation and Test Schemes

2.3.1. Calculation of Permeability. Insofar as coal is a porous
medium, the gas flow in the coal seam can be roughly
described by a linear seepage law. The formula of axial per-
meability of compressible gas can be obtained by normalizing
the flow rate and pressure of Darcy’s theorem permeability
formula [17]:

K = 2P0Q0μL

A P1
2 − P2

2 , 1

where K is the coal permeability, mD; Q is the gas flow
rate, cm3/s; μ is the gas viscosity coefficient, Pa·s; L is the coal
sample length, cm; A is the base area of the coal sample, cm2;
P1 and P2 are the relative gas pressures at the inlet and outlet
of the raw coal sample, respectively, MPa.

2.3.2. Calculation of the Effective Shear Stress. The following
formula is widely used to characterize the average effective
stress in the relationship between the effective stress and
the permeability in cylindrical coal samples [7, 30]:

σ′ = 1
3 σa + 2σr −

1
2 P1 + P2 , 2

where σ′ is the average effective stress, MPa; σa is the axial
pressure, MPa; σr is the radial pressure, MPa; P1 and P2
are the inlet and outlet pressures in the coal sample,
respectively, MPa.

Under the constant stress conditions, the permeability is
influenced by the axial and radial pressure variations. In
practice, only the effective normal stress effect is considered
by the above equation, while the impact of shear stress is
not taken into account. Although the stress in the coal sample
is hard to assess, the maximum and minimum principal
stresses in the axial and radial planes are considered as the
axial and radial pressures, respectively. Thus, the average
effective shear stress of coal samples is assessed.

τ′ = σa − σr
2 , 3

where τ′ is the average shear stress, MPa.
The effect of the average effective shear stress of the coal

sample on the permeability is accounted for by controlling
the test conditions. The shear stress can be varied to carry
out the permeability test under constant normal stress,
and then the coal permeability variation with the average
effective shear stress can be obtained. Next, the permeabil-
ity test results obtained at the same effective shear stress
values are compared.

2.3.3. Test Schemes. The pore pressure effect on the perme-
ability under various pressure conditions was studied on coal
samples SA3 and SA8 in CH4 environments, respectively.
The seepage tests under the following three stress conditions
were conducted as well: (1) tests with a constant confining
pressure and varying inlet pore pressure (σr = σa = constant);
(2) tests with a constant average effective stress and varying
inlet pore pressure (σ′ = σa – P1 + P2 /2 = constant ∩ σr =
σa); (3) tests with a constant inlet effective stress and varying
inlet pore pressure ( σ′ = σa − P1 = constant ∩ σr = σa).

The respective characteristics of permeability response to
the internal forces of the coal skeleton were experimentally
obtained using the test schemes plotted in Figures 3–5, where
the evolutions of axial, radial, and inlet pore pressures are
indicated by circles, crosses, and triangles, respectively. The

Table 1: Maceral statistics of sampling coal seam [29].

Coal
samples

Organic component (%)
Rmax (%)Vitrinite Semivitrinite Inertinite Exinite

SA3 66.93 9.68 14.53 8.86 0.82

SA8 72.96 9.79 12.06 5.19 0.95

Table 2: The proximate analyses of sampling coal seam [29].

Coal samples Mad (%) Aad (%) S.d (%) P.d (%) Vdaf (%)

SA3 1.51 18.85 0.68 0.0089 35.39

SA8 1.41 17.88 0.53 0.0112 31.93

Note: Mad: moisture content; Aad: ash content; S.d: sulfur content; P.d:
phosphorus content; Vdaf: volatile matter, ad: air dried condition, daf: dry
ash free condition.
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permeability tests with control of the effective normal and
shear stresses in coal samples were also carried out, according
to the test schemes depicted in Figures 6 and 7, respectively.

3. Experimental Results and Discussion

3.1. Experimental Results and Analysis of Pore Pressure
on Coal Samples. The experimental dependences of the coal
sample permeability versus inlet pressure under constant
confining pressure values were obtained and plotted in
Figure 8, where positive and negative confining pressure
values correspond to the loading and unloading stages of
the coal samples, respectively.

The preliminary analysis of Figure 8 reveals that (i) all
permeability curves exhibit a decreasing trend at the initial
stage, which is followed by a rising one, and (ii) all permeabil-
ity curve corresponding to the sample unloading stage are
lower than those of the loading one at the confining pressure
values. These two findings can be substantiated as follows.

A constant confining pressure is equivalent to imposing
constant confining stresses to the coal sample, that is, gradu-
ally increasing the inlet pressure under the condition that the
total stress remains unchanged. In the case of the constant
stress, an increase in the pore fluid pressure is expected to
reduce stresses in the coal body skeleton, leading to the

fracture expansion by the fluid extrusion, thus increasing
the permeability. However, the experimental results on pore
pressure seepage under constant confining pressure show a
different pattern: the permeability decreases first and then
increases with the pressure. By comparing the permeability
curves constructed under different confining pressures, it
can be seen that larger confining pressures result in more
pronounced declining trend at the early stage. Such decline
can be attributed to the Klinkenberg effect (KE) of pore gas
flow and to the fact that too low pore pressures have a weak
impact on the coal skeleton deformation. Gas flow in porous
media is quite different from liquid flow due to the large gas
compressibility and pressure-dependent effective permeabil-
ity [31]. This explains why higher confining pressures pro-
mote the initial decreasing trend of permeability curves.

The KE of gas flow in a porous medium refers to the fact
that the velocity of gas molecules on the pore surface is
almost the same as that in its center. This is due to the small
molecular binding force between the gas and the solid. On
the other hand, the gas molecules in the adjacent layers have
kinetic energy exchange, which leads to the homogenization
of the molecular layer of the gas in the channel wall and the
molecular layer of the center of the channel. The influencing
factors of KE (gas slippage effect) are assessed via the follow-
ing equation [27]:

K∞ =
Kg

1 + b/p , 4

where Kg is the permeability of a porous medium with an
average pore pressure of p, mD; K∞ is the Klinkenberg per-
meability, also known as the equivalent liquid permeability,
which is independent of the pore pressure, mD, while b is a
coefficient related to the pore structure of rock and the mean
free path of gaseous molecules, which is also referred to as the
Klinkenberg coefficient. The relationship between average
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Figure 1: Schematic diagram of the gas flow and displacement testing apparatus.

Figure 2: The gas flow and displacement testing apparatus.
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effective stress and permeability can be obtained by substitut-
ing parameters related to b. It can be derived as follows [17]:

Kg = 1 + 4ckBT
2πrd2p

K∞, 5

where c is a proportional coefficient; T is thermodynamic
temperature, K; kB is the Boltzmann constant; d is the diam-
eter of percolation gas molecule, m.

It can be seen from equation (5) that the KE influencing
factors, in the decreasing order of their significance, are the

average pore pressure, the pore radius of the porous
medium, and the molecular diameter of the percolation
gas at constant temperature. Smaller pore pressures result
in higher deviations of the gas permeability from the equiv-
alent liquid permeability, as well as in a more pronounced
gas slippage effect. Therefore, the decreasing trend at the
initial stage of the permeability curve in Figure 8 has the
following explanation. Because the gas slippage effect is
the most pronounced at low gas pressures, the gas perme-
ability sharply increases with the equivalent liquid perme-
ability. With an increase in the gas pressure, the slippage
effect gradually weakens, and the gas permeability increase
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is slowly saturated, as compared to that of the equivalent liq-
uid. Besides, an increase in the confining pressure will reduce
the pore radii of coal samples and further enhance the
slippage effect in coal. Thus, the larger the confining pressure,
the more pronounced the decreasing trend of the initial
portions of permeability curves.

Based on the above analysis, permeability curves at
constant confining pressure can be subdivided into three
portions and respective stages.

(1) The KE stage, which is the initial stage of low pore
pressures, at which the seepage characteristics of coal
are mainly affected by the KE, and the permeability of
coal decreases with pore pressure

(2) Stable seepage stage, wherein the coal permeability is
slightly affected by the pore pressure growth. At this

stage, the KE is gradually saturated to almost zero
effect on permeability, and the pore pressure increases
slowly, but the impact of the coal and crack opening is
very weak. Therefore, this is a stable stage with a slight
permeability variation

(3) Percolation penetration stage, at which any increase
in pore pressure will have a significant impact on
the structural damage and coal skeleton deforma-
tion. At this stage, the inlet pressure of the coal sam-
ple gradually approaches to the simulated ground
stress, the pore pressure makes the coal skeleton
compressed and deformed, and the opening of pore
channel cracks increases. The coalescence of some
nonconnected pores may occur with gas pressure
rise, resulting in the gas penetration. The permeabil-
ity increases rapidly with the growth of pore pressure
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Figure 5: Tests on the pore pressure effect on the permeability under constant inlet effective stress.
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The other finding made from Figure 8 was that the per-
meability curves at the unloading path are always lower
than those at the loading path. Because coal is a typical plas-
tic material, according to the principle of elastic-plastic
mechanics, the stress-strain relationships of plastic materials
depend on time and may feature multiple values. Under the
same stress, the strain values may vary due to different load-
ing and unloading processes. Therefore, the deformation of
the solid skeleton and the expansion and contraction of the
microporous fracture depend not only on the stress level

and the material properties but also on the loading and
unloading histories. The porosity characteristics of coal
samples directly influence the gas permeability. The perme-
ability curves corresponding to the unloading and loading
paths may feature some high-pressure loads, which lead to
the compression and closure of some microporous chan-
nels. After unloading, the opening of these microporous
channels will exhibit a hysteresis loop phenomenon, and
the longer the loading history, the more pronounced the
hysteresis loop.
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In fact, when the confining pressure is constant, the curve
of permeability changing with the entrance pore pressure is
the result of the interaction of pore pressure and effective
stress. When the entrance pore pressure increases, the
average pore pressure increases, the average effective stress
decreases, and the permeability increases under the com-
bined action of the two. In order to study the effect of pore
pressure on coal permeability, it is necessary to exclude the
effect of effective stress changes. If the effective stress of the
coal sample is constant and falls into the elastic range of the
coal sample skeleton deformation, the latter will be stable,
and the fracture pattern will not change. Moreover, if the
KE and the capillary condensation of coal are excluded,
the permeability will not vary. The respective tests under
constant mean and inlet effective stress conditions were
performed to verify the above theoretical concept.

It was quite problematic to maintain constant values of
the effective stress of coal samples under varying pore pres-
sure conditions. The gas seepage tests with constant average
effective stress values were carried out by keeping constant
the difference between the radial and average pore pressures
and varying the inlet pressure continuously. The constant
inlet effective stress values were achieved by holding constant
the difference between the radial and inlet pressures and
varying the inlet pressure consistently in the respective gas
seepage tests. The curves of permeability of coal samples
under constant average and inlet effective stresses are plotted
in Figures 9 and 10, respectively.

Although the average effective stresses of coal samples are
constant, the difference between the inlet and outlet effective
stress values increases. As shown in Figure 9, permeability
curves firstly show a decreasing trend, which is followed by
an increasing one, regardless of the average effective stress
values. In fact, this decreasing trend implies that the lower
is the pore pressure caused by the gas slippage effect, the

higher is the gas permeability. The increasing trend in the
later period of the permeability curve is presumed to be
related to the heterogeneity of the microdeformation caused
by the increased difference between the inlet and outlet effec-
tive stress values in coal samples. Thus, with the growth of
pore pressure, although the average effective stress remains
unchanged, the difference between the effective stresses at
the inlet and the outlet of the coal sample increases continu-
ously. The corresponding strain/deformation increase in the
coal sample inlet and outlet leads to the rise of permeability.

When the effective inlet stress of samples is constant,
the stress of the coal sample skeleton increases gradually
with the pore pressure. As shown in Figure 10, the perme-
ability decreases with the growth of inlet pressure. In fact,
the decreasing trend of permeability is caused by two factors.
On the one hand, the lower the pore pressure is, the higher is
the measured gas permeability over that induced by the gas
slippage effect. On the other hand, the inlet fluid pressure
keeps increasing, and the effective stress of coal sample
keeps growing under the condition that the effective inlet
stress remains unchanged. The compression of coal skele-
ton leads to the contraction of cracks, which leads to the
permeability reduction.

Besides, the common features of the permeability curves
in Figures 8–10 are that, with an increase in the confining
pressure or effective stress, the variation of permeability with
the pore pressure and inlet pressure is becoming smaller and
smaller. In other words, the growth of confining pressure or
effective stress gradually weakens the sensitivity of perme-
ability to the pore pressure and inlet pressure.

3.2. Analysis of Seepage Test Results with Different Effective
Stress Values. Insofar as no noticeable difference in the per-
meability of the SA3 and SA8 coal samples was observed,
the permeability test results are listed and analyzed only for
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SA3. The test results obtained under constant effective shear
and normal stress conditions are depicted in Figures 11 and
12, respectively.

According to Figure 11, under constant effective shear
stress conditions, the permeability of coal sample decreases
with the average effective normal stress. The initially strong
declining trend of the permeability curve becomes saturated

with an increase in the average effective normal stress. Note-
worthy is that when the average effective normal stress is in
the range of 1.5-2.5MPa, the permeability curve with larger
effective shear stress is always higher than that with a smaller
one. When the average effective normal stress exceeds
2.5MPa, there is no noticeable difference in permeability
curves constructed under different effective shear stress
values. The effective normal stress represents the internal
compressive force of the coal skeleton. This compressive
effect will inevitably lead to the compression of fractured coal
masses and reduce their permeability. When the average
effective normal stress increases in the initial stage, the cracks
in the coal body change from opening to closing, and the per-
meability change is more sensitive. However, as the stress
continues to increase, the cracks in the coal body remain
closed, and there is no sign of expansion, so the permeability
curve changes gently. Fitting formulas for different curves are
shown in Table 3. The relationship between permeability and
effective positive stress is negative exponential function,
which is the same as that of other scholars. Compared with
different effective shear stress permeability curves, the per-
meability increases gradually with the increase of effective
shear stress, but there are fewer data points in the figure, so
further analysis is made in subsequent experiments.

In this study, additional seepage tests of the permeability
response to the effective shear stress were carried out with
constant average effective normal stress values. The experi-
mental results are shown in Figure 12: the permeability curve
exhibits a gradual rise with the effective shear stress when the
effective shear stress is negative (i.e., the axial pressure is less
than the radial one), but this increasing trend of permeability
is not strongly pronounced. When the effective shear stress
attains positive values (the axial pressure exceeds the radial
one), this increase becomes more evident.
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Figure 10: Test results on the pore pressure seepage under constant inlet effective stresses.
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Figure 11: The seepage test results obtained under constant
effective shear stress conditions.
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From the point of view of coal skeleton stress, the effec-
tive normal stress of coal is constant, which shows that the
compressive stress of coal skeleton has not changed. But at
this time, the increase of effective shear stress leads to the
increase of permeability, which indicates the deformation of
coal skeleton and internal cracks. Even, local fracture of coal
body skeleton may occur, and internal cracks develop further
due to the influence of shear slip. Concerning the stress sen-
sitivity, consider the case where the effective shear stress is
negative, i.e., the radial pressure is higher than the axial
one. If the average effective normal stress is kept constant,
the coal skeleton has the same compression state, whereas
the effective shear stress represents the intensity of shear slip
in the coal skeleton. So, in this case, the shear slip degree
caused by the effective shear stress is quite intense, and the
coal sample permeability is high. Under the same effective
normal stress conditions, if the axial pressure is less than
the radial one, the shear slip degree caused by the effective
shear stress is less intense, and the coal permeability is some-
what lower, but this trend is not apparent. Besides, under
negative effective shear conditions, the permeability curves
change slightly, while under a positive one, this change is

more drastic. Therefore, the permeability is more sensitive
to the axial pressure, which acts parallel to the flow direction,
and shows low sensitivity to the vertical radial pressure of the
seepage flow. The fitting formulas are given in Table 4. The
relationship between permeability and average effective shear
stress is exponential function and fits well.

The compression effect of the coal skeleton is the primary
source of the coal sample permeability reduction with the
average effective normal stress. The shear slip degree of coal
skeleton characterized by effective shear stress also affects
the permeability of coal samples. When the effective normal
stress is constant, the compression effect of the coal skeleton
will remain unchanged, but it will still be deformed by the
effective shear stress, and the cracks will dislocate or even
extend. The influencing factors of coal body are the magni-
tude and direction of effective shear stress.

When the axial pressure of coal sample is larger than the
radial one, the effective shear stress is positive and the coal
sample shows cross slip (Figure 13(a)). In this case, the per-
meability increases with the effective shear stress, which rep-
resents the intensity of shear slip in the coal skeleton. When
the radial pressure of coal samples is higher than the axial
pressure, the effective shear stress is positive and the sepa-
rated slip will appear (Figure 13(b)). In this case, the perme-
ability decreases with the effective shear stress, but the
decreasing trend is less apparent.

4. Conclusions

(1) Under constant confining pressure (which models
the ground stress), the permeability of coal sample
decreases first and then increases with the inlet pore
pressure (which simulates the coal seam gas pres-
sure). Permeability curves at constant confining pres-
sure can be subdivided into three portions and
respective stages, the KE stage, stable seepage stage,
and percolation penetration stage. This is the result
of the interaction of effective stress and pore pressure

(2) The permeability curves at the unloading path are
always lower than those at the loading path

(3) When the average effective stress is constant, the per-
meability curve exhibits a V-shaped portion versus
the pore pressure
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Figure 12: The seepage test results obtained under constant
effective normal stress conditions.

Table 3: Fitting formula.

The effective shear stress (MPa) Fitting formula R2

-0.5 K = 5 05e −1 27σ′ + 0 32 0.99

-0.25 K = 11 03e −1 53σ′ + 0 34 0.99

0 K = 61 28e −2 25σ′ + 0 45 0.99

0.25 K = 65 14e −2 11σ′ + 0 36 0.99

0.5 K = 228 25e −2 56σ′ + 0 39 0.99

Table 4: Fitting formula.

Average effective normal stress
(MPa)

Fitting formula R2

3.17 K = 0 07e 1 42τ′ + 0 37 0.99

3 K = 0 06e 1 77τ′ + 0 4 0.99

2.83 K = 0 12e 1 1τ′ + 0 38 0.99

2.67 K = 0 15e 1 34τ′ + 0 4 0.99

2.5 K = 0 12e 1 95τ′ + 0 47 0.99
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(4) With an increase in confining pressure and effective
stress, the variation of permeability decreases with
pore pressure and inlet pressure. In other words, the
growth of confining pressure and effective stress leads
to the gradually saturated sensitivity of permeability
to the pore pressure inlet pressure

(5) The permeability gradually increased with the effec-
tive shear stress, but this increasing trend was not
apparent when the effective shear stress was negative.
With the attainment of positive values by the effective
shear stress, the above trend gradually became more
pronounced. The relationship between permeability
and average effective shear stress is exponential func-
tion and fits well

(6) The coal sample permeability increased with the
effective shear stress when its axial pressure exceeds
the radial one. In the opposite case, the reverse trend
was observed. Finally, the coal sample permeability
was found to be more sensitive to the effective shear
stress under cross shear slip conditions than under
the separated ones
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