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The sediment bedding direction and loading-unloading have signiﬁcant eﬀect on permeability of coal sample. The coal samples
taken from Zhangcun Coal Mine in Shanxi were used to measure coal permeability with diﬀerent sediment beddings under the
eﬀect of loading and unloading by the triaxial coal-rock seepage experimental apparatus. The inﬂuence of gas pressure,
loading-unloading, and sediment bedding direction on the permeability of coal samples was analyzed, and the functional
relationship among these parameters was recovered by ﬁtting. The results show that the permeability of all vertical, dip, and
horizontal bedding coal samples decreases exponentially with the increase of eﬀective stress during stress loading, while the
permeability of three kinds of bedding coal samples increases exponentially with the decrease of eﬀective stress during stress
unloading. Under the same gas pressure, the fracture space of coal samples with vertical and dip bedding is more likely to be
compressed and closed at the initial stage of loading, resulting in great decrease of the permeability. In the initial stage of
unloading, the microcracks and natural beddings in coals gradually expand and connect. Due to the well development of
fractures, the permeability of vertical bedding coal samples increases greatly, while the permeability of dip and horizontal
bedding coal samples increases slightly. In the loading process, the permeability of coal sample is vertical bedding > dip
bedding > horizontal bedding in order. For the tested samples, the permeability of vertical bedding coal samples is 1.3 to 2.8
times that of dip or horizontal bedding coal samples. In the unloading process, the permeability of the vertical bedding coal
samples was 2.8 to 3.3 times that of the dip or horizontal bedding coal samples.

1. Introduction
As a disastrous gas, coal seam gas brings great harm to coal
mine production. The permeability in coal seam is the key
factor determining the eﬃciency of gas drainage [1–3]. The
mining disturbance will aﬀect the bedding development of
fractured coal [4] and thus determine the permeability of
coal seam [5–7]. The anisotropy and heterogeneity aﬀect
the permeability, which acts an important role in the eﬀective prevention and control of gas disasters [8–12]. Therefore, it is extremely signiﬁcant to study the variation law of

coal permeability with diﬀerent bedding directions under
triaxial loading or unloading.
For the porous material of coal seam, the relationship
between coal porosity and permeability is the focused point
in the current time, and many conceptual and mathematical
models were proposed, including the general porositypermeability models representing the behavior of coal matrix
(primary media) and fractures (secondary media) under variable stress conditions [13], the porosity-permeability model
representing the coupling of reservoir and geomechanics
[14], and the permeability model representing diﬀerent
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damage zones (caving, fractured, deformed, and original
zones) around the longwall face [15]. However, these models
did not consider the eﬀect of anisotropy and heterogeneity on
coal permeability. With the deepening research of coal permeability, some scholars put forward an improved anisotropic permeability model through the ﬁnite element
method [16, 17] and studied the eﬀect of permeability heterogeneity on the production of coalbed methane [18, 19]. Based
on the principle of equivalent displacement, Lin et al. [20]
described the permeability of anisotropic coal in diﬀerent
directions and established a structural anisotropy and multiphysical ﬁeld coupling model for gas-bearing coal seams.
After the same time period of gas drainage, the residual gas
concentration in the coal seam when the borehole is perpendicular to the bedding direction is about 1.4 times that in the
parallel bedding direction. Hence, the drilling arrangement is
suggested to be perpendicular to the bedding direction of coal
seam. Ma et al. [21] and Fan et al. [22] studied the relationship between the anisotropic permeability and fracture structure of coal samples in three directions, and the results show
that microfractures are crucial to the permeability parallel to
the bedding direction, which leads to a higher anisotropy
ratio between parallel and perpendicular to the bedding
direction.
Scholars also carried out investigation on the seepage
properties of coal and rock mass by series of physical experiments. The permeability model for shale under anisotropic
true triaxial stress conditions has been established through
the self-developed triaxial seepage instrument for testing
the seepage properties [23, 24]. Some scholars considered
the inﬂuence of coal bedding and stress state on permeability
and proposed a layer-based permeability model [25] and
dynamic anisotropy (D-a) permeability model [26]. Liu
et al. [27] and Li et al. [28] carried out the experiments on
the coal deformation and permeability evolution under the
condition of true triaxial stress and established the stressstrain relationship model of bedding coal to quantify the
inﬂuence of bedding eﬀect on coal permeability under the
triaxial stress state. The deformation of coal is closely similar
to the deformation of shale bedding, and the stress path and
eﬀective conﬁning stress on coal have signiﬁcant inﬂuences
on its deformation behavior and permeability evolution
[29–31]. In addition, stress loading and unloading conditions have a signiﬁcant eﬀect on the permeability of bedding
coal. For example, in the process of deep mining, the excavation disturbance stress path [32], conﬁning pressure [33],
bedding structure [34, 35], gas temperature and pressure,
creep stress, and strain have signiﬁcant inﬂuence on gas
seepage law [36, 37]. Under the same unloading condition,
the increase of permeability of coal samples with parallel
bedding fractures is much larger than that of coal samples
with vertical bedding fractures [38]. Under layered cyclic
loading, the gas slip eﬀect is greater than the eﬀective stress
eﬀect in the low pore gas pressure range [39–41]. It is found
that the permeability of coal reservoir in diﬀerent directions
decreases exponentially with the increase of eﬀective stress
[42, 43]. Wang et al. [44] and Fan et al. [45] proposed an
analytical model to describe the anisotropic permeability
evolution of coal due to the change of eﬀective stress and
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gas adsorption, which captures various eﬀects of mechanical
properties and gas adsorption-induced directional strains on
anisotropic characteristics.
However, the evolution law of permeability of coal samples with diﬀerent bedding directions under loading and
unloading conditions requires further studies. In this paper,
the seepage experiments on coal samples with three types of
beddings, vertical, dip, and horizontal, under the constant
gas pressure, and varying loading-unloading conditions were
carried out, by using the triaxial stress coal-rock seepage
experimental apparatus. The inﬂuence of eﬀective stress on
coal permeability is studied to provide a reference for safe
and eﬃcient gas drainage during coal mining.

2. Experimental Apparatus and Scheme
2.1. Coal Sample Preparation. Coal blocks with layered sediment structure were collected from the 2606 roadway (3#
coal seam) in Zhangcun Coal Mine, Shanxi Province. Coal
samples with horizontal bedding at natural moisture content
(HN, horizontal-natural), vertical bedding (VN, verticalnatural), and dip bedding (DN, dip-natural) were drilled
out by a rock drilling sampler from the collected coal
block, and the samples were processed to be 50 mm ×
100 mm (diameter × height) in size, with the ﬂatness of
±0.05 mm at the end faces. Each bedding form has a
group of 3 coal samples marked as 1#, 2#, and 3#, respectively. As shown in Figure 1, the angle between the radial
direction of coal sample and the bedding is deﬁned as β;
thus, the horizontal bedding and the vertical bedding are
β = 0° and β = 90° . The dip samples are DN-1# (β = 39° ),
DN-2# (β = 45° ), and DN-3# (β = 42° ). In order to minimize the manual error in processing and the individual
divergence of coal samples, experiments were carried out
on the same group of coal samples placed in a holder after
applying a uniform silicone rubber around.
2.2. Experimental Apparatus and Principle. The experiments
on the permeability of coal samples under loading and
unloading conditions were carried out by the triaxial stress
coal-rock seepage experimental apparatus at Liaoning Technical University, as shown in Figure 2. The experimental
apparatus is mainly composed of seven parts: hydraulic
servo loading unit, clamping device, constant temperature
unit, gas supply unit, gas pressure control unit, data acquisition and analysis unit, and auxiliary unit, e.g., pipelines.
Figure 3 shows the principle of the triaxial stress coalrock seepage experimental apparatus. The hydraulic servo
loading unit includes a ring pressure tracking pump, a pressure gauge, and an axial stress pump, which can adjust the
conﬁning and axial stress on coal sample. The processed coal
sample is put into the holder, and the temperature in the
experiment can be adjusted by the incubator. The gas supply
unit includes a nitrogen cylinder and pressure-reducing
valve. The gas pressure control unit includes gas booster
pump, air compressor, automatic pressure switch, pressure
gauge, storage tank, pressure-regulating valve, and pressure
sensor. Nitrogen gas is stored in the storage tank through
the gas booster pump, and the pressure-regulating valve
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B Dip-natural
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Figure 1: Prepared coal samples with diﬀerent beddings. (a) Photo of the prepared coal sample. (b) Sketch of the bedding direction in the
fractured coal.

Figure 2: Photo of the triaxial stress coal-rock seepage experimental apparatus.

can adjust the gas pressure. The ﬂowmeter can detect the gas
ﬂow rate and gas ﬂow. The sensor data monitored from the
conﬁning stress tracking pump, ﬂowmeter, and pressure are
transmitted to the computer through the data bus for storage, analysis, and processing.
The experiments on diﬀerent bedding coal samples were
carried out by changing the injected gas pressure, while the
triaxial stress of loading and unloading is applied to the coal
samples. The average eﬀective stress can be calculated
according to the following:
σ=

1
1
ðσ + 2σ2 Þ − ðP1 − P2 Þ,
3 1
2

ð1Þ

where σ is the average eﬀective stress (MPa); σ1 is the axial
stress (MPa); σ2 is the conﬁning stress (MPa); P1 is the inlet
gas pressure (MPa); P2 is the outlet gas pressure (MPa),
which is equal to the atmospheric pressure in this study.
Assume that the nitrogen migration in coal sample is an
isothermal process, and the nitrogen seepage conforms to
Darcy’s law. The permeability of coal sample during the
loading and unloading failure is calculated by the following:

k=

2μP0 QL
,
As P21 − P22

ð2Þ

where k is the permeability of coal sample (mD); μ is the viscosity coeﬃcient of methane (Pa·s); P0 is the atmospheric
pressure of measuring point (MPa); P1 and P2 are the gas
pressures at the inlet and outlet of the holder (MPa); Q is
the nitrogen ﬂow rate at a standard condition (cm3/s); L is
the length of coal sample (cm); As is the cross-sectional area
of the coal sample (cm2).
2.3. Experimental Scheme. In the seepage experiment, the
initial axial stress is set as 5 MPa, and the initial conﬁning
stress is set as 4 MPa, as shown in Figure 4. We adopt the
step loading scheme of axial and circular pressure at the
same time; that is, the axial stress gradient is 2.5 MPa and
the circular pressure gradient is 2 MPa. For the stress
unloading experiment, the initial axial stress is 20 MPa,
and the initial conﬁning stress is 16 MPa. We adopt the axial
stress as a constant of 20 MPa and the conﬁning stress as a
step unloading scheme, with the conﬁning stress gradient
of 0.5 MPa. Inlet pressure is set as 1 or 2 MPa, and outlet
pressure is set as 0.1 MPa—atmospheric pressure.
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Figure 3: Principle of the triaxial stress coal-rock seepage experimental apparatus.

monitor, and check whether the strain signal can
be transmitted to the computer successfully

22
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(3) Install the lower base of the holder, align the upper
and lower bases of the holder, tighten the bolts,
and seal with a sealing ring. Connect relevant pipelines and instruments, empty the ﬁlled water, and
test the air tightness of the apparatus
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Figure 4: Stress loading and unloading scheme.

The speciﬁc steps of the seepage experiments are as
follows:
(1) The longitudinal and transverse strain gauges are
pasted on the surface of coal sample with glue to
ensure the ﬁrmness
(2) Put coal sample with strain gauge into the holder,
connect the signal line of strain gauge to the strain

(4) Stress loading step: close the liquid outlet valve and
start the computer loading control program. Apply
axial stress of 5 MPa and radial pressure (conﬁning
stress) of 4 MPa on the coal sample through the
hydraulic loading unit. Inject gas into coal sample with
a certain pressure to obtain the initial pressure in coal
sample. The conﬁning stress should be slightly greater
than the injected gas pressure to ensure the stability
and air tightness of coal sample. This avoids nitrogen
gas ﬂowing through the edge of the holder. In the process of stress loading, the axial stress and the conﬁning
stress are increased simultaneously. Speciﬁcally, the
axial stress is adjusted from 5 MPa to 20 MPa with
an increase pressure gradient of 2.5 MPa, and the conﬁning stress is adjusted from 4 MPa to 16 MPa with an
increase pressure gradient of 2 MPa. Adjust the gas
outlet valve of the high-pressure gas cylinder to maintain the tested gas pressure as schemed in Figure 4
(5) Stress unloading step: after the nitrogen gas is balanced, the radial pressure and the axial stress are
16 MPa and 20 MPa, respectively. Keep the axial
stress constant and gradually unload the conﬁning
stress with a decrease gradient of 0.5 MPa until the
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Table 1: Permeability tested results of diﬀerent bedding coal samples during the loading process.

Eﬀective stress (σ/MPa)
3.88
6.05
8.22
10.38
12.55
14.72
16.88

Gas pressure of 1 MPa
Permeability (K/mD)
VN-1/90°
DN-1/39°
HN-1/0°
1.050
0.753
0.501
0.363
0.271
0.206

0.755
0.494
0.314
0.212
0.145
0.102
0.074

conﬁning stress is slightly greater than the injected
gas pressure as schemed in Table 1. During unloading, the pressure sensor measures the injected gas
pressure, and the ﬂowmeter collects the gas ﬂow rate
and ﬂow ﬂux

0.652
0.493
0.462
0.422
0.120
0.087
0.063

3.1. Eﬀect of the Eﬀective Stress on Coal Permeability during
Loading. For the seepage experiment in loading step, both
the axial stress and the conﬁning stress are synchronous
loaded. The axial stress is adjusted from 5 MPa to 20 MPa
with an increase pressure gradient of 2.5 MPa, and the conﬁning stress is adjusted from 4 MPa to 16 MPa with an
increase pressure gradient of 2 MPa. The conﬁning stress is
slightly larger than that of injected gas pressure, as shown
in Table 1.
Figure 5(a) shows the evolution of permeability of diﬀerent bedding coal samples under the conditions of injected
gas pressure of 1 MPa, the initial axial stress of 5 MPa, and
initial conﬁning stress of 4 MPa. As the loaded eﬀective
stress increases from 6.05 MPa to 10.38 MPa, the permeability of vertical sample VN-1# decreases from 1.050 mD to
0.501 mD in an exponential function, the permeability of
dip sample DN-1# exponentially decreases from 0.494 mD
to 0.212 mD, and the permeability of horizontal sample
HN-1# exponentially decreases from 0.493 mD to
0.422 mD. The permeability decreased by 52.29%, 57.0%,
and 14.4% for vertical, dip, and horizontal bedding coal
samples, respectively.
Figure 5(b) shows the variation of the permeability of
diﬀerent bedding coal samples with the injected gas pressure
of 2 MPa, the initial axial stress of 5 MPa, and the initial conﬁning stress of 4 MPa. The bedding angles β of DN-3# and
HN-2# are 42° and 0°, respectively. As the loaded eﬀective
stress increases from 3.38 MPa to 5.55 MPa, the permeability
of dip sample DN-3# exponentially decreases from
0.334 mD to 0.239 mD, and the permeability of horizontal
sample HN-2# exponentially decreases from 0.298 mD to
0.217 mD. The permeability decreased by 28.44% and
27.18% for dip and horizontal samples, respectively. It can
be implied that the fracture space of vertical and dip samples

3.38
5.55
7.72
9.88
12.05
14.22
16.38

0.334
0.239
0.151
0.105
0.075
0.057
0.043

0.298
0.217
0.134
0.091
0.066
0.051
0.040

is easier to be compressed and closed than that of horizontal
bedding coal samples at the initial stage, resulting in greater
decrease of the permeability.
The exponential function is selected for ﬁtting, and the
formula is as follows:

(6) Replace coal sample, change the injected gas pressure, and repeat the above steps

3. Results and Discussions

Gas pressure of 2 MPa
Permeability (K/mD)
DN-3/42°
HN-2/0°

Eﬀective stress (σ/MPa)

k = AeBσ ,

ð3Þ

where σ is the average eﬀective stress (MPa); A and B are the
ﬁtting coeﬃcients.
The curves of permeability of diﬀerent bedding coal
samples with the average eﬀective stress were ﬁtted during
the loading process in Figure 5.
From Equation (1), the average eﬀective stresses of vertical, dip, and horizontal bedding coal samples are the same
when the same axial stress and conﬁning stress are loaded
under the constant injected gas pressure, and the pressure
gradient of each step is the same. Furthermore, the variation
trend and magnitude of coal permeability with average eﬀective stress were compared. Figure 5(a) shows the ﬁtting
curves of permeability of vertical sample VN-1# (β = 90° ),
dip sample DN-1# (β = 39° ), and horizontal sample HN-1#
(β = 0° ) with average eﬀective stress during loading when
the injected gas pressure is 1 MPa; the coeﬃcients of these
ﬁtted exponential functions are 0.997, 0.99866, and
0.84189, respectively. Figure 5(b) shows the ﬁtting curves
of permeability of dip sample DN-3# (β = 42° ) and horizontal sample HN-2# (β = 0° ) with average eﬀective stress during loading when the injected gas pressure is 2 MPa; the
coeﬃcients of these ﬁtted exponential functions are
0.99597 and 0.99351, respectively. With the continuous
increase of the average eﬀective stress, there is a minimum
point in the decreasing coal permeability. The coal sample
undergoes compaction, including both elastic and plastic
deformations, leading to the ﬁnal permeability which tends
to be a stable minimum value [46, 47].
When the axial stress is 5 MPa, conﬁning stress is 4 MPa,
and the injected gas pressure is 1 MPa. The initial permeability of vertical sample VN-1# (β = 90° ) is 1.3 times that of dip
sample DN-1# (β = 39° ), as shown in Figure 6(a). With gradual increase of the average eﬀective stress, the maximum and
minimum permeability ratio of VN-1# to DN-1# are 2.8 and
1.3, respectively. The initial permeability of vertical sample
VN-1# (β = 90° ) is 1.5 times that of horizontal sample HN-
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Figure 5: Permeability change of diﬀerent bedding coal samples during stress loading. (a) Gas pressure of 1 MPa. (b) Gas pressure of 2 MPa.
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Figure 6: Permeability ratios of diﬀerent bedding coal samples during stress loading. (a) Gas pressure of 1 MPa. (b) Gas pressure of 2 MPa.

1# (β = 0° ). With a gradual increase of the average eﬀective
stress, the maximum and minimum permeability ratios of
coal samples VN-1# to HN-1# are 3.3 and 1.2, respectively.
The initial permeability of the dip sample DN-1# (β = 39° )
is 1.2 times that of the horizontal sample HN-1# (β = 0° ).
With the increase of the average eﬀective stress, the maximum and minimum permeability ratios of DN-1# to HN1# coal sample are 1.2 and 0.5, respectively.
Figure 6(b) presents permeability ratios of diﬀerent bedding coal samples during loading when the injected gas pressure is 2 MPa. The initial permeability of the dip sample DN3# (β = 42° ) is 1.12 times that of the horizontal sample HN2# (β = 0° ). With the increase of average eﬀective stress, the
permeability ratio of coal samples DN-3# to HN-2# is featured by a maximum value of 1.15 and a minimum value
of 1.09.
3.2. Eﬀect of the Eﬀective Stress on Coal Permeability during
Unloading. In the unloading step of seepage experiment,
the axial stress remained unchanged -20 MPa, and the con-

ﬁning stress is unloaded in steps from 16 MPa to 3.5 MPa
with 0.5 MPa/step. The conﬁning stress should be slightly
larger than the injected gas pressure. When the injected
gas pressure is 1 or 2 MPa, the permeability of the diﬀerent
bedding coal samples increases exponentially with the
decrease of the eﬀective stress in the process of unloading,
as shown in Table 2.
When the gas pressure is 1 MPa and the eﬀective stress is
16.88 MPa, the initial permeabilities of coal samples VN-1#,
DN-1#, and HN-1# are 0.206 mD, 0.074 mD, and 0.063 mD,
respectively. As the unloaded eﬀective stress decreases from
16.88 MPa to 15.55 MPa, the permeability of coal sample
VN-1# is 104.85% of the initial value, the permeability of
the dip sample DN-1# does not change, and the permeability
of coal sample HN-1# is 104.76% of the initial value. When
the eﬀective stress is unloaded to 13.55 MPa, this ratio
becomes 122.82%, 112.16%, and 128.57% for vertical, dip,
and horizontal samples, respectively.
When the gas pressure is 2 MPa and the eﬀective stress is
16.38 MPa, the initial permeabilities of coal samples DN-3#
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Table 2: Permeability of diﬀerent bedded coal samples under the same gas pressure during unloading.

Eﬀective stress (σ/MPa)
16.88
16.55
16.22
15.88
15.55
15.22
14.88
14.55
14.22
13.88
13.55
13.22
12.88
12.55
12.22
11.88
11.55
11.22
10.88
10.55
10.22
9.88
9.55
9.22
8.88
8.55

Gas pressure of 1 MPa
Permeability (K/mD)
VN-1/90°
DN-1/39°
HN-1/0°
0.206
0.205
0.208
0.213
0.216
0.221
0.228
0.235
0.241
0.251
0.253
0.253
0.273
0.281
0.295
0.312
0.330
0.347
0.370
0.393
0.392
0.417
0.451
0.489
0.529
0.595

0.074
0.072
0.072
0.073
0.074
0.076
0.078
0.080
0.081
0.081
0.083
0.086
0.084
0.090
0.093
0.097
0.099
0.104
0.109
0.114
0.117
0.126
0.136
0.148
0.163
0.182

and HN-2# are 0.043 mD and 0.040 mD, respectively. As the
eﬀective stress is unloaded from 16.38 MPa to 15.05 MPa,
the permeability of the dip sample DN-3# is 106.97% of
the initial value, and the permeability of the horizontal sample HN-2# is 102.5% of that initial value. When the eﬀective
stress is unloaded to 13.05 MPa, this ratio becomes 127.90%
and 125% for dip and horizontal samples, respectively.
During the unloading process, the axial stress remains
unchanged, the conﬁning stress decreases, and the microcracks and beddings in the coal sample expand and connect.
Due to the well development of fractures in the vertical sample, there exist many gas seepage channels. The permeability
of the vertical samples increases signiﬁcantly, while the permeability of dip and the horizontal samples increases
slightly.
As shown in Figure 7, the change curves of permeability
of diﬀerent bedding coal samples under constant gas pressure with the decrease of average eﬀective stress were ﬁtted.
Figure 6(a) presents the ﬁtting curves of permeability of vertical sample VN-1# (β = 90° ), dip sample DN-1# (β = 39° ),
and horizontal sample HN-1# (β = 0° ) with average eﬀective
stress during unloading when the gas pressure is 1 MPa. The

0.063
0.062
0.064
0.066
0.066
0.069
0.070
0.072
0.074
0.077
0.081
0.085
0.089
0.093
0.098
0.105
0.111
0.119
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permeabilities of coal samples VN-1# (β = 90° ), DN-1#
(β = 39° ), and HN-1#(β = 0° ) show an exponential increase
in the process of decreasing average eﬀective stress. The
exponential function is ﬁtted as shown in Figure 7(a), and
the coeﬃcients of these ﬁtted exponential functions are
0.95154, 0.89286, and 0.9001, respectively.
Figure 7(b) shows the ﬁtting curves of permeability of
dip sample DN-3#(β = 42° ) and horizontal sample HN-2#
(β = 0° ) with average eﬀective stress during unloading process when the gas pressure is 2 MPa; the coeﬃcients of these
ﬁtted exponential functions are 0.94625 and 0.93685, respectively. Dip sample DN-3# (β = 42° ) and horizontal sample
HN-2# (β = 0° ) also show an exponential increase in permeability during the decreasing of average eﬀective stress. The
exponential function is ﬁtted as shown in Figure 7(b).
Hence, the exponential function can be used to express
the inﬂuence of eﬀective stress on coal permeability under
constant gas pressure during stress unloading.
In Figure 8(a), when the axial stress, conﬁning stress, and
gas pressure are 20 MPa, 16 MPa, and 1 MPa, respectively,
the initial permeability of vertical sample VN-1# (β = 90° )
is 2.8 times that of dip sample DN-1# (β = 39° ).With the
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Figure 7: Permeability change of diﬀerent bedding coal samples during stress unloading. (a) Gas pressure of 1 MPa. (b) Gas pressure of
2 MPa.
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Figure 8: Permeability ratios of diﬀerent bedding coal samples during stress unloading. (a) Gas pressure of 1 MPa. (b) Gas pressure of
2 MPa.

gradual decrease of the average eﬀective stress, the maximum and minimum permeability ratios of coal samples
VN-1# to DN-1# are 3.4 and 2.8, respectively. The initial
permeability of vertical sample VN-1# (β = 90° ) is 3.3 times
that of horizontal sample HN-1# (β = 0° ). With the decrease
of the average eﬀective stress, the maximum and minimum
permeability ratios of VN-1# to HN-1# are 3.3 and 1.7,
respectively. The initial permeability of the dip sample
DN-1# (β = 39° ) is 1.2 times that of the horizontal sample
HN-1# (β = 0° ). With the gradual decrease of the average
eﬀective stress, the maximum and minimum permeability
ratios of DN-1# to HN-1# are 1.2 and 0.5, respectively. In
Figure 8(b), when the axial stress, conﬁning stress, and gas
pressure are 20 MPa, 16 MPa, and 2 MPa, the initial permeability of dip sample DN-3# (β = 42° ) is 1.1 times that of
horizontal sample HN-2# (β = 0° ).With the gradual decrease
of the average eﬀective stress, the maximum and minimum

permeability ratios of coal samples DN-3# to HN-2# are
1.1 and 0.9, respectively.
When the gas pressure is 1 or 2 MPa, the overall and initial permeabilities of the vertical samples during the stress
unloading are 2.8 to 3.3 times that of the dip or horizontal
samples during stress unloading. The permeability of vertical
samples is always higher than that of dip and horizontal
samples, as shown in Figure 8(a). When the gas pressure is
2 MPa, the permeabilities of the dip and horizontal samples
are similar, as shown in Figure 8(b). In the unloading process, the fracture space in coal sample extends and expands
passively, instead of the compression of fracture under stress
loading. The microcracks and beddings in the coal sample
gradually connect, the number of gas permeation channels
increases, and the rate of gas transport within coal becomes
faster. The diﬃculty of gas permeation is closely related to
the direction of ﬁssures and beddings in coal seam. The
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fracture network of vertical and dip bedding coal samples is
greatly developed, and the porosity in coal is large to promote gas penetrating in the bedding direction more easily.
For the horizontal samples, the coal matrix hinders the seepage ability of gas leading to a smaller permeability. The
change curves of permeability of vertical, horizontal, and
dip samples with average eﬀective stress in the unloading
process decrease exponentially.
The permeabilities of vertical, dip, and horizontal samples decrease exponentially with the increase of eﬀective
stress during stress loading, and the permeabilities of three
bedding coal samples increase exponentially with the
decrease of eﬀective stress during stress unloading. In the
process of stress loading and unloading, the change trend
of permeability with eﬀective stress is opposite.

4. Conclusions
In this paper, coal samples with three kinds of beddings, vertical, dip, and horizontal, are subjected to triaxial seepage
experiments under loading and unloading steps to analyze
the evolution law of permeability of coal samples with diﬀerent bedding directions. The conclusions are drawn:
(1) When the gas pressure is 1 or 2 MPa, the permeability of coal samples decreases exponentially with the
increase of eﬀective stress during stress loading, no
matter the bedding is in vertical, dip, or horizontal
direction. Meanwhile, in process of stress unloading,
the permeability of all coal samples increases exponentially with the decrease of the eﬀective stress
(2) Under the same gas pressure, at the initial stage of
stress loading, the fracture space of vertical and dip
bedding coal samples is more likely to be compacted
and closed than that of horizontal samples, and thus,
the permeability decreases greatly. In the initial
unloading stage, the microfractures and natural fractures in the coal sample gradually expand and connect. The well development of fractures in the
vertical sample provides many gas seepage channels
to increase the permeability greatly, while the permeability of dip and horizontal samples increases
slightly
(3) During stress loading, the initial permeability of vertical sample is 1.3 times that of dip sample and 1.5
times that of horizontal sample. The initial permeability of dip sample is 1.2 times that of the horizontal sample. The initial permeabilities are vertical
bedding > dip bedding > horizontal bedding in
order. The permeability of vertical samples is generally 1.3 to 2.8 times that of dip or horizontal samples,
while the permeability of dip samples is partially
larger than that of horizontal samples. During stress
unloading, the initial and overall permeability of vertical samples is 2.8 to 3.3 times that of dip or horizontal samples, while the initial and overall
permeabilities of dip and horizontal samples are
similar
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In the future, anisotropic permeability tests of coal samples with diﬀerent metamorphic degrees will be carried out
considering acoustic emission and temperature eﬀects. In
addition, the type and adsorption characteristics of injected
gas also act a signiﬁcant role in coal permeability; thus, relevant research will also be carried out.
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