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The extraction of coalbed methane can ensure the safe production of coal mines 
and the efficient use of resources. According to the anisotropy of coal seam, CT spi-
ral scanning and triaxial gas seepage tests are carried out, the seepage character-
istics of orthotropic coal are analyzed, and a coal permeability model considering 
orthotropic structure is proposed. Results show that: The permeability of parallel 
bedding direction changes obviously with axial pressure. The confining pressure is 
5 MPa, the permeability in the parallel bedding direction is about 1.6 times that of 
the vertical bedding, and the confining pressure is 13 MPa, the permeability in the 
parallel bedding direction is about 1.01 times that of the vertical bedding. The coal 
permeability model with anisotropic structure is verified by the experiment data in 
both parallel and vertical bedding directions, and shows great applicability. Re-
search results provide references for the efficient development of coalbed methane.
Key words: orthotropic anisotropy, CT scan, triaxial seepage test,  

permeability model

Introduction

Coal reservoir contains a large amount of gas. Coalbed methane extraction and utili-
zation are inseparable from the study of coal, and coalbed methane extraction is closely related 
to the fracture inside the coal body. Therefore, the study of anisotropic coal permeability is of 
great significance for coalbed methane extraction. In the process of coal diagenesis, due to the 
complexity of micro-structure, the structural differences of coal mean that the gas-flow rate 
in coal has significant directional differences, especially in the direction of bedding and cleat  
[1, 2]. Zhao et al. [3] indicated that vertical and parallel bedding, surface cleat, and parallel bed-
ding and vertical surface cleat have obvious anisotropy by conducting physical property char-
acteristic tests on gas-bearing coal. Deng et al. [4] studied the permeability of different bedding 
through the triaxial seepage test, and finally found that the inner samples axially loaded with 
parallel bedding had larger porosity and better permeability. Jia et al. [5] studied the anisotropic 
permeability of coal under low stress by permeability experiment, and obtained the difference 
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in permeability between different cleats and bedding. Wang et al. [6] found that the anisotropy 
of permeability of coal-containing gas has dynamic variation properties through seepage exper-
iments, this change is caused by the change of load and the direction of gas-flow also changes. 
Zang et al. [7] established an orthogonal anisotropic permeability model considering the dual 
effects of effective stress and gas adsorption/desorption, and analyzed the influence of anisotro-
pic permeability on pre-pumping of gas. Based on the theory of rock mechanics, Teng et al. [8] 
established a modified permeability model of shaly sandstone under the condition of coupled 
fluid mechanics and revealed the relationship between permeability and effective stress.

In this paper, CT scanning and triaxial compression seepage tests were carried out to 
study the evolution law of permeability in different directions with confining pressure, gas pres-
sure, and axial pressure, and the relationship between permeability anisotropy and fracture was 
analyzed. A coal permeability model with an orthogonal anisotropy structure was constructed, 
and the permeability model was fitted and analyzed. The research results provide a reference 
for the efficient development of coalbed methane

The CT scanning of coal structure and  
anisotropic permeability characteristics

Coal sample processing and test scheme

In this series of experiments, the coal block is processed into cylindrical 
coal samples of Ø 25 mm × 50 mm for CT scanning and cylindrical coal samples of  
Ø 50 mm × 100 mm for triaxial seepage test according to the direction of vertical bedding and 
parallel bedding. Spiral CT scanning with Cylindscan-1000 series X-ray 3-D microscope was 
performed. The triaxial compression seepage test was carried out by the rock stress-seepage 
servo loading testing machine of Beijing Key Laboratory of Coal and Associated Energy Pre-
cision Mining, China University of Mining and Technology (Beijing). The seepage test was 
carried out with CO2, and the confining pressure was loaded with flow rate of 10 mm per min-
ute. The axial pressure is controlled by constant quantity, and the injection rate of the indenter 
is controlled to 0.05 MPa⋅s. The confining pressure is loaded to 5 MPa, 9 MPa, and 13 MPa, 
respectively, and the corresponding air pressure is 1 MPa, 1.5 MPa, and 4 MPa, respectively. 
The axial pressure ranges from 0-30 MPa. The equipment is drawn in fig. 1.

Figure 1. Diagram of triaxial seepage test equipment

Analysis of CT scan results

The images and data of the CT scan test in this paper were analyzed by Avizo. The 
vertical bedding coal samples are selected for analysis, in which the X-direction and Y-di-
rection are parallel to the bedding and the Z-direction is vertical to the bedding, as shown 
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in fig. 1. With the central long axis of the coal pillar as the z-axis, CT sections in three di-
rections at z = 2500 nm were selected, and the section results are shown in tab. 1. The gray 
area of the coal samples slice is the coal matrix part of the experimental coal samples, and 
its particle density is large. The density of pores and fracture is the smallest, and the gray 
value is also the smallest, which is manifested as a darker part in the image. The white in 
the images is a high density substance, representing minerals. From the CT images, the dis-
tribution of coal matrix, fracture, and minerals is not uniform, which proves the structural 
anisotropy and heterogeneity of coal samples.

The permeability of the X-direction, Y-direction, and Z-direction is 2.05⋅10–3 mD, 
2.03⋅10–3 mD, and 6.79⋅10–4 mD, respectively. The permeability of the X-direction is 3.02 
times that of the Z-direction slice and 1.01 times that of the Y-direction slice. By comparing 
the permeability of the three directions, it can be concluded that the permeability of the coal 
samples in the X-direction and Y-direction is significantly higher than that in the Z-direction, 
while the permeability of the coal samples in the X-direction and Y-direction is roughly the 
same. This is because the X-direction and Y-direction are parallel to the bedding, and the frac-
ture opening parallel to the bedding direction is larger than that vertical to the bedding, and 
the fracture distribution parallel to the bedding direction is wider, and it can be seen from  
tab. 1 that the fractures in the X-direction and the Y-direction are more than those in the Z-di-
rection.

Table 1. The CT scan results and permeability caculation in different directions
Slice direction X-direction Y-direction Z-direction

CT scan results

Permeability kx = 2.05⋅10–3 mD ky = 2.03⋅10–3 mD kz = 6.79⋅10–4 mD

Orthogonal anisotropic coal seepage characteristics

Figure 2 is the permeability comparison diagram of vertical bedding and parallel bed-
ding under different confining pressure, gas pressure, and axial pressure. It can be seen that the 
permeability of parallel bedding decreases significantly with the increase of axial pressure. In 
contrast, the permeability of vertical bedding does not change significantly, which is because 
the fractures of parallel bedding are widely distributed, in contrast, the primary fractures of ver-
tical bedding are closely distributed. The compressible space in the parallel bedding direction is 
larger than that in the vertical bedding direction, under the effect of axial pressure, the fracture 
in the parallel bedding direction of the coal sample changes greatly, so the permeability change 
is more obvious.

It can be seen that when the confining pressure is 5 MPa, the permeability of the coal 
sample in the parallel bedding is about 1.6 times that in the vertical bedding direction, and when 
the confining pressure is 13 MPa, the permeability of the parallel bedding is about 1.01 times 
that in the vertical bedding direction. With the increase of confining pressure, the permeability 
in two directions gradually approaches. When the confining pressure is 13 MPa and the axial 
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pressure is greater than 24 MPa, the permeability in the parallel bedding direction is smaller 
than that in the vertical bedding direction. The reason is that the higher confining pressure first 
compacts the fracture of coal samples under the effect of pre-stress. The compressibility of 
parallel bedding is larger and the sensitivity of parallel bedding direction confining pressure is 
better, the fracture variation in parallel bedding direction is greater than that in vertical bedding 
direction, and the fracture in parallel bedding direction is approach to those in vertical bedding 
direction. So the permeability of the two under high confining pressure is similar and the paral-
lel bedding direction is less than that in vertical bedding direction under high confining pressure 
and high axial pressure.

Orthogonal anisotropic coal sample seepage model

Permeability model of coal sample based on orthogonal anisotropy

The relationship between permeability and opening degree of coal sample [9-11]:
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where bx0, by0, and bz0 are the initial values of the opening in three directions, respectively,  
s – the joint spacing, g – the acceleration of gravity, and i – the dynamic viscosity of the fluid.

Aiming at the anisotropic characteristics of coal under stress, taking the x-direction as 
an example, under the action of stress, the crack widths in the x-, y-, and z-directions are com-
pressed Δbx, Δby, and Δbz, respectively. The permeability in the x direction can be expressed:
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where bx, by, and bz are the opening degree in three directions, respectively.

Figure 2. Permeability evolution of coal with axial pressure
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The physical and mechanical properties of coal in the vertical and the parallel direc-
tion show significant differences. The relationship between the openings of the three directions 
of coal:

1: : : :x y zb b b m n= (3)
where m and n are the fracture aperture ratio coefficients of coal mass.

Substituting eq. (3) into eq. (2), the permeability in the x direction:
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where kx0 is the initial permeability in the x-direction.
According to the deformation of the matrix block as the sum of the deformation of the 

matrix unit and the opening chance of the fracture, it can be obtained:
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where E is the elastic modulus of coal, Em – the elastic modulus of coal matrix, and Δ σet – the 
effective stress.

The relationship between porosity and fracture aperture [12]:
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Substituting eq. (6) into eq. (5), we have:
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Substituting eq. (7) into eq. (4), we can conclude that the permeability in the x-direc-
tion:

3
3

3 3
0 0

3
3

3 3
0

11 1 1

11 1 1

y etyx

x f m

etzz

f m

Ek m m n
k m E Em n

Em m n
m E Em n

σ
φ

σ
φ

   ∆ + +
= + + − +   +      

    ∆+ +
+ + + −   +      

(8)

Similarly, the permeability in the y and z directions can be obtained, so the permeabil-
ity formula in the three directions of the orthotropic coal:
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Verification of coal permeability model based on orthogonal anisotropy

The permeability model of orthotropic anisotropy coal was verified by CT scanning 
and triaxial compression seepage test. In this paper, the x- and y-directions belong to parallel 
bedding, and the z-direction is vertical bedding. It can be seen from the CT scanning test re-
sults, tab. 1, that the permeability of coal samples in the x-direction and y-direction is not much 
different, according to eq. (9), permeability in different directions is related to elastic modulus, 
effective stress, and initial permeability in corresponding directions, while the x-direction and 
y-direction are equivalent to parallel bedding direction, so the differences between them are 
caused by initial permeability. Therefore, the permeability models in the x-direction (parallel 
bedding) and z-direction (vertical bedding) are mainly verified.

The fitting results of the stress-permeability co-evolution curve of coal samples are 
shown in fig. 3. The degree of fit of parallel bedding direction under different confining pres-
sures is 0.89, 0.85, and 0.98, respectively. The degree of fit of vertical bedding direction are 
0.99, 0.78, and 0.89, and the fitting results correspond well with the experimental results. The 
permeability of the two directions decreases with the increase of axial pressure, showing a neg-
ative correlation, which is consistent with the rule shown in eq. (9).

Conclusion

This paper implemented the CT spiral scanning and triaxial gas seepage tests to re-
search the seepage behavior of gas in orthorhombic anisotropy coal. A coal permeability model 
considering orthotropic structure is then proposed and validated by the experiment data. The 
research results provide a reference for the efficient development of coalbed methane.

Figure 3. Permeability model 
fitting under different confining 
pressure; (a) 5 MPa, (b) 9 MPa, 
and (c) 13 Mpa
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