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The permeability of coal is a key parameter affecting coal and gas outbursts and
coal seam gas drainage. The permeability is clearly affected by geo-stress. In
this study, the influence of the axial pressure on the permeability of the coal
seam was studied using a self-developed true triaxial stress permeability
experimental device to set fixed gas and confining pressures, and to change
the magnitude of the axial pressure. The experimental results show a
polynomial relationship between the axial pressure and the permeability of
the coal seam. With an increase in axial pressure, the permeability initially
decreased slightly and then increased gradually. When the axial pressure
exceeded 30 MPa, the permeability of the coal seam sharply increased. This
may be due to plastic deformation of the coal seam under a large axial pressure,
resulting in new fractures and significantly improving the permeability of the
coal seam. Using the COMSOL numerical simulation software, the effect of in
situ stress on the coal seam gas drainage efficiency was calculated by
comprehensively considering the adsorption/desorption, diffusion, and
seepage of gas. The calculation results show that with an increase in the
axial pressure, the gas drainage efficiency of the coal seam increases
continuously. As the axial pressure increased from 5 to 30 MPa, the gas
drainage efficiency increased to 2—-3 times that of the original value.

KEYWORDS

true triaxial seepage experiment, anthracite, permeability, numerical simulation,
drainage efficiency

Introduction

The risk of coal and gas outbursts in high-gas mines, and coal and gas outburst mines,
increases with an increase in coal mining depth. Simultaneously, different structural
phenomena such as folds and small faults are encountered in the coal mining process.
These structures form stress concentration areas, which are the ideal areas for gas
occurrence and coal and gas outbursts (Meng and Li, 2017; Shi et al, 2018; Yan
et al, 2019; Lv et al, 2022; Tatyana et al., 2022; Wang et al., 2018). This
phenomenon is caused by the distribution of in situ stress having an impact on the
permeability of coal seams, which reduces the permeability of local coal seams and forms

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/feart.2022.1024483/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1024483/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1024483/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.1024483&domain=pdf&date_stamp=2022-09-27
mailto:byctat@163.com
https://doi.org/10.3389/feart.2022.1024483
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.1024483

Liu et al.

gas accumulation zones (Guo et al,, 2019; Lin et al,, 2022; Liu
et al.,, 2022). By studying permeability change laws in Permian
coal reservoirs, it was found that the link between the
development characteristics of natural fractures and the
current in situ stress state has an important control effect on
the permeability of Permian coal reservoirs in eastern Yunnan
and western Guizhou (Ju et al,, 2022). Therefore, studying the
change law of coal and rock permeability under stress can reduce
the occurrence of gas accidents in coal mining and improve the
efficiency of gas drainage.

Previous studies investigated the relationship between axial
pressure and permeability, albeit with different interpretations
(Chao et al, 2019; Cheng et al, 2022; Luo et al, 2022). There
are three main viewpoints regarding coal permeability as it relates to
increased axial pressure: decrease permeability, increased
permeability, and an initial decrease in permeability followed by
an increase. A variety of fitting structures have also been proposed
for the relationship model between axial pressure and coal
permeability (Connell et al, 2010; Rong et al., 2018; Zhou et al,
2019; Liu and Yu, 2022; Wang et al., 2022). The first point of view is
that when gas and confining pressures are constant, the permeability
of coal samples decrease exponentially with an increase in axial
pressure (Xue et al, 2020; Li B. B et al,, 2020). A study on the
permeability of hard and soft coal by Sun et al. (2016) found that the
change in axial pressure and permeability of hard coal conforms to
the change law of linear decrease, and the influence of axial pressure
on the permeability of soft coal is greater than that of hard coal. The
second point of view is that the permeability of coal and rock mass
in the pre- and post-peak stages show an exponential growth trend
with stress; however, there are obvious differences in the growth
amount between the two (Xue et al., 2017). The third point of view
is that the permeability decreases first and then increases with the
type of coal sample. This means that the permeability of gas bearing
coal shows a “V" shape change pattern (Zhao, 2018; Li H. G et al,,
2020). At the initial stage of loading where pore compression and
elastic deformation occurs, the pores and fractures in the coal were
gradually compacted, decreasing the permeability of the coal
sample. In the plastic deformation stage, owing to an increase in
axial stress, the fractures in the coal expand, the permeability of the
coal sample increases, and the acoustic emission activity intensity
increases and reaches its peak (Xie et al., 2016; Meng et al., 2020; Bai
et al, 20215 Zhu et al,, 2021). Through the triaxial compression of
compacted clay, Wang et al. (2020) found that when the sample’s
confining pressure was greater than the pre-consolidation pressure,
the sample always showed volume shrinkage and became denser
during triaxial compression. Therefore, the permeability coefficient
decreased with an increase in the axial strain and subsequently
stabilized. When the sample’s confining pressure is much less than
the pre-consolidation pressure, a concentrated shear band is
produced, which is unfavorable for seepage. The concentrated
shear band became the seepage channel, and the axial
permeability coefficient of the sample increased significantly
with increasing axial strain.
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There is also previous knowledge on the causes of permeability
change (Li]. Q etal., 2020; Xue et al,, 2021). Through an unloading
experimental study on coal permeability, it is believed that the
expansion of the original fracture and the generation of a new
fracture causes the sudden increase in the permeability of the
unloaded coal body (Cheng et al.,, 2014; Wang et al., 2021). The
development law of coal sample fractures is related to loading and
unloading rates (Jiang et al.,, 2020). The coal gradually develops
from multiple macrofractures to a single macrofracture surface
with an increase in the loading and unloading rate ratio, resulting
in structural failure.

In this study, the change law of coal seam permeability with axial
pressure was studied through the triaxial stress permeability test
device under the context of fixed gas and confining pressures, and the
influence of vertical formation stress on gas drainage efficiency was
calculated using the COMSOL numerical analysis software.

Sample and experimental devices
Sample

The experimental sample was obtained from the Xiyang
mining area in Shanxi Province. Large original coal samples
with a relatively good integrity were collected from the coal
mining face. The coal samples were packed, sealed, and
transported to the laboratory. After cutting and grinding, the
samples were processed into 100 x 100 x 100 mm cubes. The
industrial analysis of coal is the main index used to understand
the characteristics of coal quality and the basis for evaluating coal
quality. The industrial analysis data of the coal samples measured
according to GB/T212-2008 are shown in Table 1. The coal
sample was anthracite, with a fixed carbon content of 72.15%.

A microscope with transmission light and reflection fluorescence
functions was used to obtain quantitative statistics on the percentage
content of each maceral in coal using the number point method. To
determine the type of organic matter, a type index was calculated
according to the different weighting coefficients of each maceral. The
macerals of the coal mainly included exinite, vitrinite, and inertinite.
The maceral data of the coal samples, measured according to GB/
T8899-2013, are listed in Table 1. The vitrinite content of the coal
sample was 82.81%.

Experimental devices

Experiments were performed using a self-developed true
triaxial stress permeability test device (Figures 1, 2). The
experimental equipment can complete the experimental
research on gas permeability in an underground reservoir
environment (triaxial pressure and temperature), and
provide necessary technical support and basic scientific

research data for gas disaster prevention and gas drainage in
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TABLE 1 Industrial analysis and microstructure of the coal sample.

Coal types Industrial analysis Microstructure
M,q/% Aql/% Vaat/% FCad/% Exinite/% Vitrinite/% Inertinite/%
wY 243 16.67 8.75 72.15 0.96 82.81 16.23

Note: M,q is moisture on an air-dry basis, A4 is ash on a dry basis, Vg, is volatile matter on a dry ash-free basis, and FC,q, is carbon on an air-dry basis.

Seepage device

FIGURE 1 FIGURE 2
Overall diagram of experimental device Core part of gripper. Note: The arrow stands for the gas
seepage direction.

coal mines. The technical parameters of the equipment were as EXperimental results and discussions
follows: 1) core size of 100 x 100 x 100 mm (optional sample

size included 200 x 200 x 200 mm and 300 x 300 x 300 mm), a Fracture development characteristics

100 x 100 x 100 mm sample was selected; 2) the maximum

hydraulic pressure in the X-, Y-, and Z-axes of the three-axis The bedding plane of the experimental coal sample was
hydraulic pressure is 40 MPa, and the control accuracy placed horizontally. The two sides of the coal sample were
is +0.1 MPa; 3) the gas permeability measurement range is marked as the X and Y planes, respectively, and the top
0.001-1,000 mD. surface was marked as the Z plane. The X planes are the

At home and abroad, silicone sleeves are mainly used to planes through which the gas passes, and the Z planes are
seal the edges of samples to prevent gas leakage during parallel to the bedding plane. The inlet gas pressure was set as
seepage. However, during the experiment, it was found that 1.8 MPa. When the x-axis stress was set to 30 MPa, the y-axis
when the axial pressure was high, the silicone sleeve was more stress was 20 MPa, and the x- and y-axis stresses remained
likely to be cut off. The experiment proves that the copper unchanged. The z-axis stress was set to 5MPa, 10 MPa,
sleeve can not only ensure the sealing effect but also has a 15 MPa, 20 MPa, 25 MPa, 30 MPa, and 35 MPa (Figure 3) to
specific strength, strong pressure resistance and shear study the influence of axial pressure change on permeability.
resistance, and that its sealing effect is better than that of After the experiment, the coal sample was taken out, and
the silicone sleeve. To further ensure the sealing effect, the photographs were taken to observe the damage to the coal
copper sleeve was coated with epoxy resin. sample (Figure 4-6).
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FIGURE 3
Coal sample before (left) and after (right) an axial compression permeability experiment. Note: The arrow stands for the gas seepage direction.

FIGURE 4
Comparison of the X plane before (left) and after (right) the experiment. Note: The fractures are highlighted with transparent frames. Fractures
parallel to the bedding plane were formed

The in situ stress has strong directionality, including mainly fracture shape depends on the three-dimensional stress state.
two horizontal stresses (ox and oy) and vertical stress (0,). In a According to the principle of minimum principal stress, fracture
formation where the natural fracture is not developed, the always occurs in the direction with the weakest strength and
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FIGURE 5
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Comparison of the Y plane before (left) and after (right) the experiment. Note: The fractures are highlighted with transparent frames. Fracture
system perpendicular to the bedding plane and parallel to the bedding plane were formed.

smallest resistance. In other words, the rock fracture surface is
perpendicular to the direction of the minimum principal
stress (Barnett et al., 2015). Horizontal fractures tend to
occur when the horizontal stress is greater than the vertical
stress. On the same vein, vertical fractures are easily generated
when the vertical stress is greater than the horizontal stress.
The relationship between the stress and fractures is shown in
Figure 7.

Therefore, in the process of o, change, the coal samples
formed fractures in different directions. When o, was
5-20 MPa, the minimum principal stress was o, and
fractures perpendicular to the z-axis were formed, parallel
to the bedding plane. The difference between the maximum
and minimum principal stresses at this stage was 10-25 MPa.
The formed fracture was evident on the Y plane of the sample.
When o, is between 20 and 30 MPa and 30 and 35 MPa, the
minimum principal stress is still o,. However, the maximum
principal stress changes from oy to 0,, and the intermediate
principal stress changes from o, to oy. The stress difference
increases from 10 MPa to 10-15MPa, and fractures are
formed on the Y and Z planes of the coal sample. However,
the fractures are not well-developed on the X plane. This may
be related to the heterogeneity of the coal samples and local
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development of microcracks. Under the action of triaxial

stress, fractures develop along the direction of the

microcracks, which are associated with macroscopic
fractures. These provide channels for methane seepage and

increase the permeability of the coal seams.

Variation characteristics of permeability

When the z-axis stress was low (less than 30 MPa), the
permeability changed slightly with the change in axial
pressure. However, when the axial pressure was high (more
than 30 MPa), the permeability increased significantly. To
further study the relationship between the axial pressure
and initial permeability, as well as the permeability change,
exponential function fitting, power function fitting, and
polynomial fitting were performed on the experimental
data using MATLAB. The fitting results are shown in
Figure 8, Figure 9, and Figure 10 and Table 2. The best
fitting model was the polynomial fitting, and the sum of
the residual squares is one order of magnitude lower than
the exponential and power functions. By analyzing the fitting
curve, it can be found that with an increase in axial pressure,
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FIGURE 6

Comparison of the Z plane before (left) and after (right) the experiment. Note: The fractures are highlighted with transparent frames. Fractures

develop along the direction of the microcracks.

< ]

FIGURE 7

[ Ox

T e

Relationship between stress and fracture morphology.(A) Three-dimensional stress state. (B) When o, is the minimum principal stress,
horizontal fractures are formed. (C) When o, is the minimum principal stress, fractures perpendicular to o, are formed. (D) When o, is the minimum

principal stress, fractures perpendicular to o, are formed.

the permeability shows a slight decrease at the stage of low
axial pressure and then increases slowly. When the axial
pressure exceeded 30 MPa, permeability increased sharply.
This may be because the increase in the axial pressure
condenses the pores and fractures of the coal sample in the
initial stage; however, when the axial pressure exceeds the
elastic deformation stage of the coal sample, plastic
deformation begins to occur, forming new fractures,

improving the permeability of the coal seam, and

increasing permeability significantly.

Frontiers in Earth Science

Numerical simulation

To evaluate the influence of in situ stress on coal seam gas
drainage efficiency, COMSOL was used to fully consider the
overall process of gas adsorption/desorption, diffusion, and
seepage through fluid-solid coupling analysis; a model was
established for numerical analysis and calculation. Drawing
from previous research results (Wang et al., 2016), the
parameter settings for each module are listed in Table 3.
The length and width of the model were set to 100 m, height
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FIGURE 8
Exponential function fitting between axial pressure and
permeability.
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FIGURE 9
Power function fitting between axial pressure and
permeability.

was set to 6 m, and drilling radius was set to 0.1 m. The
established geometric model is shown in Figure 11.

The solid mechanics module adopts the linear elastic
model and sets the left interface, front interface, and lower
interface as the sliding boundary; in other words, the
displacement in the normal direction is 0. The right

Frontiers in Earth Science

10.3389/feart.2022.1024483

x10°
8 T T T T T T

O data
fitted curve

Permeability/mD

1 . . . . . .
5 10 15 20 25 30 35 40

Axial pressure/MPa

FIGURE 10
Polynomial fitting between axial pressure and permeability.

interface was set as the pressure boundary, with a pressure
of 30 MPa, simulating the x-axis stress in the true triaxial
stress seepage experiment. The rear interface was set as the
pressure interface with a pressure of 20 MPa, simulating the
y-axis stress in the experiment. The upper boundary was set
as the pressure boundary, and its stress was set to 5, 10, 15, 20,
25, and 30 MPa,

z-axis direction perpendicular to the bedding plane of the

simulating the stress in the

coal seam.

The diffusion process was simulated using a general partial
differential equation. In the process of gas extraction, the
adsorbed gas in the coal matrix is desorbed as a mass source,
so that diffusion and seepage continue. The mass exchange
between the coal matrix and the fracture system can be
expressed as:

M
Q= izr (- p)- )

There are both adsorbed gas and free gas in the pores of coal
matrix. The total gas storage quality can be expressed as:

VLM

Vi oM @)
- u+Pmepg (PORT

The partial derivative of formula 2 to time is the mass
exchange between coal matrix and fracture system. Therefore,
the following formula can be obtained:

om M
o - IRT (u-p). (3)

Then the diffusion source term f is expressed as:
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TABLE 2 Comparison of fitting results of different methods.

Fitting formula Fitting results

y = koe™ ¥ = 0,003¢%0158

y = kox? ¥ = 0.003x%10%

y=ax?+bx+ky

y =0.0001 x (0.0343x? — 0.3737x) + 0.003

10.3389/feart.2022.1024483

Sum of
squares of residuals

2.0835e-004
4.1057e-004
9.5060e-005

Note: ko is the initial permeability, which was taken as 0.003 mD according to the results of the true triaxial stress seepage experiment.

TABLE 3 Numerical simulation parameters.

Parameters Value [unit]
E 2,713 [MPa]

v 0.339

P 1,250 [kg/m’]
Pe 0.717 [kg/m?]
ko 0.00315 [mD]
% 0.06

" 1.08E-5 [Pa:s]
Vi 0.02 [m*/kg]

P, 1 [MPa]

Vm 22.4 [L/mol]

R 8.413,510 [J/mol/K]
T 293 [K]

M 16 [g/mol]

F, 30 [MPa]

F, 20 [MPa]

F, 5, 10, 15, 20, 25, 30 [MPa]
r 0.1 [m]

Po 1.8 [MPa]

Po 0.087 [MPa]

t 9.2 [d]

Descriptions

Elastic modulus of coal

Poisson’s ratio of coal

Coal seam density

Methane density under standard conditions
Initial permeability

Initial porosity

Dynamic viscosity of methane

Langmuir constant (limit adsorption capacity)
Langmuir pressure

Molar volume of methane under standard conditions
Gas state constant

Sample temperature

Gas molecular mass of methane

Confining pressure in X direction

Confining pressure in Y direction

Axial pressure in Z direction

Drilling radius

Initial pressure

Pumping negative pressure

Adsorption time

FIGURE 11
Geometric model of gas drainage numerical simulation.
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ou
=%

Var(u—p)(u+P)
tV L RTPp, +tp,Va (u+ PL)”

(4)

where u represents the gas pressure in the pore and p represents
the gas pressure in the fracture.

Darcy’s law was adopted for the seepage model. The initial
pressure of the model was set as 1.8 MPa, the conditions of
four boundaries perpendicular to the bedding plane were set as
the pressure boundary, the gas pressure was set as 1.8 MPa, and
the pumping negative pressure of the pumping hole was set
to 0.087 MPa. The permeability was taken as the fixed
permeability k, (the axial pressure was set to 5 MPa) and the
permeability k (the axial pressure was set to 10 MPa, 15 MPa,
20 MPa, 25 MPa, and 30 MPa) that changed with the axial stress.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1024483

Liu et al.

x10% T T T T T
7+ ]
—%— Fz=5E6 MPa o
6.5l | © Fz=3E7MPa e =TT
’ —o— Fz=2.5E7 MPa I B
6l | — Fz=2E7 mPa BV R o ]
—+#— Fz=1.5E7 MPa doe — .
Fz=1E7 MPa ] o -T
5.5F : ]
5k ]
E 45+ R
=
g et .
8
3
S 35f .
(=%
2
=} 3F .
>
®
o 25 R
2+ ]
1.5¢ ]
1+ ]
0.5 B
0_I 1 1 1 1 ]
0 2 4 8 x10*
Time (d)
FIGURE 12
Comparison of drainage performance under different axial
pressures.

The expression is as follows according to the results of the true
triaxial stress seepage experiment in Table 2:

k = 0.0001 x (0.0343¢2 — 0.37370,) + 0.003. (5)

0y, is the stress in Z direction. It should be noted that here we use
oy replaces F,, because we think that on an infinitesimal element,
stress can better express the influence of in-situ stress on permeability.

The results of the numerical simulation show that under the
condition of fixed permeability, the daily gas production of
boreholes maintains a high rising rate within 20 days, and the
rising rate slows down in 20-40 days (Figure 12). After 40 days, the
daily gas production reached equilibrium and was stable at
23,000 m’>. When the permeability varies with stress, the daily
gas production of boreholes increases gradually with an increase in
axial stress, and the number of days to reach equilibrium increases
significantly. The daily gas production reached 52,000-70 000 m?,
which is 2-3 times that under the condition of fixed permeability.
With an increase in the axial pressure, the amplification of the daily
gas production decreased.

Conclusion

The results of the true triaxial stress seepage experiment with
fixed confining pressure, fixed gas pressure, and axial pressure
change show that with the change in axial pressure, the largest
principal stress and minimum principal stress continuously change,
forming fractures in different directions. The fracture surface
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perpendicular to the direction of the minimum principal stress
was relatively developed, forming a fracture system perpendicular to
the bedding plane and parallel to the bedding plane, which
significantly improved the permeability of the coal sample.

Polynomial fitting was found to be the best method to fit the
relationship between permeability and axial pressure through
statistical processing of the experimental data with MATLAB.
With an increase in axial pressure, the permeability first
decreases and reaches a minimum value at approximately
5.5 MPa, which may be related to the compression of pores
and fractures in the elastic deformation stage. Subsequently, it
increased slowly. When the axial pressure was greater than
30 MPa, permeability increased significantly. This may be
because a fracture system with vertical and parallel bedding
planes was formed during the plastic deformation stage.

With an increase in axial pressure, the permeability of coal
increased, and the drainage efficiency of coalbed methane
increased. The daily gas production of variable permeability is
2-3 times that of fixed permeability, and the time required to
reach the equilibrium drainage volume is extended.
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