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Due to the insufficient understanding of the outburst mechanism, the coal and gas outburst disasters in China are more serious. Gas
expansion energy is the main source of energy that causes outburst. In order to explore the distribution law of gas expansion energy
in outburst coal seams, a gas-solid coupling equation of outburst coal seams was established. The distribution law of coal stress field,
deformation field, gas flow field, and gas expansion energy were simulated and analyzed by using COMSOL Multiphysics. The
results showed that from the excavation face to the deep part of coal seam, the stress presented unloading zone, stress
concentration zone, and original stress zone. The volumetric strain and permeability reached the minimum, while the gas
pressure reached the maximum at the peak value of vertical stress. As time goes on, the gas pressure in the fracture near the
working face gradually decreased and was less than the pressure in coal matrix. The total gas expansion energy consists of free
gas and desorption gas expansion energy. Affected by the excavation, free gas expansion energy maintained a constant value in
the original coal seam and gradually decreased in the area close to the working face. The expansion energy provided by
desorption gas was zero in the original coal seam. And it first increased and then decreased rapidly near the working face.
Compared with stress and coal seam thickness, gas pressure and initial diffusion coefficient had significant influence on gas
expansion energy of coal seam. When the diffusion coefficient was greater than 1e-9m2/s, the gas expansion energy of the coal
seam near the working face was significantly higher than that of the original coal seam, which had the risk of inducing outburst.

1. Introduction

Coal and gas outburst is one of the most serious disasters that
endanger coal mine safety production. In the past ten years,
there have been 125 major coal and gas outburst accidents
in China (more than or equal to 3 casualties in a single acci-
dent), with a total of 891 casualties. With the deepening of
coal mining, the occurrence conditions of coal and gas are
more complex, and the outburst accident shows new charac-
teristics, which brings new challenges to the disaster early
warning and prediction. From the perspective of energy anal-

ysis, the occurrence of coal and gas outburst is due to the
accumulation of energy in the coal and rock mass in front
of the mining work to a certain extent during the mining
operations, which destroys the original equilibrium state
and release energy rapidly.

The former Soviet Union scholar Xoдoт [1] first pro-
posed the energy theory of outburst. He believed that coal
and gas outburst is caused by the deformation potential
energy of coal and the gas expansion energy, and there is
an outburst risk when the energy conditions are met. Zheng
[2] analyzed the energy sources of particularly serious coal
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and gas outburst using the dimensional analysis method.
Taking the outburst coal mass as the object, the elastic energy
and gas expansion energy of coal were calculated, respec-
tively. It was considered that the main energy of outburst
comes from gas expansion energy. Wen [3] obtained a calcu-
lation model of gas internal energy and coal crushing work
through a large number of tests and used the model to
approximate actual outburst accident in Guizhou province
in China. Lan [4] analyzed the outburst energy distribution
under different initial gas pressures based on the basic algo-
rithm of coal and rock elastic energy and gas expansion
energy and believed that the degree of gas participation deter-
mines the relationship between the two energies. When the
gas pressure is lower than 0.2MPa, the elastic energy is the
main energy; when the gas pressure is between 0.4 and
0.6MPa, the two energies are basically the same in order of
magnitude; when the gas pressure is greater than 0.6MPa,
the gas expansion energy far exceeds the elastic energy of coal
and rock.

Hu et al. [5] and Wang et al. [6] established the energy
relationship between coal and gas outburst under actual
working conditions and obtained that when the roadway is
excavated, the stress redistribution will be caused. The
original elastic zone will be converted into plastic zone;
the coal elastic energy and gas internal energy in this zone
are released to induce outburst. It was believed that the
gas content can reflect the gas expansion energy. A large
number of studies showed that gas is the main energy
source of outburst, and the energy provided by gas in
the process of outburst is 1~3 orders of magnitude of
the energy provided by stress [7–11].

In recent years, in order to further explore the conditions
of outburst energy, Jiang et al. [12, 13] proposed a critical gas
release energy indicator. Through outburst simulation exper-
iments, 42.98mJ/g was the critical value for outburst of coal
seams (103.8mJ/g was the critical value for strong outburst),
and its accuracy had been verified on site. Afterwards,
scholars carried out a series of studies on gas expansion
energy. Gas expansion energy is directly related to the
amount of gas involved in outburst work. The desorption
experiments under different gas pressure, coal quality
(gas-bearing tectonically deformed coal and primary-
undeformed coal), and water content were carried out by
Wang et al. [14, 15] using a self-developed desorption device.
The results showed that the higher the gas pressure is, the
greater the total gas expansion energy (TGEE) of coal is;
the gas desorption rate of tectonically deformed coal is
higher, and the TGEE of tectonically deformed coal is about
3 times of that of primary-undeformed coal; the TGEE of
coal decreases with the increase of water content. Yang
et al. [16] selected seven coal samples with different meta-
morphic degrees for outburst simulation experiment and
obtained that the gas release amount of outburst coal samples
was greater than that of nonoutburst coal samples in the first
10 s. There was a good linear relationship between the initial
gas release amount (the first 10 seconds) and the initial gas
release expansion energy, which can reflect the risk of coal
outburst. Through experimental research, Liang et al. [17]
obtained that the influence of gas pressure, coal particle size,

and water content on initial gas release expansion energy
decreases in turn, and the gas expansion energy increases
significantly with the increase of gas pressure. Xue et al.
[18] obtained that the minimum energy required for out-
burst is about 1.1MJ/m3; compared with the free gas energy,
the desorption gas energy of coal plays a decisive role in the
initiation and spread of outburst. Lu et al. [19] analyzed the
outburst energy under three different conditions (normal
coal, deformed coal, and coal combination) by constructing
a numerical analysis model. Among the outburst energy of
coal combination, the expansion energy of desorption gas
is 1~6 times of elastic energy and 5~17 times of free gas
energy. Zhao et al. [20] considered that rapid desorption in
a short time is a necessary condition for the occurrence of
outburst. At the same time, in the process of outburst devel-
opment, the transportation of outburst coal needs a large
amount of desorption gas. For Zhongliangshan outburst,
the expansion energy of desorption gas for coal transporta-
tion was about 5:61 × 108 J, which is nearly 6.3 times of that
of free gas.

Researches on the gas expansion energy of outburst are
mostly based on outburst simulation experiments. Due to
the complexity and the diversity of influencing factors, the
simulation experiment is often difficult and the amount of
data is relatively limited. On the basis of experimental
research, it is a reliable research method to analyze the evolu-
tion law of stress and gas pressure field in outburst coal seam
by constructing multiphysical field coupling model and using
numerical simulation software [21–24], which can make up
for the lack of physical simulation experiment. Therefore,
this paper intends to establish a gas expansion energy model
considering the coupling of coal seam stress and gas desorp-
tion and seepage and uses COMSOL numerical simulation
software to solve it. The influence of different factors on the
gas expansion energy in front of the working face can be
obtained, which can provide support for further establish-
ment of quantitative relationship model of outburst occur-
rence and determination of disaster monitoring and early
warning index.

2. Governing Equations

Coal and gas outburst is a complex mechanical process
[6]. In the accumulation stage of outburst, the mining
operation destroys the original stress balance, resulting
in stress concentration, strain softening, deformation, or
strength failure. Coal deformation leads to the change
of porosity and permeability, which in turn changes
the gas pressure in pores and fractures. On the one
hand, the change of gas pressure in pore and fracture
changes the effective stress of coal seam and induces
deformation; on the other hand, it causes desorption
and diffusion of adsorbed gas in coal matrix, which fur-
ther causes shrinkage deformation of coal matrix and
changes of flow field. Therefore, the gas-solid coupling
equation of outburst coal seam consists of the deforma-
tion governing equation, the gas diffusion governing
equation in coal matrix, and the gas seepage governing
equation in coal fracture. Due to the complexity of the
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mechanism, the basic hypothesis and simplification were
put forward in the analysis process:

(1) Coal seam is isotropic elastic-plastic porous medium

(2) The temperature factor in the process of coal defor-
mation and gas desorption seepage is not considered

(3) The coal deformation behind the outburst hole wall
is small

(4) Gas seepage obeys the generalized power law

2.1. Deformation Governing Equation. The deformation
characteristics of outburst coal seam are determined by
effective stress. The coal stress balance equation considering
effective stress can be expressed as

σij,j − βf pf + βmpm
� �

δij + f i = 0,

βm = 1 − K
Km

, βf = 1 − K
K f

,

K = E
3 1 − 2νð Þ , Km = Em

3 1 − 2νð Þ ,

ð1Þ

where σij is the component of the total stress tensor, MPa;
pf and pm are the gas pressure in the coal fracture and the
coal matrix, respectively, MPa; βf and βm are the Biot’s
coefficient; δij is the Kronecker delta (δij = 1 as i = j and
0 in other cases); f i is the body force of coal, MPa; K ,
Km, and Kf are the bulk modulus of coal, coal matrix par-
ticles and coal fracture, respectively, MPa; E and Em are
the elastic modulus of coal and coal matrix, MPa; and ν
is Poisson’s ratio.

The strain and displacement of coal seam should sat-
isfy the geometric equation, expressed by the following
formula:

εij =
1
2 ui,j + uj,i
� �

, ð2Þ

where εij is the strain tensor of coal and ui (i = x, y, z) is
the displacement of coal in the direction of i.

Therefore, the constitutive equation of the isotropic
elastic body is

σij = 2Gεij + λεvδij‐ βf pf + βmpm
� �

δij − Kεsδij,

G = E
2 1 + νð Þ , λ =

2ν
1 − 2νG, εs =

εLpm
pm + PL

,
ð3Þ

where G is the shear modulus of coal, MPa; λ is the Lamé
constant; εv is the volumetric strain, εv = ε11 + ε22 + ε33; εs is
the coal adsorption swelling or desorption shrinkage strain;
and εL is Langmuir volumetric strain. Then, the equilibrium

differential equation expressed by displacement is obtained
as follows:

Gui,jj +
G

1 − 2ν uj,ji − βf pf ,i + βmpm,i

� �
δij − Kεsδij + f i = 0:

ð4Þ

In this study, Drucker-Prager matching Mohr-Coulomb
criterion is used to characterize the plastic instability of coal

F = 2 sin φffiffiffi
3

p
3 − sin φð Þ

I1 −
6c cos φffiffiffi
3

p
3 − sin φð Þ

+
ffiffiffiffi
J2

p
I1 = σ1 + σ2 + σ3

I2 = σ1σ2 + σ2σ3 + σ3σ1

J2 =
1
3 I

2
1 − I2

8>>>>>>>><
>>>>>>>>:

, ð5Þ

where I1 represents the first stress invariant; J2 represents the
second deviator stress invariant; c is the cohesion, MPa; φ is
the friction angle, °.

2.2. The Governing Equation of Gas Diffusion in Coal Matrix.
The mass conservation equation of gas in the coal matrix is

∂m
∂t

= −Qs, ð6Þ

where t is the time, s; m is the gas mass per unit volume of
coal, composed of adsorbed gas and free gas, kg/m3, which
can be calculated by Langmuir equilibrium equation and
ideal gas state equation.

m =
Mcρg
VM

VLpm
pm + PL

+ ϕm
Mc

RT
pm, ð7Þ

whereMc is the molar mass of methane, kg/mol; ρg is the gas
density under standard state, kg/m3; VM is the molar volume
of methane under standard conditions, m3/mol; VL is the
maximum adsorption capacity of coal, mL/g; PL is the
Langmuir pressure constant of coal, Pa; ϕm is the porosity
in coal matrix, %; R is the universal gas constant, J/(mol·K);
and T is the temperature, K. Gas diffusion in coal matrix
and fractures is caused by concentration gradient, which is
considered as unsteady diffusion and can be expressed by
the following equation [25]:

Qs =
3π2Mc pm − pf

� �
D0 exp −λtð Þ

L2mRT
, ð8Þ

where D0 is the initial diffusion coefficient, m2/s; λ is the
correlation coefficient; and Lm is the width of coal matrix, m.
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Substituting the equations (7) and (8) into the governing
equation (6), we can get

∂pm
∂t

= −
3π2 pm − pf
� �

D0 exp −λtð ÞVM pm + PLð Þ2

VLρgPLRT + ϕmVM pm + PLð Þ2 : ð9Þ

2.3. The Governing Equation of Gas Seepage in Coal Fracture.
The movement of gas in coal fracture accords with the
continuity equation

∂
∂t

ϕf ρf

� �
+∇ ⋅ ρf V f

� �
=Qs 1 − ϕf

� �
, ð10Þ

ρf =
Mcpf
RT

, ð11Þ

where ϕf is the porosity in the coal fracture, %; and V f is the
gas seepage rate in the fracture. Due to the discreteness of frac-
ture development, the gas flow patterns are different, which
can be determined by the local Reynolds number, and its
movement can be described by the generalized power law.

V f = −
kf
μ

∇pf
� �m

, ð12Þ

where kf is the permeability, m2; μ is gas dynamic viscosity, Pa
· s; and m is gas state index, m = 1 ~ 2, when m = 1, the above
formula is Darcy seepage model. Disturbance of coal seam
stress causes the porosity and permeability changes. The
porosity equation in fracture is [26]

ϕf

ϕf 0
= 1 − Km

K f Lm + KmLf

PLLmεL pm − pm0ð Þ
pm + PLð Þ pm0 + PLð Þ − Lm + Lf

� �
εV

� �
,

ð13Þ
where Lf is the width of coal fractures, m. According to the
cubic law [27], the relationship between permeability and
porosity can be obtained

kf
kf 0

=
ϕf

ϕf 0

 !3

: ð14Þ

By substituting (8), (12) into (10), the governing equation
of gas seepage in fracture is obtained as follows:

ϕf

∂ρf

∂t
+ ρf

∂ϕf

∂t
−∇ ⋅

kf
μ
ρf ∇pf
� �m	 


=
3π2McD0 exp −λtð Þ 1 − ϕf

� �
L2mRT

pm − pf
� �

:

ð15Þ

Simultaneous formulas (4), (5), (9), (12)~(15) are the
mathematical model of multiphysical fields of coal and gas
outburst seam.

3. Gas Expansion Energy Calculation and
Numerical Simulation

3.1. Gas Expansion Energy Calculation. The gas expansion
energy W in the process of outburst is composed of the free

50 m

22
.2

 m

10
 m

4 m

Figure 1: Geometric model.

Table 1: The physical parameters.

Parameters and units Value

Elasticity modulus of coal E /(GPa) 3

Elasticity modulus of coal matrix Em/(GPa) 8

Poisson’s ratio of coal v 0.32

Density of coal ρc /(kg/m
3) 1350

Elasticity modulus of coal Er /(GPa) 30

Poisson’s ratio of rock vr 0.2

Density of rock ρr /(kg/m
3) 2450

Cohesion of coal c /(MPa) 1.45

Friction angle of coal φ /(°) 30

Langmuir pressure constant of coal PL /(MPa) 1

Langmuir constant volume of coal VL(m3/kg) 0.02

Initial matrix porosity of coal φm0 0.03

Initial fracture porosity of coal φf 0 0.001

Initial permeability kf 0(m
2) 1e-13

Gas dynamic viscosity μ/(Pa·s) 1.52e-5

Initial diffusion coefficient D0/(m
2/s) 5e-11
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Figure 2: Distribution cloud map of physical field in front of working face.

5Geofluids



gas expansion energy in the coal fracture W1 and the des-
orbed gas expansion energy in the coal matrix W2

W =W1 +W2

=
p0V0f
κ − 1

pf
p0

	 
 κ−1ð Þ/κ
− 1

" #
+ p0V0m

κ − 1
pm
p0

	 
 κ−1ð Þ/κ
− 1

" #
,

ð16Þ

where κ represents a multiprocess index, usually deemed as
1.25 for this case; V0f is the gas volume in the fracture,
mL/g; and V0m is the gas volume desorbed in the outburst
in the coal matrix, mL/g; due to the short outburst time, it
generally only lasts for tens of seconds [14, 28], that

V0f =
ϕf pf
ρcp0

,V0m =Qs
VM

ρcMc
, ð17Þ

where ρc is the density of coal, kg/m
3. So

W =
p0V f

κ − 1
pf
p0

	 
 κ−1ð Þ/κ
− 1

" #

+ p0
κ − 1

pm
p0

	 
 κ−1ð Þ/κ
− 1

" #
Qs

VM

ρcMc
:

ð18Þ

3.2. Numerical Calculation Model. The governing equations
are imported into COMSOL Multiphysics numerical simula-
tion software for solution and analysis. Solid mechanics
module is used to control the deformation of coal and rock,
and PDE module is used to analyze the gas flow in coal
matrix and fracture. Taking the outburst accident working
face of Sanjia coal mine in Guizhou as the background, the
buried depth of the working face is 388m (the vertical stress
is about 10MPa), the original gas pressure is 0.86MPa, the
thickness of the coal seam on the working face increases from
0.7m to 2.2m, and that is 2.2m at the outburst accident site.
Therefore, a two-dimensional plane model with 50m long,
10m high roof and floor, and 2.2m thick coal seam is con-
structed, as shown in Figure 1.

A vertical stress of 10MPa is applied to the upper part of
the geometric model, rollers are used to support the left and
right sides, and the bottom is a fixed boundary. The coal
seam is excavated 4m, which is a free boundary. The initial
gas pressure of the coal seam is 0.5MPa, the boundary
around the coal seam is zero flux, and the impermeable
boundary dp/dxi = 0; after outburst, the outburst hole
boundary is atmospheric pressure. The physical parameters
of the numerical simulation are shown in Table 1.

4. Simulation Results

4.1. Distribution Law of Physical Field in front of Working
Face. The vertical stress, volumetric strain, plastic strain,
gas pressure, and permeability distribution cloud map of out-
burst coal face after excavation can be obtained, as shown in
Figure 2. The coal and rock mass around the working face

suffer from strength failure, plastic deformation, and stress
concentration due to high load. Correspondingly, the perme-
ability and gas pressure change. Figure 3 shows the distribu-
tion of vertical stress, volumetric strain, and permeability
with distance at the coal seam centerline (red line in
Figure 1). It can be seen that from the excavation face to
the deep part of coal seam, the stress distribution is in turn
unloading zone, stress concentration zone, and original stress
zone. At the exposed part of the working face, the volume
swells deformation is the largest. The coal body is com-
pressed and reaches the minimum at the peak value of verti-
cal stress, then gradually returns to the original stress value
along with the stress toward the depth of the coal seam,
and the volume strain also gradually returns to 0. The change
of permeability is consistent with the volume strain.

Figure 4 shows the gas pressure distribution of coal
matrix and coal fracture at initial time (0 s) and 60s. It can
be seen from Figure 4 that the gas pressure in coal matrix
and coal fracture is the same at the initial time. From the
working face to the deep part of the coal seam, the gas pres-
sure rises sharply and reaches the maximum value at the
stress peak point, which is slightly higher than the initial
pressure of the coal seam. This is because the stress concen-
tration makes the coal seam compacted, which makes it
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Figure 3: Distribution law of vertical stress, volumetric strain, and
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difficult for the gas to flow outwards and makes the gas accu-
mulate rapidly in a short period of time. Finally, the gas pres-
sure is higher than the initial value in a small range. With the
passage of time, the gas in the fracture gradually migrates to
the working face under the action of the pressure gradient,
and the gas in the coal matrix comes from the gradually
desorbs and diffuses of the adsorbed gas of coal particles.
When the amount of desorption diffusion in the matrix is less
than the gas migration amount in the fracture, the fracture
gas pressure begins to decrease, so the coal seam fracture
gas pressure near the working face is lower than that in the
initial gas pressure at 60 s.

4.2. Influencing Factors of Gas Expansion Energy. The gas
expansion energy is directly related to the amount of gas
involved in the work. Therefore, it is very important to mas-
ter the gas flow law under the multifield coupling action of
outburst working face. As can be seen from Figure 4, the frac-
ture gas pressure at 5m in front of the working face changed
greatly, and the outburst duration was generally less than
60 s. Therefore, the gas expansion at 5m in front of the work-

ing face at the moment of 60 s was selected for analysis.
According to formula (18), the gas expansion energy of out-
burst coal seam under different conditions can be calculated.
The gas expansion energy under different gas pressure is
shown in Figure 5. It can be seen that under the simulation
conditions, the gas expansion energy of coal seam increases
with the increase of gas pressure. Affected by the excavation,
the gas expansion energy of the coal seam near the working
face is significantly higher than that of the original coal seam.
It can be seen from Figure 5(a) that the peak point of gas
expansion energy near the working face increases signifi-
cantly with the increase of gas pressure. The expansion
energy provided by free gas keeps a constant value in the
original coal seam and decreases gradually near the working
face with the distribution of fracture gas pressure. The expan-
sion energy provided by desorption gas is zero in the original
coal seam. This is because the coal matrix pores and fractures
of the original coal seam have basically the same gas pressure
without a concentration gradient, resulting in no new gas is
desorbed from the coal matrix. As the increase of gas pres-
sure gradient of coal matrix and fracture near the working
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face, the amount of gas desorbed and diffused increases and
decreases to atmospheric pressure at the working face. There-
fore, it presents a trend of first increasing and then rapidly
decreasing.

Diffusion coefficient is an important parameter of
reaction gas diffusion ability, which is related to coal struc-
ture, metamorphic degree, particle size, and other factors
[29–32]. The gas diffusion ability also has a significant effect
on the gas expansion energy, as shown in Figure 6. It can be
seen that the gas expansion energy in the original coal seam
basically remains unchanged under different diffusion coeffi-
cient conditions, about 12.15 J/g. The peak point of gas
expansion energy near the working face increases signifi-
cantly with the increase of diffusion coefficient. When the
diffusion coefficient is less than or equal to 1e-10m2/s, the
decreased value of free gas expansion energy near the work-
ing face is greater than that of desorption gas expansion
energy, so the gas expansion energy decreases along the
x-axis. The peak value of gas expansion energy near the
working face is 7.61 J/g, which is less than that of the orig-
inal coal seam. This is because that when the diffusion
coefficient is small, the ability of coal matrix desorption
gas diffusion is less than the ability of gas migration to
the working face. It can be seen that only when the coal
seam has a high diffusion ability, a higher gas expansion
energy will be formed near the working face, which has
the risk of inducing outburst.

The gas expansion energy under different stress condi-
tions is shown in Figure 7. It can be seen that the stress has
little effect on the gas expansion energy under the simulated
conditions. The gas expansion energy of original coal seam
is not affected by stress. The gas expansion energy near the
working face increases with the increase of stress. This may
be due to the increase of stress leading to an increase in the
degree of coal compaction at the peak stress, which leads to
the increase of the gas pressure difference between coal
matrix and coal fracture. As a result, the gas desorption diffu-
sion amount of coal matrix increases, so the gas expansion
energy increases slightly. The gas expansion energy on the

coal seam centerline is not affected by the coal seam thick-
ness, as shown in Figure 8. However, the total gas expansion
energy of the whole coal seam is directly related to the thick-
ness, so the possibility of outburst is relatively large when the
coal seam thickness changes greatly.

5. Conclusions

Considering the outburst coal seam as isotropic elastic-
plastic porous medium, the multiphysical field gas-solid cou-
pling equation of outburst coal seam was established, which
is mainly composed of deformation control equation, gas
diffusion control equation in coal matrix, and gas seepage
control equation in coal fracture. The numerical analysis
model of coal and gas outburst was established by using solid
mechanics and PDE custom module of COMSOL Multiphy-
sics, and the distribution law of stress field, deformation field,
and gas flow field of coal seam was obtained. Based on these
studies, the following conclusions can be drawn:
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Figure 8: Expansion energy of gas under different thickness of
coal seam.
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(1) From the excavation face to the deep part of coal
seam, the stress distribution presents unloading zone,
stress concentration zone, and original stress zone.
The volumetric strain and permeability reach the
minimum at the peak value of vertical stress. The
gas pressure in coal matrix and coal fracture is the
same at the initial time. Due to the stress concentra-
tion, the coal body is compacted, and the gas pressure
reaches the maximum at the stress peak point. As
time goes on, the gas pressure in the matrix does
not change, and the gas pressure in the coal seam
fracture near the working face begins to decrease
when the gas desorption diffusion amount in the
matrix is less than the gas migration amount in the
fracture

(2) The total gas expansion energy is affected by the com-
bined effects of free gas and desorption gas expansion
energy. The expansion energy provided by free gas is
related to the distribution of fracture gas pressure.
Affected by the excavation, it maintains a constant
value in the original coal seam and gradually
decreases in the area close to the working face. The
expansion energy provided by desorption gas is zero
in the original coal seam. In the vicinity of the work-
ing face, it shows a trend of first increases and then
decreases rapidly

(3) Compared with stress and coal seam thickness, gas
pressure and initial diffusion coefficient have a signif-
icant influence on gas expansion energy of coal seam.
The expansion energy of coal seam gas increases with
the increase of gas pressure. With the increase of dif-
fusion coefficient, the gas expansion energy of the
original coal seam is basically unchanged, and the
gas expansion energy of the coal seam near the work-
ing face increases significantly. When the diffusion
coefficient is greater than or equal to 1e-9m2/s, the
gas expansion energy of the coal seam near the work-
ing face is significantly higher than that of the origi-
nal coal seam, which has the risk of inducing outburst
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