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Abstract: Based on thermal–fluid–solid coupling law in coal and gas outburst, a multi-physical field
numerical analysis model is built for the whole outburst process. The response laws of stress, gas
pressure, temperature, and seepage in different areas and different time nodes around coal and
rock mass in the coal and gas outburst under high stress condition are discussed. Research results
show: Firstly, the stress response law of the coal and rock mass around the burst hole is initial
vibration–sudden attenuation–late stability. Secondly, the gas pressure response law in different areas
is that the gas pressure response rate decreases gradually with the increase of the distance from the
outburst. Thirdly, the adsorbed gas contained in the broken coal near the outburst port is desorbed
rapidly and expands to do work, and the temperature changes dramatically after outburst occurs. In
contrast, with the increase of stress, the proportion of elastic potential in total coal and gas outburst
energy increases, and the proportion of elastic potential is positively correlated with stress. The
critical gas pressure under the energy condition of coal and gas outburst decreases with the increase
of stress. It illustrates that the lower gas pressure can also meet the energy condition of coal and gas
outburst under high stress.

Keywords: deep mining; coal and gas outburst; multi-physical field; energy condition

1. Introduction

With the depletion of coal resources in shallow mines and the increasing instability
of world energy, mining operations inevitably develop gradually from shallow mining to
deep mining [1–5]. Many mining areas in the world have entered deep mining. Taking
the central and eastern regions of China (Huainan and Huaibei mining areas, etc.) as an
example, the mining depth generally reaches 700–800 m [6–10]. The mining depth of more
than 70 coal mines reached 1000 m in 2020 [11,12]. Moreover, with the increase of mining
depth, the stress, gas pressure and content, and ground temperature rise continuously, the
coupling law of stress, gas, coal, and rock becomes more complex, and various disasters and
accidents become more serious [13–17]. In the case of gas extraction up to standard, coal
and gas outburst accidents still occur frequently under deep high stress condition, which
has seriously restricted the safety of coal mining [18]. Therefore, it is of great significance to
study stress, gas and coal coupling mechanism, and coal and gas outburst theory under
high stress in deep mining [19–26].

Coal and gas outburst is a dynamic phenomenon in which a large amount of coal
rock carrying a large amount of gas is suddenly released into the mining space [27]. Burst
coal-gas can sometimes travel several or even thousands of meters against the wind in
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the tunnel, and the burst coal can sometimes fill the entire tunnel [28,29]. When the
coal-gas mixture meets a fire source in a roadway, it may cause a gas, coal dust, or gas
coal dust explosion, among others, which seriously endanger mine worker safety and
cause a huge economic loss. The coal and gas outburst mechanism has been studied
extensively in major coal producing countries by means of theoretical analysis, laboratory
tests, numerical simulation, and field tests [30–33]. A series of hypotheses on coal and
gas outburst mechanism are established [34–38]: “gas-dominated hypothesis”, “stress
dominated hypothesis”, “comprehensive hypothesis”, “chemical nature hypothesis”, etc.
Currently, research on coal and gas outbursts is based mainly on the comprehensive
hypothesis. The theory that the in situ stress and gas pressure provide an energy source for
the occurrence and development of coal and gas outbursts is generally believed [39–42].
The physical and mechanical properties of coal and rock reflect the ability of coal and
rock to resist damage. Furthermore, Wang et al. proposed that the coal and gas outburst
intensity increases with the increase of mining depth and coal seam thickness [37]. Xu
et al. used RFPA2D-Gasflow software to conduct numerical tests on the basic mechanical
properties, and studied the mechanical properties and seepage evolution law of coal and
rock under different stress conditions [43,44]. Koltun et al.state diffusion in heterogeneous
media and sorption–desorption processes [45]. Overall, there are few research results
on the multi-physical field parameter response of coal and gas outburst under different
stress conditions. Therefore, based on thermo–fluid–solid coupling in the whole coal and
gas outburst process, a numerical model is established to study the multi-field coupling
relationship. Taking the outburst accident in Dingji Coal Mine as the prototype, numerical
simulation was used to study multiple physical field response parameters in the whole coal
and gas outburst process, thus providing a reference for the prediction and prevention of
deep coal and gas outburst.

2. Multi-Physics Coupling in the Coal and Gas Outburst Based on Fractal Analysis
2.1. Stress Equation

Based on fluid–structure coupling theory [46], the matrix stress of gas-bearing coal
rock can be expressed as:

σ′ = σ− αpδij (1)

where α is the Biot coefficient, which reflects the relationship between effective volume
stress and gas pressure in coal matrix; δij is the Kroneker coefficient; and p is the gas
pressure, MPa.

The stress balance equation of the coal body can be expressed as:

σ′ij,j + fi = 0 (2)

Substituting Equation (2) into Equation (1) gives:

σ′ij,j − (αpδij)j + fi = 0 (3)

Therefore, the stress–strain relationship of gas-bearing coal in the stress zone of original
rock at the elastic stage can be expressed as:

σ′ij = 2Gεij +
2Gµ

1−2µ εvδij − Kεvδij

σ′ij = σij − βδij p
εij =

1
2
(
ui,j + uj,i

) (4)

where εij is the strain component (i, j = x, y, z), %; G is shear modulus, MPa; εv is bulk
strain, %; and ui,j is the displacement component.
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The yield failure criterion of coal conforms to the Drucker–Prager criterion (D–P
criterion), combined with Mohr–Coulomb criterion gives:

F =
√

J2 + αDP I1 − kDP (5)

According to fracture mechanics, the mechanical criterion of tensile failure conforms
to the maximum tensile stress criterion:

KI ≥ KIC (6)

KI = σ
√

2πr (7)

The condition of crack propagation is that the gas pressure gradient inside the crack
and on the exposed surface is greater than the tensile strength of the coal body. Therefore,
the cracks in the coal body expand along the direction perpendicular to the maximum gas
pressure gradient, making the cracks expand and causing lamellar cracks.

p1 − p0 ≥ σt (8)

where p1 is gas pressure in coal crack, MPa, and p0 is atmospheric pressure, MPa.

2.2. Fluid Migration Equation

Dual pore structure is a widely accepted model to describe gas migration in coal. The
coal is cut into matrix units by fractures in the coal seam, and adsorbed gas in the coal
matrix migrates to the fracture system through desorption and matrix diffusion, and then
to the seepage movement in the fracture system. The process of gas diffusion on coal matrix
surfaces can be described by the following equation.

q = DαsV1(c1 − c2) (9)

where q is the diffusive mass flux; αs is the shape factor; V1 is the coal matrix volume, ml;
c1 is gas mass concentration in coal matrix, g/mL; and c2 is gas mass concentration in the
crack, g/mL.

It is difficult to determine the diffusion coefficient and shape factor in the diffusion
formula, so adsorption time is often used to express the diffusion speed; the basic equation
of gas diffusion to cracks in the matrix follows:

q =
MV1

τRT
(p1 − p2) (10)

The continuity equation of gas migration in coal seam follows:

∂

∂t
(ρϕ) +∇(ρv) = q (11)

where ρ is the gas density, g/cm3; ϕ is the porosity; and q is the variation of gas flow in
unit coal matrix, cm3.

According to the basic assumption, gas migration in the fracture conforms to Darcy’s law:

v =
k
µ
∇p (12)

The gas content equation can be expressed as:

Q =

(
abp1

1 + bp1
+

φ1 p1

ρp0

)
· ρM (13)

The volume of gas in coal with the temperature, gas pressure, and the relationship
between each component is expressed as the equation of state of coal seam gas:
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ρg =
Mp
RTZ

=
ρn p
pnZ

(14)

According to the these basic assumptions, the gas flow in coal seam satisfies Darcy’s
law (12), the gas content equation satisfies Equation (13), and the gas state equation satisfies
Equation (14). By substituting the three equations into the continuity relationship, Equation
(11), the coupled seepage equation of coal containing gas can be obtained as follows:

∂
[(

abcp
1+bp + ϕ · p

pn

)
· ρn

]
∂t

−∇ ·
(

k
µ
· ∇p · p

pn

)
= I (15)

2αp
∂e
∂t

+

[
2ϕ +

2(1− ϕ)

Ks
p +

2abcpn

(1 + bp)2 +
2abcpn

1 + bp

]
∂p
∂t
−∇ ·

(
k
µ
· ∇p2

)
= I (16)

The relationship between permeability and porosity of coal seam is based on the
classical formula:

k = k0(
ϕ

ϕ0
)

3
(17)

Based on the relationship between coal permeability and the cubic power of porosity,
the evolution law of coal porosity during outburst can be described as follows:

φ =

 φ0 exp
[

bσ
3 (∆Θ)

](
1 + γp

γp∗ ξ
) 1

3

φ0 exp
[

bσ
3 (∆Θ)

]
(1 + ξ)

1
3

(18)

2.3. Temperature Equation

The adsorption, desorption, and seepage of gas in a coal seam all have a thermal
effect, which is a non-isothermal process. The deformation of coal containing gas under
the action of external force also produces a thermal effect, so the coupling temperature
field equation of coal containing gas should be coupled with the influence of the stress
field and seepage field. The adsorption, desorption, and seepage of gas in a coal seam all
have thermal effect, which is a non-isothermal process. So the influence of the temperature
field equation should be considered in simulating the process of coal and gas outburst. The
formula of the first thermodynamic law of the coal skeleton follows:

∂(ρsCs∆T)
∂t

+ TαsK
∂εv

∂t
+∇ · (krs∇T) = QTs (19)

The energy conservation equation of gas is Equation (20):

∂
(
(φm + φ f )ρgcg∆T

)
∂t

+∇ ·
(
ρghgqg

)
+
(

φm + φ f

)
∇ · (krg∇T) =

(
φm + φ f

)
QTg (20)

The energy conservation equation of a gas-bearing coal body can be obtained by
combining Equations (20) and (21):

∂((ρCp)e f f T)

∂t
+ ηe f f∇T −∇ · (λe f f∇T) + KαTT

∞∂εv

∂t
+ qst

ρsρgs

M
·

∂Vsg

∂t
= 0 (21)

In Formula (21), from left to right are the variations of coal internal energy, convective
heat transfer, heat conduction, coal skeleton thermal strain energy, and gas adsorption heat.

Therefore, the occurrence and development of coal and gas outburst involves multiple
physical field parameters, such as the stress, gas pressure, temperature, and seepage fields
(Figure 1).
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3. Multi-Physical Field Response of the Outburst Process
3.1. Geometric Model Construction

It is assumed that the physical properties, gas parameters, and stress distribution of
coal seams along each section of the driving face are the same. The geometric model of
the numerical solution was simplified to a horizontal (x and y) two-dimensional plane
model. The model size was 2.2 m in thickness of the coal seam, 6 m in the height of roof and
floor, and 30 m in length. Coal and gas outburst induction was realized through two-step
excavation, with excavation distance of 1.5 m at each step (Figure 2). The bottom end is
fixed and the horizontal displacement is fixed on the left and right sides. The initial gas
pressure in the coal seam is 0.5 MPa, and only the gas migrates in the coal seam. In addition,
in order to obtain the response laws of the stress–strain field and the gas and temperature
fields, the model uses a number of solid modules to carry out one-step mining to obtain
the initial stress–strain field and disturbance stress–strain field, and uses a PDE module to
solve the gas field and temperature field. Solid module: the upper boundary is a constant
load boundary. The initial ground stress in the physical model is 16 MPa, and the initial
load in the numerical model is also a constant load of 16 MPa. The lower boundary and the
right boundary are roller boundaries, and the exposed surface formed after excavation is
the free boundary. PDE module: the upper and lower boundaries and the right boundary
of the coal seam are zero flow boundaries. Gas can only move in the coal seam, and the
initial coal seam gas pressure is 0.5 MPa; the exposed surface after excavation is a constant
pressure boundary, and the pressure is atmospheric pressure. The specific parameters in
the model are shown in Table 1.
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Table 1. Measured model parameters.

Parameters Parameters

Elastic modulus of rock E 20 GPa Density of coal ρ 1.4 × 103 kg/m3

Poisson’s ratio of rock v 0.3 Initial porosity of coal seam 5.61%
Density of rock ρ 2.5 × 103 kg/m3 Coal cohesiveness 20 MPa
Cohesion of rock 20 MPa Angle of friction in rock 40◦

Angle of friction of rock 40◦ Gas dynamic viscosity
coefficient η 11.067 Pa·s

Elastic modulus of coal E 2.3 GPa Density of gas ρ 0.716 kg/m3

Working face pressure P 0.1 MPa Initial gas pressure P 0.5 MPa
Poisson’s ratio of coal v 0.192 Initial temperature of coal T 305.5 K

3.2. Calculation Method

The numerical solution of coal and gas outburst is an operation of multiple physical
fields, including the stress field, gas pressure field and temperature field. Moreover, there
are coupling relations among each physical field. The internal solid mechanics field is used
to calculate the stress–strain relationship of coal–rock mass; the flow field of gas in coal is
selected to calculate the flow field, the mechanical effect of gas on the coal body is applied
by the volume force in the solid mechanics field, the yield of the coal body is calculated by
the D–P matching criterion, and the steady-state solution is used in the calculation process,
as shown in Figure 3.

3.3. Stress Field Response in the Whole Outburst

Figure 4 shows the stress field response at different time nodes in the process of
outburst. The colors of different areas in Figure 4 represent different degrees of failure in
different areas of coal. Figure 4a indicates the stress balance state near the working face
after two steps of mining before outburst. The work of stress on coal increases the elastic
potential of coal, which leads to the accumulation of high elastic energy and the expansion
of coal cracks, providing conditions for the instantaneous gas release at the working face
front. At the 12th s, the change rate of stress field accelerates, so it can be judged that
the outburst occurs at this time. As can be seen from Figure 4b, after the occurrence of
coal and gas outburst, the stress in the model begins to unload, and the coal body suffers
tensile failure. The stress at the front of the working face has been completely unloaded,
the vertical stress value has been approaching zero, the stress concentration has shifted.
Meanwhile, the stress concentration has shifted to greater depth. The stress concentration
area moved to the position 3–5 m from the outburst, and the stress concentration area of the
roof and floor present a symmetrical distribution. Figure 4c–e is, respectively, 18, 24, and
36 s in the process of outburst. The coal body continues to be damaged, and the strength of
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coal is completely lost or decreased. The vertical load is also transferred to the coal body
in the outer undamaged area. After 40 s, the stress field is stable and the stress no longer
changes (Figure 4f).
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Figure 4. Geo-stress distribution at different times.

Figure 5 illustrates the stress curve at different distances from the coal wall. It can be
concluded from Figure 5 that stress response is fastest at x = 5 m and x = 10 m, nearest to
the coal wall. There is a negative correlation between stress and time at x = 5 m, which
indicates that the coal nearest to the outburst is thrown out first, and the ground stress
decreases rapidly and approaches zero. The stress curve at x = 10 m indicates a trend of



Minerals 2022, 12, 151 8 of 18

rapid decline after increasing to a maximum value of 17.5 MPa. The stress at x = 15 m,
x = 20 m and x = 25 m rise and then tend to be stable with the development of outburst.
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3.4. Gas Pressure Field Response in the Whole Outburst

Figure 6 describes the response characteristics of the gas pressure field during outburst
in different time segments. Figure 6a shows the equilibrium state of gas pressure near the
working face after two steps of mining before outburst, and the gas in the coal seam is 0.5 MPa.
Figure 6b demonstrates that a large amount of gas begins to gush into the mining space.

Minerals 2022, 12, x FOR PEER REVIEW 9 of 19 
 

 

Figure 6c–e shows the outburst development stage in which the gas keeps pouring 
out to the roadway; the gas pressure in the coal body continues to decrease, and the gas 
pressure gradient is formed in the outburst hole. At the same time, gas pressure has mul-
tiple ”jump zones”. Figure 6f demonstrates the outburst termination stage. At this time, 
there is still continuous gas desorption, but the rate of gas pressure drop has reduced sig-
nificantly. Although the gas is still continuously desorbed, it is not sufficient to support 
the continuous occurrence of coal and gas outburst, and the gas internal energy accumu-
lated by gas desorption cannot throw coal. Therefore, not all desorption gas is involved in 
coal and gas outburst work. Only the energy that can participate in tearing, throwing, and 
transporting coal does work to outburst. That is the initial gas expansion energy. Figure 7 
reflects the variation trend of gas pressure over time at different distances from the coal 
wall. After the outburst occurred, the coal body near the outburst was destroyed and 
thrown out under the action of the stress field and gas pressure field, and the gas pressure 
in the coal body changed violently. 

  

 

(a) t = 0 s (b) t = 12 s 

  
(c) t = 18 s (d) t = 24 s 

  
(e) t = 36 s (f) t = 40 s 

Figure 6. Gas pressure distribution at different times. 

 
Figure 7. Gas pressure field with time at different distances from the coal wall. 

  

Figure 6. Gas pressure distribution at different times.

Figure 6c–e shows the outburst development stage in which the gas keeps pouring
out to the roadway; the gas pressure in the coal body continues to decrease, and the
gas pressure gradient is formed in the outburst hole. At the same time, gas pressure
has multiple ”jump zones”. Figure 6f demonstrates the outburst termination stage. At
this time, there is still continuous gas desorption, but the rate of gas pressure drop has
reduced significantly. Although the gas is still continuously desorbed, it is not sufficient to
support the continuous occurrence of coal and gas outburst, and the gas internal energy
accumulated by gas desorption cannot throw coal. Therefore, not all desorption gas is
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involved in coal and gas outburst work. Only the energy that can participate in tearing,
throwing, and transporting coal does work to outburst. That is the initial gas expansion
energy. Figure 7 reflects the variation trend of gas pressure over time at different distances
from the coal wall. After the outburst occurred, the coal body near the outburst was
destroyed and thrown out under the action of the stress field and gas pressure field, and
the gas pressure in the coal body changed violently.
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3.5. Temperature Field Response in the Whole Outburst

From the point of view of the whole process of outburst, the temperature drop is the
most obvious during outburst and the temperature drop rate is the largest, with a drop of 9
K, at the beginning of the burst. As the broken coal is thrown out, the temperature near
the outburst begins to change, decreasing from 306 to 303 K, shown in Figures 8 and 9. To
some extent, the change of coal temperature reflects the development and suspension of the
outburst. In the process of continuous outburst, the temperature field shows a continuous
decrease. When the gas pressure rises and the gas compresses, the temperature presents a
slight rise. On the other hand, the temperature variation reflects the whole process of the
outburst. Therefore, it can also be interpreted that the change of temperature field reflects
the change of the stress field and gas pressure field. In the process of outburst, the decrease
of temperature in coal is mainly caused by the work of gas expansion in the coal and the
heat absorption and desorption of gas.

According to the thermodynamic formula, the gas expansion energy in the outburst
process can be expressed as:

W =
RT1

n− 1

[
1−

(
p2

p1

) n−1
n
]

(22)

When the gas pressure drops from p1 to p2, the gas expansion energy released by coal
per unit volume is as follows:

W =
αMR∆T

2Vm(n− 1)

∫ p1

p2

1
√

p
dp (23)

The temperature change of the coal seam is proportional to gas expansion energy. The
more gas expansion energy released from the coal seam, the greater the temperature change
of the coal seam.
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3.6. Seepage Field Response in the Whole Outburst

The simulation results show that the permeability area affected by coal and gas
outburst in front of the working face can be divided into three areas: sudden increase,
medium growth, and growth. The sudden increase area is in the main pressure relief zone,
and the coal body has been highly broken and a fissure developed under the influence of
the outburst. At the same time, the stress has shifted, and the permeability is shown as a
sudden increase. The medium growth area is mainly distributed in the stress concentration
area. Part of the coal has broken up, but it can still support the coal. The growth area is far
from the outburst outlet, and the number of fractures produced by the coal body under the
influence of outburst has been greatly reduced, leading to the weakening of the growth
range of permeability. However, the gas can still provide energy for outburst by continuous
desorption in the process of outburst (Figure 10).
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4. Multi-Physical Field Response of Coal and Gas Outburst under Different
Stress Conditions
Stress Field Response in the Whole Outburst under Different Stress Conditions

Figure 11 shows the stress response during coal and gas outburst under different stress
conditions. Figure 11 illustrates the response law of stress distribution at 5, 10, 15, and 25 m
from the origin of coordinates on the central axis of the coal seam. In the process of coal and
gas outburst, when the initial ground stress is 16, 24, 32, and 40 MPa, the response trend of
ground stress is consistent. Figure 11a shows the broken coal is thrown out and the stress
shifts rapidly after the outburst. The ground stress drops rapidly from 16, 24, 32, and 40 to
0 MPa. From the point of view of stress response rate, the initial ground stress decreases
from 16, 24, 32, and 36 MPa to 4, 6, 7, and 7 MPa, respectively, in the range 12–18 s. Stress
response rates are 2, 3, 3.8, and 4.8 MPa/s, respectively. It can be found that the higher
the initial ground stress, the higher the stress response rate after outburst. Figure 11b,c
respectively, shows the response law of stress with outburst development under different
stress conditions at x = 10 m and x = 15 m. It can be seen that stress concentration stage
and stress release stage are experienced in the process of outburst. Figure 11d indicates
the stress response law with outburst development under different stress conditions at
x = 25 m. After outburst occurred at x = 25 m, the stress response was weak, and there is a
small increase under different stress conditions, which generally remained stable.



Minerals 2022, 12, 151 12 of 18

Minerals 2022, 12, x FOR PEER REVIEW 12 of 19 
 

 

4. Multi-Physical Field Response of Coal and Gas Outburst under Different Stress 
Conditions 
4.1. Stress Field Response in the Whole Outburst under Different Stress Conditions 

Figure 11 shows the stress response during coal and gas outburst under different 
stress conditions. Figure 11 illustrates the response law of stress distribution at 5, 10, 15, 
and 25 m from the origin of coordinates on the central axis of the coal seam. In the process 
of coal and gas outburst, when the initial ground stress is 16, 24, 32, and 40 MPa, the re-
sponse trend of ground stress is consistent. Figure 11a shows the broken coal is thrown 
out and the stress shifts rapidly after the outburst. The ground stress drops rapidly from 
16, 24, 32, and 40 to 0 MPa. From the point of view of stress response rate, the initial 
ground stress decreases from 16, 24, 32, and 36 MPa to 4, 6, 7, and 7 MPa, respectively, in 
the range 12–18 s. Stress response rates are 2, 3, 3.8, and 4.8 MPa/s, respectively. It can be 
found that the higher the initial ground stress, the higher the stress response rate after 
outburst. Figure 11b,c respectively, shows the response law of stress with outburst devel-
opment under different stress conditions at x = 10 m and x = 15 m. It can be seen that stress 
concentration stage and stress release stage are experienced in the process of outburst. 
Figure 11d indicates the stress response law with outburst development under different 
stress conditions at x = 25 m. After outburst occurred at x = 25 m, the stress response was 
weak, and there is a small increase under different stress conditions, which generally re-
mained stable. 

  

(a) x = 5 m (b) x = 10 m 

  

(c) x = 15 m (d) x = 25 m 

Figure 11. Gas pressure response in the whole outburst under different stress conditions. 

Figure 12 shows the gas pressure response in the process of coal and gas outburst 
under different stress conditions, and Figure 12 illustrates the response law of gas pres-
sure distribution at 5, 6, 8, and 10 m from the origin of coordinates on the central axis of 
coal seam. Figure 12a shows the broken coal is thrown out, and the gas pressure responds 
most rapidly after the outburst occurs. The gas pressure drops rapidly from 0.5 to 0.1 MPa. 
Figure 12b illustrates the gas pressure response at a position 1 m from the outburst under 

Figure 11. Gas pressure response in the whole outburst under different stress conditions.

Figure 12 shows the gas pressure response in the process of coal and gas outburst
under different stress conditions, and Figure 12 illustrates the response law of gas pressure
distribution at 5, 6, 8, and 10 m from the origin of coordinates on the central axis of coal
seam. Figure 12a shows the broken coal is thrown out, and the gas pressure responds
most rapidly after the outburst occurs. The gas pressure drops rapidly from 0.5 to 0.1 MPa.
Figure 12b illustrates the gas pressure response at a position 1 m from the outburst under
different stress conditions. It can be seen from the figure that the higher the stress, the
greater the gas pressure variation range at the beginning of the outburst. At the initial
stage of the outburst, the gas pressure suddenly increases, forming a large gas pressure
gradient, and the coal and gas outburst have higher energy. With the increase of stress,
the gas discharge zone in front of the working face becomes smaller, forming a larger gas
pressure gradient. Figure 12c,d shows the change of gas pressure after outburst occurred at
3 and 5 m from the outburst port. After outburst, the higher the stress, the slower the gas
pressure decreases, indicating that under the condition of high in situ stress, more areas
can participate in the coal and gas outburst, so that more gas internal energy can supply
the coal and gas outburst energy.

Figure 13 shows the temperature response in the process of coal and gas outburst
under different stress conditions, and Figure 13 illustrates the response law of temperature
at 5, 6, 8, and 10 m from the origin of coordinates on the central axis of coal seam. Under
different stress conditions, the temperature response has the same variation trend after
outburst, which shows that the temperature curve decreases rapidly after outburst. After
about 10 s, the temperature curve decreases at a slower rate. When it reaches 20 s, the
curve basically remains stable and no significant decline occurs. It indicates that the gas
adsorbed in the pores of the coal body begins to desorb, leading to a rapid drop in coal body
temperature, and the expansion of a large volume of desorbed gas also needs to absorb a
large amount of heat, so the temperature of the coal body drops significantly after outburst.
The response of the temperature field, stress field, and gas pressure show corresponding
phenomenon. The temperature field responds strongly in the early stage of outburst, and
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the temperature drops rapidly. The corresponding stress field and gas pressure field also
show rapid stress transfer and the gas pressure decreases.
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Figure 14 shows the permeability response in the process of coal and gas outburst
under different stress conditions, and Figure 14 illustrates the response law of permeability
distribution at 6, 10, 15, and 25 m from the origin of coordinates on the central axis of coal
seam. The permeability is negatively correlated with the increase of the distance from the
outburst port. The permeability area in front of the working face affected by coal and gas
outburst can be divided into three areas: sudden increase, medium growth, and growth.
The sudden increase area is in the main pressure relief zone, and the coal body has been
highly broken and fissures developed under the influence of the outburst. The medium
growth area is mainly distributed in the stress concentration area, part of the coal has
broken, but it can still support the coal. The growth area is far from the outburst port,
and the number of fractures produced by the coal body under the influence of outburst
has been greatly reduced, leading to the weakening of the growth range of permeability.
However, the gas can still provide energy for outburst by continuous desorption in the
process of outburst.
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5. Influence of Stress on Energy Condition of Coal and Gas Outburst

With the increase of mining depth, ground stress plays an increasingly important role.
Taking Dingji coal and gas outburst accident on 19 April 2004 as an example, the influence
of stress on the energy condition of coal and gas outburst is discussed. The values in Table 1
are selected for specific parameters, and the elastic energy formula in reference [30] is used
to calculate the elastic energy in unit volume under different stress conditions.

It can be seen from Figure 15 that the elastic energy per unit volume is positively
correlated with stress. With the increase of stress, the elastic energy per unit volume of coal
keeps increasing. When the elastic modulus of coal is 2.0 GPa, the stress increases from
5 to 35 MPa, and the elastic energy of coal mass per unit volume increases by 19.8 kJ/m3.
Under the condition of high stress, the energy condition of coal and gas outburst can still be
satisfied because of the high elastic energy of coal and rock mass, even if the gas extraction
reaches the standard.
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Figure 15. The relationship between geo-stress and elastic energy.

Figure 16 reflects the relationship between elastic potential, gas internal energy ratio,
and stress in the range 5–35 MPa. With the increase of stress, the proportion of elastic
energy in total coal and gas outburst energy is increasing, and the proportion of elastic
energy is positively correlated with stress. When the stress reaches 35 MPa, the contribution
of elastic energy can reach 24.2%. Therefore, with the increase of stress, elastic energy has
become an important part of the total energy of the coal and gas outburst.
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In order to explore the relationship between the critical gas pressure and stress of
coal and gas outburst, the coal firmness coefficients are 0.2, 0.3, 0.4, and 0.5, while the
outburst strength remains unchanged. It can be seen from Figure 17 that the smaller the
coal firmness coefficient, the smaller the energy required for the occurrence of coal and gas
outburst, specifically, the smaller the stress and gas pressure can meet the energy conditions
for the occurrence of coal and gas outburst. The smaller the solidity of coal, the gentler
the curve, and the less the effect of stress, while the sensitivity of gas is enhanced, and the
energy source of coal and gas outburst is more dependent on the internal energy of gas.
The critical gas pressure satisfying the energy condition of coal and gas outburst gradually
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decreases with the increase of stress, indicating that under a high stress condition, a small
gas pressure can also satisfy the energy condition of coal and gas outburst.
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6. Conclusions

Based on the whole process of coal and gas outburst in temperature–flow–solid mutual
coupling mechanism, the numerical model is established. The geometric model, boundary
conditions, and solving method of the model are determined. Moreover, the evolution
law of stress field, gas pressure field, temperature field, and seepage field in the process
of coal and gas outburst under deep high stress conditions is discussed, as well as the
response of multiple physical field parameters of coal and gas outburst under different
stress conditions. The following conclusions are obtained:

1. The stress field response law of the coal and rock mass around the outburst hole is
initial vibration–sudden attenuation–late stability.

2. The gas pressure field response law in different areas is that the gas pressure response
rate decreases gradually with the increase of distance from the outburst port.

3. After the outburst occurs and near the outburst, the adsorbed gas in the broken coal
rapidly desorbs and expands to work, which changes the temperature. Most of the
gas in the stress area of raw rock far from the outburst does not participate in the
outburst work, and only a small part of the gas continues to desorb.

4. The permeability changes in front of the driving face have the characteristics of zoning
in the process of outburst. After outburst, the permeability changes significantly in
front of the driving face under the influence of coal and gas outburst, which can be
divided into sudden increase area, medium growth area, and growth area.

5. Under the condition of high stress, a small gas pressure can also meet the energy
condition of coal and gas outburst, and it also has the risk of coal and gas outburst.
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