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Abstract: At present, coal mining is gradually shifting towards deep areas, and coal mines under
deep mining conditions are more prone to coal and gas outburst accidents. In this research, we aim
to explain the causes and mechanisms of dynamic disasters, which are caused by the combined
action of static load, gas, and dynamic load on tectonic regions in complex stress field environments.
Through numerical simulation using COMSOL Multiphysics software, based on the geological
conditions of a mine in Jilin Province, it was found that faults lead to abnormal stress in tectonic
regions. The combined action of dynamic and static loads results in excessive stress, causing the
fragmentation and displacement of the coal body, leading to coal mine disasters, thus disrupting
sustainability. Additionally, the coal matrix gas entering fractures raises the gas pressure and leads to
the accumulation of methane near earthquake sources. Dynamic loads accelerate gas desorption in
coal and increase porosity and permeability, facilitating rapid gas migration. This influx of gas into
the roadways exceeds safety limits. Then, based on these findings and on-site conditions, a set of
sustainable measures for coal mines has been proposed. This research offers theoretical guidance for
enhancing safety, stability, and sustainability in coal mining processes.
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1. Introduction

In recent decades, the coal mining depth in China has been increasing [1-3]. Nowadays,
the mining depth in some mines has exceeded one kilometer, and it is increasing at a rate
of more than ten meters every year [4,5]. The in situ stress, gas pressure and gas content
increase with the increase in mining depth [6,7], and the stope structure is becoming more
and more complex [8-10]. The frequency, intensity and damage degree of rock burst
disasters are on the rise, so the number of accidents caused by coal and gas outbursts are
also increasing; the sustainable development of coal mining production faces significant
challenges [11,12]. Therefore, revealing the stress evolution and gas migration laws during
the dynamic disaster process in coal mines and specifying targeted measures are of great
significance for improving the safety and sustainability of coal mines.

Considering the actual coupling conditions of the coal body, a study of the multi-
field coupling mechanisms of gas-bearing coal has great guiding significance for disaster
prevention and control. Currently, many scholars are conducting extensive research in
this field. Yu et al. (2024) innovatively explored the qualitative and quantitative effect of
axial stress loads on the low-temperature oxidation behaviors of loose broken coal using a
multifield coupled numerical simulation [13]. Zhao et al. (2020) established a multifield
coupling model based on the heterogeneity of coal seams, and numerically simulated the
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mining process of horizontal and fault coal seams. Then, they analyzed the evolution of
gas pressure and magnetic permeability under different parameters [14]. Yang et al. (2011)
built an air-solid coupling model for the fracture process of gas-bearing coal/rock, which
was based on the coupling effects of stress, damage, and permeability evolution during
coal deformation [15]. Wang et al. (2012) combined the dynamic model of porosity and
permeability with the stress and seepage equations of gas-bearing coal, and established
an air-structure coupling model of gas-bearing coal [16]. Liu et al. (2017) proposed a
permeability model based on dynamic diffusion, evaluated the sensitivity of the model
to the parameters, and discussed the determination of permeability rebound and effec-
tive drilling radius. [17]. Xue et al. (2011) finished a three-dimensional solid-liquid—-gas
coupling numerical analysis of coal and gas outburst, and found coal seam mining and
geological sedimentary conditions were the main factors affecting the risk of outbursts [18].
Wang et al. (2023) constructed a multifield gas desorption diffusion model coupled with
mechanical field, thermal field, and gas diffusion field, considering the parallel and series
structures between macropores and micropores, and then solved the gas diffusion process
under different structures [19].

The multifield coupling effect of gas-bearing coal was not only limited to laboratory
experiments and the construction of theoretical models. Many scholars have established
corresponding models based on field practice, and solved the corresponding results numer-
ically to ensure consistency with the real situation on site. Gao et al. (2016), by combining
numerical simulation with the “10-20" large-scale coal and gas outburst disaster in the Dap-
ing coal mine, believed that stress concentration and mining disturbance in gas enrichment
areas were major reasons for coal and gas outbursts [20]. Li et al. (2017) used FLAC 3D
to establish a three-dimensional numerical calculation model of cross-cut coal uncovering.
Based on the pressure and displacement evolution characteristics of coal mining under
different stress angles, the outburst prevention and stability measures of cross-cut coal
uncovering were proposed [21]. Zhao et al. (2022) constructed a Multiphysics numerical
analysis model for the entire sudden process based on the coupling law of sudden gas
heating and fluid structure. They discussed the stress, pressure, temperature, and seepage
response laws of different regions and time nodes around the coal rock mass around gas
bursts under high stress conditions [22]. Hu et al. (2015, 2016a, 2016b) analyzed the gas
release mechanism of coal particles of different scales, established a control equation group
and numerical solution for the damage and deformation of gas-bearing coal, and applied it
to the coal mine for protective layers mining; the numerical solution results were consistent
with the actual situation [23-25]. Liu et al. (2021) integrated the coupling effects of water
vapor flow, elastic deformation, and damage, then established a time-varying rock fluid
geomechanics model to analyze and model the interaction between the elastic deformation
field, the transient fluid transport field, and the discontinuous damage field [26]. Liu
et al. (2023) established a coupled multifield model of the stress—strain, gas transport,
and damage fields to study the evolution of stress, pressure, and the plastic failure zone
under different gradient and coal thickness amplitudes. It was found that changes in
coal thickness led to higher stress, higher pressure, and lower coal strength, making it
easier to trigger eruptions [27]. Shao et al. (2022) established a stress seepage damage
coupling model based on micromechanics, combining the continuous damage model with
the effective stress principle to simulate the initiation and propagation of cracks in rock
materials and their interaction with fluid flow. [28]. Shu et al. (2022) established three
coupled models for the static load, stress disturbance, and dynamic load conditions of the
stress and pressure distribution of the coal body in front of the working face. Then, they
studied the gas pressure distribution and explosion mechanism, and proved that the high
concentration of gas pressure in the coal body in front of the working face is caused by
dynamic loads [29]. Zhou et al. (2014) analyzed the propagation characteristics of shock
waves and airflow induced by explosive intensity, proposed control equations for shock
wave and airflow propagation, and simulated the propagation characteristics of shock
wave and airflow coupling using Fluent software [30].
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To sum up, the study of the fluid-structure interaction regarding coal and gas has
always been a hot spot in mining research, and fruitful results have been achieved so far.
However, behind the coal and gas outburst disasters, there are often dynamic changes
between stress and gas. In current research, there is still relatively little research on stress
evolution and gas migration under multifield coupling in coal and gas outburst accidents.
To analyze the mechanism of coal and gas accidents, and to propose targeted sustainable
development measures, a numerical model was established using the 5.1 version COM-
SOL Multiphysics simulation software under the geological conditions of accidents. The
stress distribution in the mining space was analyzed, especially the concentrated stress in
the tectonic area, and stress evolution within coal mining was also discussed. Then, the
stress redistribution, coal deformation and gas migration caused by dynamic load were
researched. Finally, by comparing and analyzing the numerical simulations and phenom-
ena, a set of disaster prevention measures that can improve the sustainability and safety of
mine development was proposed. These results not only have a promotional effect on the
study of the development laws of dynamic disasters, such as coal and gas outbursts during
underground mining, but also promote the sustainable development of coal production.

2. Mine Background

The numerical simulation case is based on the coal mine in Jilin Province, China.
The mine adopts a multi-level zoning development method. The entire mine is divided
into four levels, the first level is above +550 m, the second level is between +400 m and
+550 m, the third level is between +206 m and +400 m, and the fourth level is between
+100 m and +206 m. The long wall comprehensive mechanized mining method is used in
the mine, and the natural cross fall method is used to manage the roof. The excavation
face uses blasting excavation. At present, the production level is at the fourth level, with a
total of one fully mechanized mining face and four coal roadway excavation faces arranged
throughout the mine.

There are four coal seams in this coal mine, which are numbered as layers I~VI. Among
them, coal layers I and II are widely developed and are the main coal seams in the coal
mine. The remaining coal seams are not mineable except for the local mineable layer III.
Coal layer I is a complex coal seam, with a thickness of 0.02~6.3 m. The coal quality is hard,
and there is dispersed pyrite. The coal seam contains 1~3 layers of stone, the thickness of a
single layer of stone is 0.5~1.0 m. Coal layer Il is also a complex coal seam, with a thickness
of 0.1~7.9 m, and the coal type is half bright.

The accident case in this paper occurred in coal layer I. In this accident, there were
12 deaths and 1 injury and it was regarded as a major coal and gas outburst. The outburst
accident area is shown in Figure 1. From the geological conditions, the excavation tunnel in
the accident was surrounded by an igneous rock wall and faults such as al, al4 and R4.
This also indicated that there was tectonic stress in this area.
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Figure 1. Accident area in numerical simulation case.

3. Numerical Simulation of Disaster Case
3.1. Basic Model and Assumptions

According to the gas-bearing coal impact-dynamics model and the gas migration model
under dynamic load, the gas-bearing coal impact-dynamics constitutive equation and gas-
bearing coal desorption, diffusion, seepage, and emission equations were established.

)

Impact-dynamics constitutive equation of gas-bearing coal

Due to comprehensively taking into account factors such as axial static load, confining

pressure, gas pressure, and dynamic load, the impact-dynamics constitutive equation of
gas-bearing coal was established as follows [31]:

F C
oy = Eejexp {f (F—O) } — Os +
~—_—

2vos — (ﬁfpf + ,Bmpm) (1)
Axial static load factor  Confining pressure factor
Double factors of axial static load and dynamic load Gas pressure factor
(Considering damage)

where E represents the elastic modulus of coal, GPa, €; represents axial strain, F represents
the distribution variable of the strength of coal micro-unit, c and Fy represent the character-
ization parameters of Weibull distribution, os represents axial static load, MPa, v represents
Poisson’s ratio of coal, 0’3 represents nominal stress, s represents effective stress coefficient
of coal fracture, B, represents effective stress coefficient of coal matrix, py represents the
gas pressure of coal fracture, MPa, p;, represents the gas pressure of coal matrix pore, MPa.

@)

Gas desorption, diffusion, seepage, and emission equations

Based on the gas desorption, diffusion, and seepage equations in conditions of static
stress, the migration equations were built by considering the gas emissions caused by
dynamic load [32].
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where V| represents limit adsorption capacity, g/mL, P; represents the relationship be-
tween gas pressure and gas adsorption capacity, MPa, p represents the gas pressure of the
coal body, MPa, p,, represents gas pressure of coal matrix pore, MPa, p¢s represents the gas
density, kg/ m?3, @m represents the porosity of coal matrix, pr represents the gas pressure of
coal fracture, MPa, p, represents the gas pressure of coal matrix pore, MPa, ¢ represents
fracture porosity, v’ represents gas emission rate, p; represents gas pressure in the sample,
because the released gas directly comes from the free gas in the fracture, so here py=p;, B,
C, D' and H are constant, C is related to confining pressure, H is related to axial static load,
B and D’ are related to all loading conditions.

(38) Porosity and permeability control equations

As the link between solid mechanics and gas flow field, the porosity and permeability
play the critical role. The changes in stress are the main reason for the changes in porosity
and the fracture rate of coal, and finally result in gas migration. The porosity [33,34] and
coal permeability evolution [35,36] were deduced as Equations (3) and (4).

ELPm
(P +P) (1= ¢50)

Adsorption exp ansion deformation

1- % {,Bf (Pf - PfO) + B (pm — Pmo)} +

Expansion deformation

where ¢, represents volumetric strain of coal, e; = &, + &y + &, <Df0 represents initial porosity
of coal, g1, represents Langmuir volumetric strain constant.

3

ELPm
(pm +PL) (1 - 4’f0)

Adsorption exp ansion deformation

1= 2 [B7 (s~ p10) + Bunlpm— puo)] + @

Expansion deformation

where ky represents coal initial permeability; k represents coal permeability.
In the above model, the following assumptions also need to be made:

(1) Gas seepage is not involved in the coal matrix, and gas diffusion is not involved in
the coal seam, then it can also enter the adjacent rock strata. The gas pressure was the
average measured value of 1.2 MPa.

(2) The 4112 tunneling face has been excavated once, regardless of filling and supporting.

(38) The average coal seam thickness in the corresponding local area of the accident site is
the model’s geological condition parameter.

3.2. Geometric Model and Boundary Conditions

According to the actual geological and mining environment of the 4112 working
face, a two-dimensional geometric model of coal geology along the strike was established
(length x height is 160 m x 60 m), as shown in Figure 2. To increase convergence, it
was simplified appropriately, without considering the thickness change in the coal /rock
strata and the internal tiny structure. Based on the on-site occurrence environment, the
geometry model was established with the ratio of 1:1. Using this model, the stress distribu-
tion, coal/rock displacement and gas migration characteristics during coal seam mining
were analyzed.

The established model of the 4112 working face included two parts: stress evolution
and gas migration, and gas migration included gas diffusion and gas seepage, so it was
necessary to set boundaries, respectively.
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Figure 2. Geometry model of 4112 working face.

(1) Boundaries of the solid mechanics modules

Stress evolution mainly refers to the solid mechanics module. Due to the mining steps,
three modules such as Solid, Solid 2, and Solid 3 were added to the Multiphysics model.
The bottom of all solid mechanics models was set as a fixed boundary, and the left and right
sides of the model were set to prevent horizontal displacement (Figure 2). Considering
the designated load from the superimposed 780 m height stratum, a boundary load of
19.50 MPa was applied to the roof of the model (Figure 2). The boundary of the empty
area after coal mining was a free boundary. To simulate the stress wave generated in the
complex stope environment, the dynamic load was applied to the coal-rock junction at the
fault, which was located at the front of the 4112 working face. The dynamic load generated
by the earthquake source could be calculated by Equation (5):

5(t) = auR(t) ®)

where 0, is the stress peak value, R(¢) is the Ricker wave function.
Based on the method of calculating apparent stress in earthquakes [37], the stress peak
value was expressed as follows:
oy _ GE&
a — MO
where G represents rock mass shear modulus, GPa; Er represents radiant energy, J; My

is the earthquake moment, Mm. According to Polish empirical formula [38], there is the
following relationship between earthquake moment M, and magnitude M,:

(6)

lg My = 10.42 4+ 1.009 M, (7)
The radiant energy Er could be calculated by the Gutenberg—Richter formula [39]:
lg ER =15 M, +48 8)

Wavelet is a common waveform in earthquake wave simulation, with short duration
and fast convergence. The Ricker wave function is shown as follows:

R(t) = [1=2(rfot)’] e~ (ht)® )
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where f is the main frequency, Hz.

The expression of dynamic load generated by the vertical earthquake in Equations (3)—(8)
could be expressed as follows:

S(t) = G[1 = 2(rfot)?] e ()" x 100491 Me-562 (10)

From Equation (10), the dynamic load was determined by the frequency and mag-
nitude of the stress wave generated by the earthquake source. According to the on-site
damage and Rayleigh mechanical damping form, the frequency of the dynamic load was
50 Hz and the magnitude was 10.5 level. The dynamic load stress wave in this simulation
is shown in Figure 3.

an2()/10°N

-1.2
0.000 0.002 0004 0006 0008 0010 0012 0014 0.016 0018 0.020

t/s

Figure 3. Stress wave of dynamic load.

(2) PDE module

The gas diffusion field is controlled by the user-defined partial differential equation
(PDE). Gas diffusion only occurs in coal seams; the coal bed surrounding the boundary was
set as the first boundary condition, and the gas pressure at the boundary had the initial
value of Py. The coal bed initial gas conditions are expressed as follows:

0) =

{ gﬁ :) . Po (11)
ot

where Py represents the initial gas pressure value in the solution domain.

The gas seepage field is also controlled by the self-defined partial differential equation
(PDE2). The gas seepage not only occurred in the coal seam, but also flowed into the rock
stratum and continued to seep into the rock stratum. Therefore, the initial condition of rock
stratum gas pressure was established as the barometric pressure value of 0.1 MPa, and the
gas pressure around the whole coal model was set as 1.20 MPa to simulate the gas from
infinite distance. The boundaries of gas pressure in the model are shown in Figure 4. The
initial conditions of the coal seepage field are expressed as Equation (12).

{ pr(0) = po

Iy _
2t =0

(12)
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Figure 4. Boundary conditions and mesh division.

3.3. Mesh Division and Solution Settings

To ensure the accuracy of the numerical solution, it is critical to select the appropriate
method of mesh division. In this model, the triangular unit was used to mesh the whole
area; to ensure the accuracy of the results, extremely refined grids were used for the coal
seam area, while refined grids were used for the remaining areas. The specific results are as
follows in Figure 4.

After meshing, a solution method needed to be selected to obtain the numerical results.
Because there were five modules in the Multiphysics, multi-solvers and multi-steps were
designed, as shown in Figure 5. First, the Solid module was solved in a steady state, and
the initial stress distribution without excavation was calculated. Second, the Solid 2 module
was used to solve the stress distribution after coal mining, and the steady-state solution
mode was still adopted. Finally, the transient solution of Solid 3, PDE and PDE 2 was
carried out, in which the external stress of Solid 3 was imported from the calculation result
of Solid 2, and the boundary of the hollowed-out area in Solid 3 was set as the low reflection
boundary. The coupling solution of dynamic load in Solid 3, gas diffusion in PDE and gas
seepage in PDE 2 could be realized, through which the gas-bearing coal seam stress and
gas induced by dynamic load in the complex geological environment would be obtained.

[ module ] | Solver |

1 N 1
Initial stress ! | '
| o . Steady-state |_ |
balance | Solid — Stressinlet | L_solution || Studyl
I I
Post- | J | [ Stead !
Excavation - Solid2 |- pp| dteadystate fel - gydy
stress 1 ; Stress inlet | solution :
I I
Apply I Solid 3 < step1 | [Steady-state :
I > oli t s S WY ¥
dynamic load I I I solution I
I : sienn ! <:— Study3
. . 1 X €p < Transient
Gas diffusion : PDE | : solution :
! : ! :
I I
Gas seepage ™ PDE2 t I I
Lo ! e e e o !

Figure 5. Multi-solvers and multi-steps mode.

3.4. Initial Parameters

The assignment of coal strata mechanical parameters and gas basic parameters was the
joint goal of the numerical simulation. Based on the analysis results of the coal/rock basic
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parameters under the 4112 working face and the measurement results of the coal seam
gas parameters, the mechanical parameters and basic gas parameters were determined, as
shown in Tables 1 and 2.

Table 1. Coal/rock parameters.

Elastic Poisson’s  Densit Cohesive Angle of
Name Rock Character Modulus Ratio (k /m3}), Force Internal
(GPa) 8 (MPa)  Friction (deg)
Main roof I Medium white siltstone 9.50 0.25 2700 12.3 29
Direct roof of coal I Grey black siltstone 7.80 0.23 2600 10.5 27
Coal seam I Coal 1.20 0.20 1500 2.0 30
Coal floor I Grey black siltstone 7.80 0.23 2600 10.5 27
Coal II Coal 1.20 0.20 1500 2.0 30
Coal direct bottom II ~ Grey brown fine medium sandstone 11.30 0.28 2717 17.0 25
Hard floor I Black sand shale 26.00 0.33 2700 27.2 28
Igneous wall Igneous rock 28.00 0.17 2800 12.6 39
Other rock mass Medium sandstone 13.00 0.30 2717 19.0 25
Table 2. Gas parameters.
Parameter Value Parameter Value
Initial porosity of coal I sample, @ 0.3 Limit adsorption capacity, V|, 0.02
Initial permeability of coal I sample, ko; 2.5 x 107 m? Methane Langmuir adsorption 1
pressure constant, Py,
o . The molar volume constant of gas in
Initial porosity of coal IT sample, @, 0.3 standard state, V 22.4L/mol
Initial permeability of coal II sample, ko 25 x 10715 m? The density of gas in standard state, Pgs 0.717 m3/ kg
Initial porosity of rock mass, @, 0.01 The molecular weight of methane, M, 16 g/mol
Initial permeability of rock mass, kg, 3 x 10720 m?2 Universal gas constant, r 8.314 ]/ (mol/K)
Initial gas pressure of coal matrix, Py, 1.20 MPa Simulated field temperature, T 293.1K
Initial gas pressure of coal fissure, Pry 1.20 MPa Dynamic viscosity of gas molecules, y 1.84 x 1075 Pa-s
Gas pressure in rock, Py 0.10 MPa Muir volume strain constant, ¢, 0.012
Muir volume constant, by 1.84 x 1073 Muir pressure constant, by 1/16 x 107171 /Pa

4. Results and Discussion
4.1. Stress Distribution
4.1.1. Stress Distribution of Roadway without Excavation

Firstly, the stress distribution near the 4112 roadway was calculated when the roadway
was not excavated, as shown in Figure 6. By reshaping the geological conditions around the
4112 roadway, the effects of the igneous wall and fault could be considered. In the whole
numerical model, there were two stress anomaly areas, one was the fault area in front
of the 4112 roadway, and the stress anomaly area was distributed following the normal
orientation of the fault plane; the highest abnormal stress in this area was 4.5 x 107 Pa, and
the average abnormal stress in the area was 3.7 x 107 Pa. The other was the rear igneous
wall area, and the stress anomaly area extended downward along the coal seam’s direction
of inclination; the highest abnormal stress in this area was 4.1 x 107 Pa, and the average
abnormal stress in the area was 3.3 x 107 Pa.
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Figure 6. Initial stress equilibrium.

Comparing and analyzing the abnormal stress zone with the normal stress zone, the
abnormal stress was about 2-3 times the normal stress. The abnormal stress in the visible
fault and structural areas provided the starting stress for coal and gas outbursts in this
accident. The uneven distribution of stress and the intrusion of faults/igneous rocks were
the main factors causing the original stress anomaly in the area.

4.1.2. Stress Distribution after Roadway Excavation

After the original stress balance, the stress distribution results after the excavation of
the 4112 roadway were calculated. This result did not consider the influence of dynamic
load, so Figure 7 reflects the influence of excavation on the stress distribution of coal and
rock mass in this area. After 19.2 m of tunneling in the roadway, the stress concentration
areas were formed before the tunneling head and behind the open-off cut; then, stress relief
areas were formed near the roof of the roadway. The peak stress in the abnormal stress
area at both ends, before and after excavation, was 2.8 x 107 Pa, with an average stress of
2.4 x 107 Pa. There was a significant decrease in stress in the stress-release area of the roof,
and the stress distribution in the release area was relatively stable, with an average value of
0.7 x 107 Pa.

~N
n
ed,01/559118

Figure 7. Stress distribution after roadway tunnelling.

The reason for the above phenomenon is because the coal body was excavated to
form an empty area, the overlying rock mass on the roof was regarded as a fixed beam
at both ends, and its weight was mainly supported by the solid coal before the tunneling
head and behind the open-off cut. Therefore, the concentration of stresses before and after
the tunneling area and pressure relief from top to bottom would be formed. Moreover,
comparing Figures 6 and 7, the 4112 roadway excavation had a slight impact on the stress
in the two structural areas, and it had a greater impact on the stress in the igneous intrusion
area, mainly because the igneous rock was relatively closer to the current excavation area.
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4.1.3. Stress Distribution of Gas-Bearing Coal under Dynamic Load Disturbance

The evolution law of dynamic load caused by fault slip is shown in Figure §; in the
complicated geological structure, the driving induced the active slip of the fault before the
working face to generate a huge dynamic load, which spreads in coal/rock mass in the
form of stress wave.

(a)
(b)
()
(5]
4.5
4.0
35
(d)
30 »w
o
¢
25 =
=
g
20 ®
1.5
(e) 1.0
0.5

Figure 8. Stress evolution during the stress propagation induced by dynamic load. (a) Stress distribu-
tion at 0.2 ms, (b) stress distribution at 1 ms, (c) stress distribution at 4 ms, (d) stress distribution at
6 ms, (e) stress distribution at 7 ms.
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The dynamic load was generated at 0.2 ms, and the maximum abnormal stress near
the source could reach 4.5 x 107 Pa. As time passed, the dynamic load gradually radiated
to both sides of the source, and the stress magnitude did not decay during the propagation
process, maintaining a strength of around 4.5 x 107 Pa. At 7 ms, the propagation of the
dynamic load basically stopped.

Compared with static load and tectonic stress, the dynamic load was much larger,
so the stress wave showed the abnormal stress phenomenon everywhere it passed, and
caused more severe damage to the coal body along the way. Moreover, during the gradual
propagation of stress waves towards both sides, the dynamic stress anomaly zone gradually
encountered the static stress anomaly zone mentioned earlier, causing the coal body at
the upper end of the excavation face to be subjected to a strong load impact, a gradually
breaking and protruding phenomenon.

4.2. Displacement Distribution

The distribution pattern of the coal displacement is shown in Figure 9. When the
stress waves propagated towards both sides of the earthquake source, the coal body was
subjected to a strong dynamic impact greater than its strength, leading to the accumulation
of elastic potential energy inside the coal body and the occurrence of fragmentation.

Due to the attenuation of energy propagation, the energy accumulated along the coal
body gradually decreased, and the displacement also decreased. The coal body at the
source had the maximum displacement. The displacement at the source occurred at 1 ms,
with a small displacement of 0.3 m. As the energy accumulated further, the displacement
at the source gradually increased to 0.8 m, and the displacement range further expanded.
At 10 ms, it propagated to the coal wall, causing strong displacement of the coal along
the way.

In the meanwhile, as time went on, the overall displacement of the coal experienced
changes, first increasing and then decreasing. Under the action of the stress wave, the coal
gradually moved out to find a breakthrough. When the abnormal stress area caused by
dynamic load coincided with the abnormal stress area before the coal wall, the larger stress
destroyed the coal wall which then fell onto the roadway. This process had a certain degree
of lag compared to the propagation of stress waves, mainly because the displacement of
coal absorption energy had a time effect. In the early stages of the loading process, the
coal converted the loaded energy into internal energy and accumulated it inside. When
the received energy was greater than the strength of the coal, the internal energy caused
coal damage, and the accumulated elastic potential energy became the driving force for the
coal outburst.

4.3. Gas Migration

Under the influence of the complex stress fields, the coal body was broken or even
crushed under the action of dynamic load, then massive amounts of gas in the coal matrix
was desorbed, which caused a rise in fracture gas pressure in the area affected by dynamic
load. It was precisely because a great quantity of gas was desorbed in a few seconds,
when the broken coal body crashed through the coal wall, the gas moved rapidly to the
roadway at the same time, leading to the gas overrun of the roadway and even the gas
backflow phenomenon.

As Figure 10 shows, during the course of the accident, the changes in gas pressure
had a spatiotemporal effect. The gas pressure rapidly increased in the initial stages of the
accident, and then gradually decreased over time. This is because when the dynamic load
had an impact on the coal body, it promoted the rapid desorption of adsorbed gas in the
coal matrix into a free state, leading an increase in gas pressure, reaching its peak at 6 ms.
As the coal body was further impacted, free gas escaped to the outside of the coal body,
and the gas inside the coal body gradually released to the outside., the gas pressure inside
the coal body then gradually decreased.
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Figure 9. Displacement evolution induced by dynamic load. (a) Displacement distribution at 1 ms,
(b) displacement distribution at 3 ms, (c) displacement distribution at 7 ms, (d) displacement distribu-
tion at 9 ms, (e) displacement distribution at 10 ms.

With the distance changed, the gas pressure increased first and then decreased, and
decreased along the center of the earthquake source towards both sides. According to the
trend in the gas pressure change, the gas migration zone can be divided into three stages:
gas reduction stage, gas accumulation stage, and original gas pressure stage. A natural gas
anomaly area was formed at 8.5 m from the working face, where the natural gas pressure
was greater than the accumulation stage. When the impact load continued to act on the coal
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body, the gas pressure in the peak area was greater than the coal body’s bearing capacity,
ultimately leading to a large amount of gas outburst.
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Figure 10. Gas pressure distribution.

4.4. Coal Seam Porosity and Permeability Evolution

The stress field and gas field of the gas-bearing coal interacted with each other, and
the change in coal porosity was the result of the coupling effect between them. Due to the
influence of multifield coupling effects, gas-bearing coal undergoes degradation effects
internally, which greatly increase coal porosity and provide an advantageous channel for
gas desorption in the coal matrix.

As shown in Figure 11, the porosity of the coal near the earthquake source increased
the most, and the porosity increased gradually with the outward radiation direction of
stress wave. In addition, the porosity rapidly increased during the short period from stress
wave generation to propagation, reaching its peak at 6 ms. The maximum porosity in the
central area was 2.2 times that of the original porosity, with a maximum of 0.22. When the
stress wave energy diffused outward, although the porosity of coal in the central area of
the earthquake source decreased, due to the irreversibility of the coal degradation effect,
the porosity at the center was still close to 1.9 times the original porosity, providing a basis
for subsequent gas outbursts. The increase in porosity expanded the internal migration
space of the coal, providing more effective channels for gas migration, correspondingly
increasing the permeability of the coal, promoting rapid gas release into the tunnel, and
causing the gas to exceed the limit in the tunnel.
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Figure 11. Porosity evolution of coal seam.

The permeability of gas-bearing coal being influenced by dynamic load is shown in
Figure 12. The permeability and porosity of coal obey approximately the same law, with
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the maximum increase in the center of the earthquake source, and the maximum increase in
the permeability of coal in 6 ms reaching about 1.6 times the original permeability. Along
the propagation direction of the stress wave, the increase in the amplitude of permeability
decreased gradually. The permeability increased first and then decreased to a stable value
with the propagation time of the stress wave, and the stable permeability was about seven
times that of the original permeability.

Stress wave propagation direction| ——>

A LA
7 0.0018s
4
0.0014s

o 3.2 0.001s
E 4 8 A S
é 24 0.0006s
z20
£ 16 0.0004s
E 132 Earthquake source
£08 0.0002s
~04

0 2 4 6 8 10 12 14 16
Distance far away from tunneling face/m

Figure 12. Permeability evolution of coal seam.

5. Coal and Gas Outburst Case Analysis
5.1. Coal Outburst in Accident Field

The influence of stress distribution had an obvious dynamic effect on this accident. In
this accident, a large amount of coal was thrown out, and the total length of the roadway
covered by the coal rock was 26 m. The thickness of the third outburst prevention door
was 0.4 m. The third outburst prevention door was 5.7 m in from the working face. The
outburst filled the roadway, less than 0.5 m from the top of the U-shaped steel shed center,
and about 293 t of coal and rock was displaced. The outburst included large gray-black
rocks, massive high metamorphic coal and broken coal, and the separation was not obvious.
The large rock was black fine sandstone, the rock had a jointed surface, and the contact
surface between the rock and the coal was smooth, as shown in Figure 13. It was identified
by the geological mine personnel as the coal layer I false roof/direct roof.

(b)

Figure 13. Accident scene. (a) Outburst coal body, (b) outburst rock body.

After the accident, the end of the air duct was bent, and the 26th shed at the head
was tilted and poured into the coal pile. The upper part of the 25th was close to the 24th,
and the connecting rods of the 23rd and 22nd, 22nd and 21st sheds were bent, as shown in
Figure 14.
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Figure 14. Destruction of U shape support. (a) Anchor rod failure situation, (b) anchor network

damage situation.

According to the accident report, when the accident occurred, the coal body near the
excavation face was the first to break and spray out in large quantities, and the support
above the roadway in that area was the most severely damaged. According to the above
simulation results, it can be concluded that this accident was caused by an increase in
abnormal stress due to stress connectivity, and the abnormal stress zone appeared at the
upper end of the coal body in the excavation face, gradually spreading towards both ends.
This led to a significant displacement of the coal body at the upper end of the excavation
face, ultimately resulting in a significant protrusion of the coal rock mass.

By comparing the stress and displacement distribution results in the numerical simu-
lation with the phenomena of coal outburst and support failure on site, it was found that
the numerical simulation results were highly consistent with the actual situation on site,
indicating that the results in this part of the numerical simulation are true and reliable.

5.2. Gas Migration of Accident Field

The influence of gas migration has been shown before the accident. Two days before
the accident, the coal seam was soft, the coal wall spalling was more than 500 mm, and
the ground pressure was obvious. Although there was no gas overrun phenomenon, the
gas pressure had increased significantly. The monitoring results from the gas detector had
undergone irregular changes. Massive amounts of gas gushed out during this accident, and
the phenomenon of a gas countercurrent was produced. The gas emission was 11,232 m?,
and the gas emission per ton of coal was 38.3 m3.

According to the on-site accident situation, before the accident, the coal seam near
the coal wall gradually became soft and collapsed. This is clearly due to the dynamic load
damaging the coal body, causing a rapid increase in the porosity and permeability of the
coal body, resulting in a decrease in density. This phenomenon is highly consistent with
the evolution of porosity and permeability in the numerical simulation results.

The increase in gas pressure in this area indicated that the adsorbed gas in the coal
seam matrix had undergone desorption, becoming free gas filling the coal seam pores. After
the accident, gas exceeding the limit first occurred near the coal wall, and the escaping gas
quickly filled the roadway. Based on the numerical simulation analysis, it is known that
before the accident, the gas had undergone desorption and migrated to the cracks in the
coal body, causing a sharp increase in gas pressure, leading to coal fragmentation and an
increase in permeability. Due to the dynamic influence of the gas pressure, a large amount
of gas was rapidly discharged, and the migration of the gas in the coal is shown in Figure 15.
By comparing and analyzing the pressure evolution law in the numerical simulation with
the gas outburst characteristics at the accident site, it was found that the pressure evolution
law reflected in the simulation was the same as the actual situation on site, indicating that
the content in this part of the numerical simulation results is true and reliable.
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Figure 15. Process of gas migration. (a) Matrix gas desorption, (b) fissure gas seepage, (c) coal seam

gas outburst.

5.3. Mine Safety and Sustainable Development

Based on the above numerical simulation and field analysis results, it can be seen
that the coal and gas outburst disaster was mainly caused by the combined action of an
abnormal in situ stress load and abnormal gas pressure. The dual action promoted the
destruction of the coal and rock mass properties in the outburst area, and satisfied the
multi-factor conditions of coal and gas outburst. Under the action of high in situ stress
and high gas pressure, the release of the elastic potential of the coal and rock mass led to
the instability and fracture of the coal body, which subsequently led to gas desorption and
expansion. The gas was quickly released, breaking and ejecting the body of coal, resulting
in the coal and gas outbursts.

In order to promote the safe mining of coal and maintain the sustainable development
of the coal economy and the environment, it is necessary to carry out prevention and control
measures for coal and gas outbursts for the whole process of coal mining [40—42], according
to the formation mechanisms and evolution processes of coal and gas outbursts, as shown
in Figure 16.

__ Hydraulic punching ‘
” pressure relief -

l

Abnormal
stress - - Abnormal gas
concentration accumulation \ Combined borehole
gas extraction
Abnormal _ Uprush of coal / Coal seam grouting ¢ i
displacement of " permeability/ =,
coal porosity |

| l
_ Anchor net / Cement
" masonry support

Figure 16. Mechanism diagram of prevention and control measures.

(1) In order to release the stress in the coal seam in advance, the stress concentration
area should be transferred to the deep; to reduce the damage and impact of abnormal
ground stress and dynamic loads on the coal body, hydraulic punching should be
carried out on the igneous rock wall and fault area before mining to relieve pressure
and discharge the coal body. The problem of abnormal gas accumulation caused by
complex geological conditions could be solved by increasing the stress concentration
range and weakening the stress concentration degree after deep and shallow hole
alternate blasting. When the working face starts to advance, advance pressure relief
hydraulic punching should be carried out in the excavation head area with the mining
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progress, so as to ensure the timely release of excavation stress, and avoid greater
damage to the coal body caused by the superposition of dynamic stress waves and
ground stress.

(2) When the coal seam is impacted by stress waves, a large amount of residual gas in
the coal body is released from the coal matrix, leading to serious gas outbursts. In
order to reduce the risk of harm from gas outbursts, it is necessary to start from the
gas reserves in the coal seams. Before coal seam mining, a combined borehole is
used for gas pre-extraction. Gas drainage can greatly reduce gas pressure, lower
the internal energy of the gas, and reduce the probability of gas outbursts during
abnormal accumulation.

(38) The abnormally increased stress has a destructive effect on the coal body, resulting in
a gradual decrease in the porosity and permeability of the coal body from the center
of the source to both sides. To enhance the strength and increase the porosity and
permeability of the coal body, a grouting measure is adopted to modify the coal body,
so that it penetrates the cracks and pores of the coal seam. After solidification, the
cracks and pores in the coal seam are filled and sealed to improve the mechanical
strength, inhibit gas desorption, and increase the energy required for coal fracture so
that the adsorbed gas in the coal seam cannot quickly become free gas, thus preventing
the compressed gas potential from turning into outburst kinetic energy when the coal
seam is destroyed. Solidifying the bond also improves the strength and changes the
physical and mechanical properties of the outburst coal seam, so as to achieve the
purpose of preventing coal and gas outbursts.

(4) According to the characteristics of displacement distribution, the migration of coal
and rock mass is related to the stress wave propagation distance caused by the main
dynamic load. In order to ensure the maximum support strength, the whole roadway
should be supported by the anchor net before advancing the working face, and
then the focus area of the dynamic load and the position along the stress wave are
reinforced by the support method of masonry concrete. In this way, when the impact
load is greater than the strength of the coal body, the coal body can still be supported
and restrained in the upper part of the roadway, so as to avoid damage to the roadway
caused by coal ejection during coal and gas outbursts, which would disrupt the
sustainability of coal mine development.

To verify the effectiveness of these disaster prevention and control measures, mul-
tiple monitoring techniques can be used to analyze disaster parameters. Firstly, based
on the methane sensor in the tunnel, real-time monitoring of methane concentrations in
the environment can be carried out to ensure that the gas concentration in the tunnel
does not exceed the limit. Secondly, two methods are used to quantitatively evaluate the
gas content in coal seams, namely, the gas emission and gas desorption parameters from
drilling cuttings. In addition, microseismic monitoring technology is used to monitor the
microfracturing activity in coal seams, indirectly analyzing the real-time stress damage situ-
ation inside coal seams. At the same time, force sensors and roof displacement monitoring
technology are used to monitor the stress and displacement in coal seams, directly analyze
the displacement of coal seams, and clarify the characteristics of tunnel failure.

Based on the comprehensive effect of combining four measures, this set of measures
can reduce the probability of stress and abnormal gas pressure accumulation leading to
accidents during coal roadway excavation, thereby improving the sustainability and safety
of coal mines.

6. Conclusions

Based on the multifield coupling model for the impact damage of gas-bearing coal,
this study analyzed the characteristics and causes of major coal and gas outburst accidents
in the 4112 roadway and drew the following conclusions.

(1) The complex geological and deep mining conditions were the main prerequisites for
the accident. Before the accident, there was a noticeable vibration sound, indicating
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the presence of dynamic loads nearby. The complex geological structure and mining
activities led to the sliding of the fault ahead, resulting in severe dynamic loads, which
directly caused this accident.

(2) The stress propagates outward from the center of the earthquake source, and during
the propagation process, the energy continues to decay. Therefore, the displacement of
the coal body at the center of the seismic source was maximum, and the displacement
of the coal body from the center of the earthquake source to the outside gradually
decreased. When the stress propagated to the stress concentration area in front of
the coal wall of the excavation head, the superposition of dynamic and static stresses
would increase the stress in that area, exceeding the load that the coal body could
bear, damaging the coal wall and causing the gas and coal inside to be discharged
together into the tunnel.

(3) The dynamic load caused the coal to quickly break, promoted gas desorption, and
led to a rapid increase in gas pressure near the seismic source. At the same time, it
increased the porosity and permeability of the coal, providing a channel for rapid
gas migration. Ultimately, it led to a gas outburst, resulting in the gas backflow
phenomenon.

(4) By comparing and analyzing the numerical simulation results with the actual situation
on site, a four-in-one, full process coal and gas outburst prevention and control
measure is proposed, based on the evolution characteristics of the accident. Through
measures of pre-disaster prevention and post-disaster reduction, the probability
of accidents in coal mines is reduced while increasing their disaster resistance and
providing theoretical support for the sustainability of safety in coal mining production.
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