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Abstract: In this paper, using the continuum-discontinuum element method (CDEM), the fragmen-
tation and outburst process of coal specimen are simulated, and the main factors affecting coal
breaking and outburst are explored. The results show that after the coal seam is uncovered, coal
generates obvious failure and outburst trend. Near coal-free surface, the fracture coal blocks generate
significant displacement, resulting in larger opening widths of coal cracks. Coal deep generates the
cracks without an obvious opening width. The crack density of coal with pore gas is larger than those
of coal without gas, and it is larger than those of coal without pores. However, in the early stage of
coal failure, the obvious separation and outburst ranges of coal with gas are smaller than those of coal
without gas, and are smaller than those of coal without pores. The numbers of fracture coal blocks
show an increase with the growth of in situ stress, pore ratio and gas pressure. The effect of in situ
stress on fracture coal block number (517–10,203) is larger than the effect (7589–15,170) of pore ratio
and is larger than the effect (5803–6836) of gas pressure. The effect of in situ stress on a maximum
size (0.0387–0.138 m) of fracture blocks is larger than the effect (0.0342–0.0733 m) of pore ratio and is
larger than the effect (0.0454–0.0578 m) of gas pressure. The coal outburst velocity and range show an
increase with the growth of gas pressure and in situ stress (3.77–5.65 m/s); however, the coal outburst
shows a slow decrease with a growth of pore ratio. The effect of gas pressure on the coal outburst
velocity (11.51–21.9 m/s) is larger than the effect (3.77–5.65 m/s) of in situ stress and is larger than
the effect (4.52–5.23 m/s) of pore ratio. This investigation is beneficial to understand the mechanisms
of coal–gas outburst in coal mining and roadway excavation.

Keywords: coal–gas outburst; in situ stresses; pore ratios; gas pressures; CDEM

1. Introduction

Coal is a critical natural resource in the world, which provides large amounts of energy
and raw materials for meeting industrial demands in China, America, India, Indonesia,
etc. [1,2]. With mining depth becoming larger, the dynamic hazards induced by gas and
mining disturbance are raised, especially coal and gas outburst [3]. The coal and gas
outburst hazards always occur in mining during the operation of rock cross-cut coal
uncovering. As of now, four coal and gas outburst accidents occurred in China in 2022
alone, resulting in five deaths and large economic losses. Therefore, it is very urgent to
illuminate the happening mechanism of the coal and gas outburst during the rock cross-cut
coal uncovering.

Gas, mainly composed of methane, is stored in coal seam with two typical statuses,
which are adsorption and free status [4]. The coal-rock seam maintains balance without
excavation and any other mining disturbances. However, with roadway excavation in
coal seam or rock layer, the in situ stress is redistributed, causing the change of the stress
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imposed on the mechanical unit of coal, which leads to the damage formation even if
the whole crack is in the coal rock [5]. The gas pressure, in situ stress and the initial
pores/fracture of the coal are the main factors influencing the damage and crack evolution.
By CT scanning, Wu et al. [6] studied the coal damage and crack propagation with different
gas pressures and found that the various trends of the stress-strain curve of coal samples
under different gas pressures are similar. Whereas, with the increase in gas pressure, the
2D-fractal dimension value of the fracture net increases linearly. Li et al. [7] studied the
influences of mining disturbance on the damage and permeability of coal samples and
found that coal permeability decreases with the increase in loading cycle, while the damage
in coal accumulates with the increase in loading cycle. Jiang et al. [8] analyzed the effects
of pore and fracture structure on coal and gas outburst, proving that the fault in coal
significantly influences the pore structure, which contributes to it being prone to coal and
gas outburst. Besides, the responses of acoustic emission, deformation and electric potential
power are usually used to predict the coal and gas outburst accident, which have been
studied for a long time [9–11].

Considering the complexity of coal and gas outburst, the successive observations of
the outburst process are difficult in engineering, and the limited test data in the outburst
process of coal and gas can be obtained in the experiment [12,13]. With the development of
computer technology, the numerical simulation has become an effective means to further
and synthetically study the fragmentation and throwing mechanism of coal during coal and
gas outburst process [14]. Wang et al. [15,16] established a numerical model considering
the continuous damage with deformation, which could describe the damage evolution
well and has been applied to study coal seam gas extraction. Qin et al. [17] Developed
a coupled model of coal deformation and gas seepage for simulating the coal and gas
outburst, proving that the gas pressure and unloading cross-section area are the two main
factors influencing the stress redistribution and gas migration in seam. Cao et al. [18]
adopted COMSOL software, which simulated the variations of stress, deformation and
gas migration in coal, illuminating that the gas pressure gradient is necessary for the coal
and gas outburst hazard. However, the microdamage mechanism of coal at the coal and
gas outburst accident has not been studied well, thus hindering the development of the
prevention method.

The above simulation research on coal–gas outburst are mainly by the finite element
method. Although the permeation process of gas in coal mass can be accurately calculated,
the fragmentation and movement of coal mass under the mining disturbance cannot be well
characterized. Currently, a continuum-discontinuum element method (CDEM) combines
the advantages of finite element method and discrete element method, which has gradually
become an effective simulation method to study the failure and breaking mechanisms of
coal and rock [19–26]. Based on CDEM, Feng et al. [19] studied the damage and fracture
process of rock under the impact loading. Zhang et al. [20,21] investigated the top-coal cav-
ing in extra-thick coal seams and the automated top-coal drawing technique in extra-thick
coal seams was optimized. Zhang et al. [22] simulated and analyzed the tensile fracture
mechanisms of isotropic rock and anisotropy rock in Brazilian tests. However, based on
CDEM, the research on the coal and gas outburst has not been reported in the literature.

In this paper, during the coal seam mining and roadway excavation process, the coal
and gas outburst in deep rock cross-cut coal uncovering is simulated using the continuum-
discontinuum element method (CDEM). Through the simulation analysis and comparison
of the fragmentation and outburst characteristics of coal specimen under different working
conditions, the main factors affecting coal breaking and outburst are explored. The failure
models of coal mass are analyzed by the crack distribution of coal samples, while the range
and degree of coal–gas outburst are analyzed by the outburst displacement and velocity
of fracture coal blocks, and finally, the fracture degree of coal mass are analyzed by the
characteristic count of fracture coal blocks.
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2. Materials and Methods
2.1. The Continuum-Discontinuum Element Method

Based on the basic framework of the generalized Lagrange equation, a continuum-
discontinuum element method (CDEM) is independently proposed by the Institute of
Mechanics, Chinese Academy of Sciences [23]. The method integrates continuum numerical
method with non-continuum numerical method, which realizes the unification of finite
element, discrete element and meshless algorithm. In recent years, CDEM mechanical
analysis software have been successfully applied in geotechnical engineering, mining and
other fields [19–26].

CDEM adopts an incremental explicit algorithm to solve the dynamic problem, which
mainly includes two parts: node force calculation and node motion calculation.

The calculation formula of node motion is:
a = F/m v = ∑Tnow

t=0 a∆t

∆u = v∆t u = ∑Tnow
t=0 ∆u

(1)

where v is node initial speed, a is node initial speed, ∆u is node increment displacement,
u is node displacement, m is node quality and ∆t is the time step.

The calculation formula of node force is:

F = FE + Fb + Fc + Fl + Fg (2)

where F is resultant force for nodes, FE is node external force, Fb is nodal force due to
element deformation, Fc is the contact force on the node, Fl is the local damping force of
node and Fg is the nodal force due to gas expansion.

For the gas element in coal pore, the deformation and stress of air element are ex-
pressed by the gas expansion equation:

p = p0(
V0

V
)

γ

(3)

where p and p0 denote gas pressure in initial and current state, V and V0 mean the volume
of element in initial and current state and γ represents adiabatic exponent (4/3 is adopted
in this paper).

For the solid element of coal samples, the deformation and stress of block element are
expressed by incremental method:

∆ξi = Bi · ∆u

∆σi = D · ∆ξi

σn
i = σ0

i + ∆σi

Fb = ∑N
i=1 BT

i · σn
i · ωi · Ji

(4)

where i is the element Gaussian point, ∆ξi is the incremental strain vector, Bi is the strain
matrix, ∆u is the node incremental displacement vector, ∆σi is the incremental stress vector,
D is the element elastic matrix, σn

i is the total stress at the current step, σ0
i is the total stress

at the previous step, Fb is the node force vector, N is the number of Gaussian points, ωi is
the integral coefficient and Ji is the Jacobian determinant value.

The interaction between these element interfaces can be transformed by the virtual
spring forces. The forces at the contact interface of two blocks in the local coordinate can be
expressed as:

Fn = −Kn × ∆un

Fs = −Ks × ∆us
(5)

where F, K and ∆u are the incremental force, stiffness and relative displacement of the virtual
spring, respectively, and n and s represent the normal and tangential directions, respectively.
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In this paper, the maximum tensile stress criterion and Mohr–Coulomb with tension
cut off criterion are used to characterize the damage fracture of interface element.

In calculation, the maximum tensile stress criterion is used to correct the normal stress
of interface element:

I f Fn ≥ σ × Ac

Then σ = 0; Fn = 0
(6)

where σ(t) is the tensile strength of interface virtual spring and Ac stands for the effective
area of element interface.

In calculation, Mohr–Coulomb with tension cut off criterion is used to correct the
tangential stress of interface element:

I f Fs ≥ Fn × tan φ + c × Ac

Then c = 0; Fs = Fn × tan φ
(7)

where φ denotes the internal friction angle of interface element and c stands for the cohe-
sion strength.

Based on the above equations, the coupling algorithm of coal and gas is achieved by
the diagram of simulation procedure, as indicated in Figure 1:

Figure 1. The simulation procedure diagram of coal and gas coupling.

For the verification of the simulation method, in reference [22], the foliation-affected
fracturing of isotropic and anisotropy rock was simulated by CDEM and the results were
compared with the experimental results, which indicates the applicability of numerical
methods on the rock tensile failure. In reference [27], the deformation and fracture charac-
teristics of coal gangue interbedded samples under loading and unloading conditions were
investigated, which indicates the applicability of numerical methods on the rock compres-
sive failure. In this paper, based on CDEM, the fragmentation and outburst mechanism of
coal with pore gas are investigated.
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2.2. Numerical Model, Parameter and Simulation Scheme
2.2.1. Numerical Model

To analyze the fracture and outburst mechanism of coal mass in mining and roadway
excavation process, the models of coal samples without pores, with pores and with pore
gas are generated, respectively, as shown in Figure 2. The sizes of numerical samples are
15 mm × 15mm, the mesh size is 1mm and about 60,000 triangular elements are generated.
The pore ratio of the coal sample is the ratio of pore volume and coal volume, and the
coal pore distributions are generated by the random generation algorithm in CDEM. The
white part in Figure 2b is the pore distribution of the coal sample and the black part in
Figure 2c presents the pore gas distribution of the coal sample. The boundary conditions of
numerical models are consistent, and the vertical distributed stress are applied at the model
top and bottom, which is used to generate the initial ground stress of coal seam before
mining in simulation. The normal displacements are constrained around the model, which
is used to characterize the initial state before coal mining. The boundary constraints on one
side of the model are removed, which is used to characterize the coal seam is uncovered.

Figure 2. The coal models: (a) coal without pores; (b) coal with pores; and (c) coal with pore gas.

2.2.2. Material Properties

This study aims to analyze the fragmentation and outburst mechanism of coal with
gas in mining and roadway excavation process. Under different simulation conditions,
the physical and mechanical parameters of coal samples are shown in Table 1 [27,28],
which is used to calculate the force-deformation and fracture by the Equations (4)–(7). The
mechanical parameters of pore gas are shown in Table 2 [29], which is used to calculate the
expansion and force of pore gas by the Equation (3), and the coupling effect of void gas
and coal elements is realized by contact element by the Equation (5).

Table 1. The coal mechanical parameters.

Property Density
(kg/m3)

Elastic
Modulus

(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Tensile
Strength

(MPa)

Internal
Friction

Angle (◦)

Coal 1300 2.69 0.34 2.5 1 35

Table 2. Gas expansion mechanical parameters.

Property Density (g/L) Initial Pressure
(MPa) Adiabatic Exponent

Gas 0.717 0–2 4/3
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2.2.3. Simulation and Analysis Schemes

During the coal seam mining and roadway excavation process, the right constraint
of coal model is deleted, which indicates the coal seam is uncovered, then the coal and
gas outburst in deep rock cross-cut coal uncovering is simulated. Through the simulation
analysis and comparison of coal specimen failure under different working conditions,
the main factors affecting coal breaking and outburst are explored. Concretely, the in
situ stresses (5 MPa, 7.5 MPa, 10 MPa and 12.5 MPa) loaded on coal samples are used to
investigate the effects of coal depths (200 m, 300 m, 300 m and 400 m) on coal failure; the
pore ratios (0.01, 0.025, 0.05 and 0.075) of coal samples are used to investigate the effects of
pore ratio on coal failure, and the vertical stress of the coal sample is 10 MPa; the initial
gas pressures (0.5 MPa, 1 MPa, 1.5 MPa and 2 MPa) in coal pores are used to investigate
the effects of initial gas pressure on coal and gas outburst, where the vertical stress of the
coal sample is 10 MPa and the pore ratio of the coal sample is 0.025. The crack distribution
of numerical samples is used to analyze the failure model of coal mass, the displacement
and velocity of fracture coal blocks are used to analyze the failure range and degree of coal
mass, and the characteristic count of fracture coal blocks is used to analyze the fracture
degree of coal mass.

3. Results
3.1. Effect of Different Vertical Stress on Coal Failure

To study the effects of in situ stress on coal mass failure, the failure process of coal
samples loaded on different vertical stresses (5 MPa, 7.5 MPa, 10 MPa and 12.5 MPa) are
simulated, which characterizes the in situ stress of coal depths (200 m, 300 m, 300 m and
400 m). The crack distribution, displacement contour and velocity contour of numerical
samples are shown in Figure 3.

Figure 3. The crack distribution, displacement contour and velocity contour of numerical samples
under different in situ stresses: (a) vertical stresses 5 MPa; (b) vertical stresses 7.5 MPa; (c) vertical
stresses 10 MPa; and (d) vertical stresses 12.5 MPa.

From Figure 3, as the coal seam is uncovered, the coal sample generates obvious
failure, and the fracture coal blocks show an obvious outburst trend toward the direction
of free surface. On the side of free surface, the fracture coal blocks generate significantly
horizontal displacement, and there exists larger opening widths of coal cracks. On the deep
side of coal, the coal sample also generated the fracture phenomenon; however, there are
no obvious opening widths of coal cracks. Under different in situ stress conditions, the
failure degree of coal samples shows an obvious increasing trend with an increase in in situ
stress. Concretely, as shown in Figure 3a, under the vertical loading stress of 5 MPa, some
major cracks generate on the coal sample, resulting in a major crack with a larger opening
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width near the free surface and the fracture coal blocks with smaller size and number are
thrown out at a certain speed. As shown in Figure 3b, under the vertical loading stress of
7.5 MPa, the number of coal cracks are obviously larger than that of 5 MPa in situ stress,
where multiple main cracks of the coal sample have obvious opening widths near the free
surface. However, the range of the coal sample generating obvious displacement are larger
than the range of the coal sample generating obvious velocity. As shown in Figure 3c,
under the vertical loading stress of 10 MPa, more cracks generate on the coal sample and
the range of the coal sample generating obvious displacement and velocity expands to the
sample middle. As shown in Figure 3d, under the vertical loading stress of 12.5 MPa, the
density and number of coal cracks continuously increase and the range of the coal sample
generating obvious displacement and velocity expands to the coal deep.

To quantitatively analyze the variation law of coal failure under different in situ
stresses, the maximum displacement and velocity statistics of fracture coal blocks are
shown in Figure 4.

Figure 4. The maximum displacement and velocity statistics of the fracture block of the coal sample
under different in situ stresses: (a) maximum displacement comparison of fracture coal blocks;
(b) maximum velocity comparison of fracture coal blocks.

From Figure 4a, as the coal seam is uncovered, the outburst range of fracture coal
blocks shows a nonlinear growth trend with an increase in vertical stress loaded on coal
samples. Concretely, the outburst range of fracture coal blocks is 0.0017 m as the vertical
loading stress is 5 MPa, the outburst range of fracture coal blocks is 0.0138 m as the vertical
loading stress is 7.5 MPa, the outburst range of fracture coal blocks is 0.0168 m as the vertical
loading stress is 10 MPa, and the outburst range of fracture coal blocks is 0.0188 m as the
vertical loading stress is 12.5 MPa. From Figure 4b, after the right displacement constraint
of the coal sample model is deleted, the outburst velocity of fracture coal blocks also shows
a growth trend with an increase in in situ stress. Concretely, the outburst velocity of fracture
coal blocks is 3.77 m/s as the in situ stress is 5 MPa, the outburst velocity of fracture coal
blocks is 3.81 m/s as the in situ stress is 7.5 MPa, which is close to the outburst velocity of
fracture coal blocks as the in situ stress is 5 MPa; however, the outburst velocity of fracture
coal blocks rapidly increases to 5.11 m/s as the in situ stress is 10 MPa, and the outburst
velocity of fracture coal blocks increases to 5.65 m/s as the vertical stress is 12.5 MPa.

To furtherly analyze the variation law of coal fragmentation, as the coal seam is
uncovered, the characteristic block count of fracture coal under different in situ stresses are
shown in Figure 5.
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Figure 5. The maximum number and size statistics of the fracture block of coal samples under
different in situ stresses: (a) characteristic size curves of fracture rock block; (b) fracture block number
comparison; and (c) maximum block size comparison.

From Figure 5a, with an increase in in situ stress loaded on coal samples, the failure
degree of coal samples shows an obvious growth trend and the number of fracture coal
blocks rapidly increases; however, the maximum characteristic size of fracture coal blocks
obviously decreases. Concretely, from Figure 5b, the block number of fracture coal is 517 as
the vertical loading stress is 5 MPa, the fracture block number of the coal sample is 2818 as
the vertical loading stress is 7.5 MPa, the fracture coal block number is 6343 as the vertical
loading stress is 10 MPa, and the fracture block number is 10,203 as the vertical loading
stress is 12.5 MPa. From Figure 5c, the maximum characteristic size of fracture coal blocks
is 0.138 m as the vertical loading stress is 5 MPa, the maximum characteristic size of fracture
coal blocks is 0.103 m as the vertical loading stress is 7.5 MPa, the maximum block size of
fracture coal blocks is 0.0.0448 m as the vertical loading stress is 10 MPa, and the maximum
characteristic size is 0.0387 m as the vertical loading stress is 12.5 MPa.

3.2. Effect of Different Pore Ratios on Coal Failure

To study the effects of pore ratios on coal mass failure, the failure process of coal
samples with different pore ratios (0.01, 0.025, 0.05 and 0.075) are simulated, and the
vertical stress of the coal sample is 10 MPa. The crack distribution, displacement contour
and velocity contour of numerical samples with different pore ratios are shown in Figure 6.
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Figure 6. The crack distribution, displacement and velocity contour of numerical samples: (a) 0.01 of
pore ratio; (b) 0.025 of pore ratio; (c) 0.05 of pore ratio; and (d) 0.075 of pore ratio.

From Figure 6, as the coal seam is uncovered, the coal sample generates a large number
of cracks, and the fracture coal blocks show an obvious outburst trend toward the free-
surface side of the coal sample, where there exists obvious opening widths of coal cracks on
the free-surface side of the coal sample; however, there exists no obvious opening width of
coal cracks on the coal deep. The ranges of coal samples generating obvious displacement
are close to the ranges of coal samples generating obviously horizontal velocity. For
different coal pore ratios, the density and number of coal cracks show an increasing trend
with an increase in coal pore ratio; however, the ranges of coal samples generating obvious
displacement and velocity show a decreasing trend with an increase in coal pore ratio.

To quantitatively analyze the variation law of coal fracture under different pore ratios,
the maximum displacement and velocity statistics of fracture coal blocks are shown in
Figure 7.

Figure 7. The maximum displacement and velocity statistics of fracture block of coal samples with
different pore ratios: (a) maximum displacement comparison of fracture coal blocks; (b) maximum
velocity comparison of fracture coal blocks.

From Figure 7a, as the coal seam is uncovered, the maximum outburst range of
fracture coal blocks shows a nonlinear decreasing trend with an increase in coal pore ratio.
Concretely, the outburst range of fracture coal blocks is 0.01734 m as the coal pore ratio is
0.02, the outburst range of fracture coal blocks is 0.01668 m as the coal pore ratio is 0.05,
the outburst range of fracture coal blocks is 0.01632 m as the coal pore ratio is 0.075, the
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outburst range of fracture coal blocks is 0.01538 m as the coal pore ratio is 0.1, and the
outburst range of fracture coal blocks is 0.01484 m as the coal pore ratio is 0.15. From
Figure 7b, after the coal seam is uncovered, the maximum velocity of fracture coal blocks
also shows a decreasing trend with an increase in pore ratio. Concretely, the maximum
outburst velocity of fracture coal blocks is 5.23 m/s as the pore ratio is 0.02, the maximum
velocity of fracture coal blocks is 4.89 m/s as the pore ratio is 0.05, the outburst velocity
of fracture coal blocks is 4.67 m/s as the pore ratio is 0.1, and the maximum velocity of
fracture coal blocks is 4.52 m/s as the pore ratio is 0.15.

To furtherly analyze the variation law of coal fracture, the characteristic block count of
fracture coal samples with different pore ratios are shown in Figure 8.

Figure 8. The maximum number and size statistics of the fracture block of coal samples with different
pore ratios: (a) characteristic size curves of fracture rock block; (b) fracture block number comparison;
and (c) maximum block size comparison.

From Figure 8a, with an increase in the pore ratio of coal samples, the failure degree
of coal samples entirely shows an obvious growth trend and the number of fracture coal
blocks rapidly increases. However, with an increase in the pore ratio of coal samples, the
maximum characteristic size of fracture coal blocks firstly rapidly increases, then decreases,
and finally, remains stable. Concretely, from Figure 8b, the block number of fracture coal
slowly increases from 7589 to 10,055 as the coal pore ratio increases from 0.025 to 0.075;
however, the block number of fracture coal increases from 10,055 to 15,710 with a larger
change rate as the coal pore ratio increases from 0.075 to 0.15. From Figure 8c, the maximum
characteristic size of fracture coal blocks rapidly increases from 0.0342 to 0.0733 m as the
coal pore ratio increases from 0.025 to 0.075; however, the maximum characteristic size of
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coal blocks decreases to 0.058 as the coal pore ratio increases from 0.1, and then remains
relatively stable with the increase in coal pore ratio.

3.3. Effect of Different Pore Ratios on Coal Failure

To study the effects of pore gas pressure on coal mass failure, the failure process of
coal samples with different gas pressures (0.01, 0.025, 0.05 and 0.075) are simulated in this
section, where the vertical stress of the coal sample is 10 MPa and the pore ratio of the
coal sample is 0.025. The crack distribution, displacement contour and velocity contour of
numerical samples with different pore gas pressures are shown in Figure 9.

Figure 9. The crack distribution, displacement contour and velocity contour of numerical samples
with different pore gas pressures: (a) 0.5 MPa gas pressure; (b) 1 MPa gas pressure; (c) 1.5 MPa gas
pressure; and (d) 2 MPa gas pressure.

From Figure 9, as the coal seam is uncovered, more density and number of cracks
generate on coal samples, and the fracture coal blocks are obviously thrown toward the
free-surface direction; however, there exists no obvious opening width of coal cracks on the
coal deep. For different pore gas pressures of coal samples, the crack density and number
on coal deep show a decreasing trend with an increase in gas pressure; however, the
outburst range of fracture coal blocks on the free-surface side show an obviously increasing
trend with an increase in gas pressure. More concretely, as shown in Figure 9a,b, under
the gas pressures of 0.5 MPa and 1 MPa, the ranges of coal samples generating obvious
displacement are larger than the ranges of coal samples generating obvious velocity. As
shown in Figure 9c,d, the ranges of coal samples generating obvious displacement are close
to the ranges of coal sample generating obvious velocity.

To quantitatively analyze the variation law of coal fracture under different pore gas
pressures, the maximum displacement and velocity statistics of fracture coal blocks are
shown in Figure 10.

From Figure 10a, as the coal seam is uncovered, the outburst range of fracture coal
blocks slowly grows from 0.03261 m to 0.03931 m as the gas pressure increases from 0.5 MPa
to 1 MPa; however, the outburst range of fracture coal blocks rapidly grows from 0.03931 m
to 0.06647 m as the gas pressure increases from 1 MPa to 2.25 MPa. From Figure 9b, as the
coal seam is uncovered, the maximum velocity of fracture coal blocks slowly grows from
11.51 m/s to 12.58 m/s as the gas pressure increases from 0.5 MPa to 1 MPa; however, the
maximum velocity of fracture coal blocks rapidly grows from 12.58 m/s to 21.9 m/s as the
gas pressure increases from 1 MPa to 2.25 MPa.
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Figure 10. The maximum displacement and velocity statistics of the fracture block of coal samples
with different pore gas pressures: (a) maximum displacement comparison of fracture coal blocks and
(b) maximum velocity comparison of fracture coal blocks.

To further and quantitatively analyze the variation law of coal fracture, the character-
istic block count of fracture coal under different gas pressures are shown in Figure 11.

Figure 11. The maximum number and size statistics of the fracture block of coal samples with
different pore gas pressures: (a) characteristic size curves of fracture rock block; (b) fracture block
number comparison; and (c) maximum block size comparison.
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From Figure 11a, with an increase in the gas pressure of coal pore, the failure degree of
coal samples entirely shows an obvious growth trend and the number of fracture coal blocks
rapidly increases. However, with an increase in gas pressure, the maximum characteristic
size of fracture coal blocks shows an irregular change. Concretely, from Figure 11b, the
block number of fracture coal slowly increases from 5803 to 6836 as the gas pressure of coal
pore increases from 0.5 MPa to 2 MPa. From Figure 11c, the maximum characteristic size
of fracture coal blocks ultimately remains about 0.05 m as the gas pressure of coal pore
increases from 0.5 MPa to 2 MPa.

4. Discussion

To comprehensively analyze the effects of different simulation conditions on coal mass
failure, the failure processes of coal samples under different in situ stresses, pore ratios and
gas pressures are compared. The crack distribution, displacement and velocity contour of
numerical samples under different simulation conditions are shown in Figure 12.

Figure 12. The failure result comparison of coal samples under different simulation conditions:
(a) coal without pores; (b) coal with pores; and (c) coal with pore gas.

From Figure 12, as the in situ stress of the coal sample is 10 MPa, the pore ratio of the
coal sample is 0.025, and the gas pressure of coal pore is 1 MPa, where the crack distribution,
fragmentation and migration characteristic of coal samples are significantly different under
different conditions. Concretely, under the vertical loading stress of 10 MPa shown in
Figure 11a, a large number of cracks generate on the coal sample without pores, and
multiple cracks have obvious opening widths near the free-surface side of the coal sample.
There is also obvious migration displacement and outburst velocity of fracture coal blocks
near the free surface. As shown in Figure 11b, for the coal sample with pores, the density
and number of coal cracks are larger than those of the coal sample without pores; however,
the ranges of the coal sample generating obvious displacement and outburst velocity are
smaller than those of the coal sample without pores. As shown in Figure 11c, more density
and number of cracks generate on the coal sample with pore gas and the obvious outburst
range of fracture coal blocks on the free-surface side are significantly larger than those of
the coal sample without gas. However, the ranges of generating obvious displacement on
coal deep are significantly smaller than those of the coal sample without gas. This may be
because, in the early stage of coal and gas outburst (0–3.3 ms), as the pore gas is pushing
the broken coal block outward, it also has a reverse pushing effect on deep coal; therefore,
there is a certain lag on the separation and outburst of deep coal.

To comprehensively analyze the variation law of coal fracture, the maximum dis-
placement, maximum velocity, fracture coal block number and characteristic block of coal
samples under different simulation conditions are shown in Figure 13.

From Figure 13a, the fracture block numbers of coal samples show an increasing trend
with the growth of in situ stress, pore ratio and pore gas pressure. Concretely, the fracture
block number of the coal sample with pores is obviously larger than that of the coal sample
without pores, and the fracture block number of the coal sample with pore gas is obviously
smaller than that of the coal sample without pore gas. Under different pore ratios and in



Minerals 2023, 13, 351 14 of 16

situ stresses, the block number variations of fracture coal are obvious; however, the block
number variation of fracture coal is smaller with a variation of gas pressure. Generally, the
effect of in situ stress on fracture coal block number is larger than the effect of pore ratio,
which is larger than the effect of pore gas pressure.

Figure 13. Comparison of the statistical results of coal failure under different simulation conditions:
(a) fracture coal block number comparison; (b) maximum coal block size comparison; (c) maximum
displacement comparison of fracture coal blocks; and (d) maximum velocity comparison of fracture
coal blocks.

From Figure 13b, the maximum characteristic size of fracture coal blocks shows a
rapidly decreasing trend with the growth of in situ stress, while the maximum size of
fracture coal blocks first slowly increases and then decreases with the growth of coal pore
ratio, and the maximum block size shows a smaller change with the variation of pore gas
pressure. Generally, the effect of in situ stress on the maximum size of fracture coal blocks is
larger than the effect of coal pore ratio, which is larger than the effect of pore gas pressure.

From Figure 13c, the effective outburst range of fracture coal blocks shows a rapidly
increasing trend with the growth of pore gas pressure, while the outburst range of fracture
coal blocks shows an increasing trend with the growth of in situ stress; however, the
outburst range of fracture coal blocks shows a slowly decreasing trend with the growth of
pore ratio. Generally, the effect of pore gas pressure on the outburst range of fracture coal
blocks is larger than the effect of in situ stress, which is larger than the effect of pore ratio.

From Figure 13d, the maximum outburst velocity of fracture coal blocks shows a
rapidly increasing trend with the growth of pore gas pressure, while the maximum velocity
of fracture coal blocks shows a slowly increasing trend with the growth of in situ stress;
however, the maximum velocity of fracture coal blocks shows a slowly decreasing trend
with the growth of pore ratio. Generally, the effect of pore gas pressure on the maximum
velocity of fracture coal blocks is obviously larger than the effect of in situ stress and the
effect of in situ stress is slightly larger than effect of pore ratio.
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5. Conclusions

In this paper, the coal specimen failures under different in situ stresses, pore ratios and
pore gas pressures are simulated based on the continuum-discontinuum element method
(CDEM). The main factors affecting coal breaking and outburst are explored through the
analysis and comparison of the failure models, the range and degree of coal–gas outburst, and
the fragmentation characteristic of fracture coal blocks. Some conclusions can be drawn:

(1) As the coal seam is uncovered, the coal sample generates obvious failure, and
the fracture coal blocks show an outburst trend. Near coal-free surface, the fracture coal
blocks generate significant outburst displacement and velocity, and there exists larger
opening widths of coal cracks. On the coal deep, coal samples also generate the fracture
phenomenon; however, there exists no obvious opening width of coal cracks.

(2) For the coal sample with pores, the density and number of coal cracks are larger
than those of the coal sample without pores; however, the ranges of the coal sample
generating obvious separation and outburst trend are smaller than those of the coal sample
without pores. For the coal sample with pore gas, more density and number of cracks are
generated, and the ranges of the coal sample generating obvious displacement and outburst
trend are significantly smaller than those of the coal sample without gas in the early stage
of coal–gas outburst; however, the obvious outburst range and velocity of fracture coal
blocks are significantly larger than those of the coal sample without gas.

(3) The fracture block numbers of coal samples show an increasing trend with the
growth of in situ stress, pore ratio and pore gas pressure. The effect of in situ stress on
fracture coal block number is larger than effect of pore ratio, which is larger than the
effect of pore gas pressure. The maximum characteristic size of fracture coal blocks shows
a rapidly decreasing trend with the growth of in situ stress, while the maximum block
size first slowly increases and then decreases with the growth of coal pore ratio, and the
maximum size shows a smaller change with the variation of pore gas pressure. Generally,
the effect of in situ stress on the maximum size of fracture coal blocks is larger than the
effect of coal pore ratio, which is larger than the effect of pore gas pressure.

(4) The outburst velocity and outburst range of fracture coal blocks shows a rapidly
increasing trend with the growth of pore gas pressure, while the outburst velocity and
outburst range show an increasing trend with the growth of in situ stress; however, the
outburst velocity and outburst range shows a slowly decreasing trend with the growth of
pore ratio. Generally, the effects of pore gas pressure on the outburst velocity and outburst
range of fracture coal blocks are larger than the effects of in situ stress, which are larger
than the effects of pore ratio.
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