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ABSTRACT

Based on the theories of the gas seepage in coal seams and the deformation of the coal-rock medium, the gas
seepage field in coal-rock mass is coupled with the deformation field of the coal-rock mass to establish a fluid-
structure interaction model for the interaction between coal gas and coal-rock masses. The outburst process in
coal-rock masses under the joint action of gas pressure and crustal stress is simulated using the material point
method. The simulation results show the changes in gas pressure, velocity distribution, maximum principal stress
distribution, and damage distribution during the process of the coal and gas outburst, as well as the movement and
accumulation of coal-rock masses after the occurrence of the outburst. It was found that the gas pressure gradient
was greatest at the working face after the occurrence of the outburst, the gas pressures and pressure gradients at each
location within the coal seam gradually decreased with time, and the damage distribution was essentially the same
as the minimum principal stress distribution. The simulation further revealed that the outburst first occurred in
the middle of the tunnel excavation face and that the speed at which particles of coal mass were ejected was highest
at the center and decreased toward the upper and lower sides. The study provides a scientific basis for enhancing
our understanding of the mechanism behind coal and gas outbursts, as well as their prevention and control.
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1 Introduction

The outburst of coal and gas is among the most serious coal mining accidents worldwide
[1,2], and seriously jeopardizes the occupational safety of coal mine workers. Numerous
researchers worldwide have achieved relatively rich results in the study of coal and gas
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outbursts [3-7], which has greatly advanced the research on gas-bearing coal rocks and their
prevention and control mechanisms.

Current theories on the mechanism of coal and gas outburst mainly include the gas-driven
action hypothesis, crustal-stress-driven action hypothesis, energy hypothesis, and combined action
hypothesis [8—10]. In particular, the combined action hypothesis, which has gained the recognition
of several researchers, posits that coal and gas outbursts result from the combined action of
factors, such as the crustal stress, gas pressure contained within the coal mass, and physical and
mechanical properties of coal. In recent years, on the basis of the combined action hypothesis, the
fluid-structure interaction between the gas flow and coal seam deformation has gradually become
a hot research topic. Based on the basic theory of solid deformation and gas seepage, Zhao [!1]
proposed a coupled gas-medium mathematical model and provided its numerical solution. Xu
et al. [12] considered the heterogeneity in the mechanical properties of coal-rock material and
the nonlinear nature of variations in gas permeability during its deformation and rupture to
establish a mathematical model for the fluid-structure interaction during the outburst process in
gas-bearing coal-rocks, based on the basic theory of coal-rock mass deformation and gas seepage.
Guo et al. [13] derived the dynamic parameter model for porosity and permeability based on
the basic principles of fluid-structure interaction, established the coupled gas-solid model for the
gas-bearing coal mass, and obtained the numerical solution of the coupled model under natural
unloading conditions using the finite element method. Cui et al. [14] used PFC software to
construct a discrete element model for the equivalent strength of a coal mass after cracking under
coupled action, analyzed the hinge relationship between the discrete particles after cracking under
coupled action and its influence on the degree of caving, quantified the relationship between the
amount of explosive used, water injection pressure, and extent of capability of coal mass caving,
and then they validated their findings through engineering practice. Using their independently
developed multi-field coupled large-scale simulation test system for coal mine dynamic disasters,
Cheng et al. [15] studied the impact forces and motion characteristics of the ejected two-phase
gas-solid flow during an outburst under different gas pressure conditions.

The material point method (MPM) is a numerical simulation method that leverages the
strengths of both the Lagrangian and Eulerian descriptions by combining Lagrangian mass points
with a Eulerian grid. This method has clear advantages in problems involving large deformation
and material damage, such as impact, contact, and fluid-structure interaction [16]. In this study,
the nonlinear nature of changes in permeability during the fracture of coal-rock masses was con-
sidered to establish a model based on the basic theories behind gas seepage and the deformation
of coal-rock masses for the fluid-structure interaction between coal and gas during the outburst
process. On this basis, the MPM was introduced to simulate the process of coal and gas outbursts
and to analyze properties after the occurrence of outbursts, such as the accumulation of coal-rock
masses, damage distribution, changes in gas pressure, velocity distribution, and maximum principal
stresses, all of which are significant for the further understanding of the mechanism driving coal
and gas outbursts, as well as the effective prevention of coal and gas outbursts.

2 Fluid-Structure Interaction Model for Gas-Bearing Coal Rocks

2.1 Equation for the Gas Seepage Field in Coal-Rock Masses

Based on the trends observed in empirical measurements of coal seam gas content, and
considering the allowable error in practical engineering applications, Zhou et al. [5] first proposed
a parabolic approximation for the coal seam gas content curve:

X=Ap (1
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where X is the coal seam gas content (m3/f), A is the coal seam gas content coefficient
! .
(m3/ (t- MPai)), and p is the coal seam gas pressure (MPa).
The usage of the above equation is quite convenient when studying coal seam gas flow and
calculating coal seam gas content.

The flow of gas is in accordance with Darcy’s law:
K
u=——grad (p) (2)
w

where u is the gas flow rate (m/s), K is the permeability of the coal seam (m?), dp is the pressure
difference over a distance of dx (Pa), dx is a certain very small distance in the direction of the
gas flow (m), and u is the gas dynamic viscosity (Pa-s). For methane gas, = 1.08 x 10 Pa-s.

The gas equation of motion (consistent with linear permeability) for coal gas is
q=—Agrad (P) (3)
where ¢ is the gas seepage velocity component (m/d), A is the permeability coefficient tensor
(m?/(MPa2.d)), and P = p? is the square of the coal seam gas pressure p (MPa?).

According to the law of conservation of mass, the following equation holds for the flow field
within a volume AV in the gas flow field:

oX K [9*P 9P 3P

—+ + +
ot p \ax2  9yr  9z2

As the flow of gas in a coal seam obeys Darcy’s law, the equation for the seepage field of

gas flow in a coal rock body can be obtained by substituting Eqs. (1)—(3) into Eq. (4).
P 3’P
AT ©

where «) = dra= PO,
2.2 Equation for the Deformation Field of a Coal-Rock Mass

The equation for the deformation field of a coal-rock matrix under pore pressure consists of
three parts: stress balance differential equation, geometric equation, and deformation constitutive
equation.

The differential equation for the stress balance is expressed in terms of the effective stress as
a/+f,-+(ap6ij)J.=O (6)

where o’ (i, j = 1,2,3) is the effective stress (MPa), f; is the body force (MPa), « is the pore
pressure (coal seam gas pressure) coefficient (0 < o < 1), §; is the Kronecker delta and the
superscript dots represent time derivatives.

The geometric equation is

1
= (uiJ + Mj,i) (7

8,'j=2
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where ¢;;(1, ] = 1,2,3) is the strain component, u is the displacement resulting from deformation
and the subscript comma represents the time derivative.

For the isotropic coal-rock materials, the constitutive equation for elastic deformation can be
expressed as

Gé» = K(Sl'jé‘v + 2G8;’j (8)
where G and « are the shear modulus and the Lamé constant, respectively, and &, = e11 + &2+ €33
is the volumetric strain.

Combining these equations results in an equation for the deformation field of the coal-rock
mass that consider the pore pressure, expressed in terms of the displacement:

(« + G) ujji + Gujjj+fi+ (ap) ;=0 9)

2.3 Coupled Permeability-Damage Equation

When the stress state or strain state of a given mesoscopic unit in a coal-rock mass satisfies
a certain pre-set damage threshold, the unit starts to become damaged, and the elastic modulus
of the damaged unit is

E=(1-D)Ey (10)
where D is the damage variable and E and Eq are the modulus of elasticity of the damaged and
undamaged unit, respectively.
The damage criterion used for the unit is the Mohr-Coulomb criterion. When the shear stress
reaches the Mohr-Coulomb damage threshold, the damage variable D can be expressed as
0 €2 €

D=1 fu an

1-— & <&
Eye ¢

where f., is the uniaxial compressive residual strength and e, is the maximum compressive strain.

The damage will cause a sharp increase in the permeability coefficient of the tested specimen.
The change in the unit permeability coefficient can be described by the following equation:

N {)»oe_ﬁ(al_“p) D=0

Erge PlO1—a) D 12)

where A is the initial permeability coefficient, p is the pore pressure, £ is the amplification factor
of the permeability coefficient, « is the pore pressure coefficient, and B is the coupling coefficient.

When a unit of the coal-rock mass is subjected to tension, the functional relation between the
permeability coefficient and the damage obeys a similar law. When the stress in the unit of coal
mass reaches its tensile damage strength value, the damage variable can be expressed as follows:

0 £ <é&n

D= l—ftr 0 <¢e<é&w" (13)
Eye
1 £> &y
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The corresponding permeability coefficient of the unit is

)Loe—ﬁ(os—ap) D=0
r={Erge Pl3—)  0<D<1 (14)
E'vge P3P D>

where f; is the tensile residual strength and & is the amplification factor of the permeability
coefficient when the unit is damaged.

3 Introduction to the MPM

The MPM is a meshless particle method with a dual Eulerian and Lagrangian description. It
discretizes the continuum body into a set of massive particles and creates a background grid in
the region of matter motion. The particles contain all the information about the material, such
as mass and velocity, and the momentum equations and the spatial derivatives are solved and
evaluated at the nodes of the background grid. The MPM combines the advantages of both the
Lagrangian and Eulerian methods, and it can prevent errors and increased computational effort
that arise from mesh distortion and processing of the convective term. It is commonly used in
research areas such as damage, crack propagation, and fluid-structure interaction [17-24]. The
basic calculation process of the MPM is shown in Fig. 1.
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Figure 1: MPM basic calculation process. (a) Mapping material points information to grids (b)
Solving the equilibrium equation (¢) Map information back to particles (d) Update material points
information
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If heat exchange is not considered, the equations for the conservation of mass and the
conservation of momentum for a continuum body in motion are as follows:

d
E/deV=o (15)

d
- / ovidV = f obidV + f tidA (16)
dt Jo Q r

where p is the density of the object, v; is the velocity of the object, b; is the body force per unit
mass, #; is the surface force per unit area, Q is the region of space occupied by the object at time
t, and I is the boundary of the region.

From this, the governing equation can be obtained as

d,O av;

it “1—0 17
dt +p8x,~ ( )
dv,- 8Gji

—p=pbi+ — 18
S P=rbit o (18)
10| =i (19
vilp =i (20)

where #n; is the outward normal vector on the unit boundary, oj; is the Cauchy stress tensor, 7; is
the known boundary force, and v; is the known boundary velocity.

The above momentum equation is a partial differential equation. As it is quite difficult to
obtain a solution that satisfies it everywhere, the weighted residual method, for which a solution
can be obtained, is applied to establish the equivalent integral weak form.

dv; _
/ SMijpdV—i-/ (Sui,iU/idV:/ 3ui,0bl‘dV+/8uitidA (21)
Q dt Q ' Q r

where du; is the virtual displacement.

By discretizing the solution domain into a series of particles, with the mass of the object
distributed over the particles and that of each particle concentrated at its center, the following
equation can be obtained:

1p
p(x;) = Z mpyd (xl- — xf) (22)
p:l
From this, Eq. (21) can be reduced to
np dvp I’lp I’lp np
ZSLfT;mp+ZBufJUﬁ Vp— > sullmphl = 8l T =0 (23)
p=1 p=1 p=1 p=1

where § is the Dirac delta, the sub- or superscript p represents the variable values at each material
point, n, is the total number of discrete particles, m, is the mass of particle p, and V), is the
volume of particle p.
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In each time step, a Lagrangian description is used, and the particles are completely solidly
connected to the grid-nodes. The information mapping between particles and grid-nodes is
achieved with the help of nodal shape functions:

= zg: Npx§ (24)

where a sub- or superscript g represents the variable values at each grid-node, n, is the total
number of grid-nodes, xf is the coordinate of particle p, is the Ng value of the shape function
of grid-node g evaluated at particle p, and x‘f is the coordinate of grid-node g.

From this, Eq. (23) can be rewritten as

mgd ZNpmpbp—i—ZNptp ZNQI ol v, (25)

The matter point method explicit solution can update the stress at the beginning of the time
step or at the end of the time step. In this study, the former was used as it has better energy
conservation properties as follows:

(1) Map the particle information onto the grid-nodes to obtain the nodal mass m, with nodal
momentum pf , and impose the boundary conditions.

Tp
mg=Y_Nim, (26)

"p
= Z Ngmy% 27)

=1

(2) Obtain the nodal velocity v;g .

g
=L (28)

mg

(3) Calculate the particle strain rate 8 and particle spin rate Q) i

LA SR
p_ Vi Vi P P8
PRSI SR =
g=1
.o g
P W Jot P P
Qf = =3 (N = N ) (30)



1656 CMES, 2022, vol.130, no.3

(4) Update the particle stress 05 using the constitutive model. The update of particle stress

can be obtained from the stress rate 6y as follows:

Gé:(f,"/ﬁ-At-('fl"j (31)

In the constitutive relationship of the large deformation problem, In order to ensure that the
stress rate is not affected by the rotation of the rigid body, it needs to be converted into the
Jaumann stress rate ¢ in the body-follower dynamic coordinate system fixedly connected with

ij
the object:
& = 6y — ok Qi — Qo (32)

Substituting Eq. (32) into Eq. (31), we can get:
of = o + At (d,.jf. + o Q + Q,-kakj> (33)

(5) Update the nodal motion using Eq. (25).
(6) Map the nodal motion back onto the particle, thereby updating the particle motion.

Mg g A1D
’ SN
ooy i (34
g=1 8
/ I’lg pg/Np
o =x Ay (35)
=1 ¢

(7) Repeat the calculation for the next time-step using the new grid.

In this study, we used the Drucker-Prager constitutive model for rock-like materials, with a
specific yield function of

I
fsza-g—l—\/Jz—k (36)
where I; is the first invariant of the stress tensor and J; is the second invariant of the deviatoric

stress tensor.

The parameters @ and k& can be determined by the cohesive force ¢ and the internal friction
angle ¢. Taking the yield surface as the Mohr—Coulomb circumscribed circle in this study, « and
k can be calculated through the following equation:

oy 6sin¢ o 6¢ccos¢
V3B -sing) 33 —sing)

(37)

4 Validation of the Numerical Simulation

4.1 Model Setup

The numerical computation model is shown in Fig. 1. The model is divided into two parts:
the right side is the gas-bearing coal mass, while the left side is divided into three layers, with the
excavated tunnel sandwiched between the hard top and bottom plates. During gas outburst, coal
mass is ejected from the excavation face of the tunnel toward the tunnel. The model scale is as
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shown in Fig. 2. To ensure the accuracy of the computation, 6000 particles and 3200 are used and
a total of 1,500 steps were performed in the calculation process. The initial gas pressure in the
coal seam gas is 3 MPa, and the gas pressure at the tunnel excavation face is 0.1 MPa. Gas can
only be transported in the coal seam, the lower boundary is fixed, the right boundary prevents
displacement in the X direction, and the crustal stress is 1.5 MPa. Other material parameters are
shown in Table 1.

15m rock stratum

Tunnel excavation face Gas-bearing coal seam
40
10m Po=0.1MPa P=3MPa m
15m rock stratum
X

) t am 1

40m

Figure 2: Computational model

Table 1: Material parameters

Computational ~ Modulus Tensile  Density Internal Internal Poisson’s Perme- Gas Pore pressure  Coupling
parameters of strength (kg/m?®) cohesion friction ratio ability content  coefficient coefficient
elasticity (MPa) (MPa) angle (°) coefficient coefficient
(GPa) (m?2. m3/
MPa~2.  (t-MPa%?)
d=
Coal seam 6 0.2 1600 1 30 0.4 0.1 2 0.5 0.2

4.2 Numerical Simulation Results

Fig. 3 shows the change in instantaneous pore gas pressure during coal and gas outburst.
Initially, the gas pressure inside the coal seam is 3 MPa. After the outburst occurs, the pressure
inside the coal seam is relieved, and the gas pressure drops at all points. Further, the atmospheric
pressure inside the tunnel rises owing to the gas discharge into the tunnel. The maximum pore
gas pressure inside the coal seam is distributed on the rightmost side. Fig. 4 shows a plot of the
pore gas pressure against the distance from the excavation working face during the coal and gas
outburst process. It can be observed from the figure that, as the distance from the excavation
working face decreases, the gas pressure gradually decreases; a more rapid decrease in gas pressure
is observed closer to the working face; and, as time progresses, the gradient of gas pressure decline
gradually decreases. This trend for the change in gas pressure is consistent with the results of
Guo et al. [13].
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Figure 3: Variation in gas pressure, (a) STEP 1, (b) STEP 500, (¢) STEP 1000, (d) STEP 1500, (e)
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Figure 4: Plot of the variation in gas pressure
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Figs. 5 and 6 show the distribution of coal mass damage and the distribution of minimum
principal stress during coal and gas outburst, respectively. It can be observed from the figures
that the distribution of the damaged region essentially coincides with that of the region of
minimum principal stress. The damage to the coal mass occurs under the combined action of
external stress and gas pressure. Initially, the damage is primarily distributed around the tunnel
excavation face and gradually expands in range to the interior of the coal seam as the coal
and gas outburst process progresses. Evidently, when the outburst occurs, large quantities of coal
particles are ejected under the action of pressure toward the excavated space and pile up in front
of the excavation working face. The piling up of coal mass decreases with increasing distance
from the working face, with coal particles being ejected as far as 20 m from the working face in
the interior of the coal seam, owing to the large amounts of ejected coal masses, a large cavity
with a small opening was formed near the excavation face. This phenomenon is consistent with
the experimental results of Wang et al. [25].
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Figure 5: (Continued)
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Figure 5: Distribution of damage in the coal-rock mass. (a) STEP 200, (b) STEP 400, (c) STEP

600, (d) STEP 800, (¢) STEP 1500
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Figure 6: Minimum principal stress distribution. (a) STEP 200, (b) STEP 400, (c) STEP 600, (d)
STEP 800, (e¢) STEP 1500

shows the particle velocity distribution during the coal and gas outburst process. As
shown in the figure, the outburst first occurs at the center of the tunnel excavation face, where
the velocity of ejected coal particles is the largest at 2.55 m/s. The velocity of the ejected coal
decreases from the center toward both sides; the velocity of coal particles at the topmost portion
of the excavation face is 1.94 m/s, and the velocity of coal particles at the bottommost portion is
1.95 m/s. During the outburst process, the velocity of coal particles continues to increase under
the action of gas pressure up till the point when accumulation occurs, after which the velocity
rapidly decreases to zero. and 9 show the variation in velocity and displacement with time
during the ejection of different particles, respectively. In this case, Particle 1 is located in the upper
part of the ejection site, Particle 2 is located in the middle part of the ejection site, and Particle 3
is located in the lower part of the ejection site. From the graph, it can be observed that, when
the outburst occurs, the velocity of the particles first continued to rise under the action of gas
pressure, the middle and lower particles began to decelerate owing to friction after coming in
contact with the bottom of the tunnel, while the upper particle continued to accelerate until it
reached the ground, after which it began to decelerate. The final displacement was the farthest for
the upper particle, followed by the middle particle, and finally the lower particle.
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5 Conclusions

The equation for the gas seepage field was established according to the basic law of gas
transport in coal-rock masses. This, in combination with the deformation equation of a coal-
rock mass and the coupled permeability-damage evolution equation, was used to establish the
fluid-structure interaction model for the interaction between gas pressure and coal-rock mass
deformation.

The MPM combines the advantages of both the Lagrangian and the Eulerian methods and
has advantages in areas such as the simulation of fluid-structure interactions. It was used to
simulate the coal and gas outburst process. The following is the summary of the simulation results:

(1) After the occurrence of the outburst, the gas pressure gradually decreases from the interior
of the coal mass towards the excavation working face, and the gradient of the decrease in gas
pressure is greater closer to the excavation face. As time proceeds, both the gradient of gas
pressure decrease and the gas pressure at every point in the coal seam gradually decreases.

(2) After the occurrence of outburst, the area of the damaged region in the coal seam
gradually expands, and the damaged region gradually extends from the excavation working face
towards the interior of the coal seam. The distribution of the damaged region is essentially the
same as that of the region of minimum principal stress.

(3) The outburst first occurs at the center of the tunnel excavation face, and the speed at
which coal particles are ejected decreases from the center toward the upper and lower sides. The
large amount of ejected coal mass accumulates in front of the tunnel and causes the formation
of a cavity inside the coal seam.
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