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ABSTRACT: Gas pre-extraction technology in a coal reservoir
can not only reduce greenhouse gas (GHG) emissions but also
effectively recover coalbed methane (CBM). In this work, we use a
geomechanical-coupled gas flow (GCF) model to simulate and
analyze the pre-extraction effect of a mining-disturbed coal seam.
First, the simulation results of the GCF model are compared with
field test data to verify the correctness and reliability of our model.
Then, the evolution law of the stress field, permeability field, and
gas flow field in the extraction process is analyzed through a case
study. The results show that the first principal stress of coal in a
mining area increases first and then decreases slowly and reaches
the peak value at S m. The third principal stress increases gradually
at first and becomes stable after 10 m. As the distance from the

« »

mining face increases, the permeability and gas pressure of the coal seam show continuous and asymmetric “U”-shaped and “n”-
shaped distribution characteristics, respectively. In addition, the recovery effect and abnormal emission factors of CBM are discussed.
This study can provide theoretical guidance for optimizing the CBM recovery effect and reducing GHG emissions during mining.

1. INTRODUCTION

Coalbed methane (CBM) is an associated gas produced during

coal mining,1 which is a kind of gas energy associated with

coal,” but it is also a greenhouse gas (GHG) that causes
s

developed a new finite element permeability model, consider-
ing the influence of coal matrix deformation on permeability
evolution, and the results show that adsorption volume
expansion and effective stress are the main factors controlling

environmental pollution.” In particular, large quantities of
GHG are emitted during coal mining due to geomechanical
instability. This will not only lead to the aggravation of the
greenhouse effect but also lead to coal mine fires or gas
explosions®” and other dangerous accidents.”” Therefore, how
to effectively recover CBM resources and reduce GHG
emissions is the focus and hotspot of current research.'*™"*

Gas pre-extraction technology and its derivative technology
are widely used because of its engineering effectiveness.'”"*
Relevant studies show that it can effectively control greenhouse
gas emissions and recover CBM in coal mining engineer-
ing.*'>'° In addition, the permeability of coal and the gas flow
are the ke?f factors affecting the recovery effect of the extraction
borehole.”'® Because underground gas extraction engineering
usually lasts for a long time, and the physical fields of coal
seams, such as geological stress, permeability, gas flow, and
temperature, affect each other and change continuously,”*’
hence, the discovery of the dynamic evolution law of
permeability and gas flow is critical for CBM recovery and
GHG emission reduction.

To reveal the interaction between various physical fields
during gas extraction, researchers have developed many
multifield coupled permeability models. Zhang et al.*'
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permeability change. Based on the elastic medium theory, Lu
et al.”” established a dual-porosity model, verified the model
through field test data, and applied the model to the
permeability prediction of coal seams under different boundary
conditions. Wang et al.*® considered the Klinkenberg effect of
gas flow in low-permeability reservoirs and improved the
traditional coal bundled matchstick model, which can
accurately predict CBM production. Peng et al.”* defined the
coeflicient of expansion within the coal matrix, which corrected
the change of permeability caused by volume expansion, and
verified the improved model through experiments. Zhang et
al.> established a fluid-solid coupling model considering the
anisotropy of coal permeability, and then studied the influence
of coal mechanical behavior on gas seepage field evolution
through a combination of experimental and numerical
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Figure 1. Illustration of gas flow in the mining-disturbed coal seam.

Stress-relaxation zone

simulations. Dejam”® developed a reduced-order model of
convection—dispersion mass transfer in porous-walled micro-
fluidic channels and studied the effects of different parameters
on the mass transfer velocity of a fluid in the model channels.
Fang et al.”” analyzed the interaction between the coal matrix
contraction and effective stress and established a mathematical
model based on them, revealing the evolution law of coal seam
permeability during the CO,-ECBM process.

The large-scale emission of GHG mostly occurs near the
coal face because the mining disturbance causes the
continuous change of the coal stress state, which leads to the
damage of the original coal and further affects the coal seam
gas flow (see Figure 1). Xie et al?® studied the stress
distribution characteristics under different mining methods,
clarified the dynamic evolution process of the stress in a
mining coal seam, and revealed the three-dimensional stress
distribution rule of coal in the mining face. Xue et al.”” carried
out the mechanical property experiment of coal stress -damage,
defined the damage factor according to the crack propagation
degree of coal, and revealed the inducement of the gas outburst
caused by mining disturbance. Based on the evolution law of
coal permeability in the process of stress loading, Lu et al.*
established the evolution model of damage-induced perme-
ability. After analyzing the data of field gas extraction and
simulation data, the reasonable layout of the underground gas
extraction borehole is optimized. Zheng et al.*' focused on the
permeability change caused by coal damage, established a
multifield coupling permeability model, and analyzed the
influence of coal damage on the gas flow. To analyze the
relationship between coal seam mining and gas desorption, An
et al’” simulated the gas migration during coal seam
excavation, and the results showed that stress release and
fracture development occurred in coal near the mining face.
Liu et al.® proposed an equivalent fractured coal model,
quantified the cracks generated after coal damage, and
established a permeability model suitable for the plastic
deformation of damaged coal seams. Chen et al.** studied
the ground stress and CBM pressure, two important
parameters that affect gas disasters. The results show that
these two parameters have significant zonal variation character-
istics, which is of great significance for mining safety and
environmental benefits.

Scholars have done a lot of meaningful work in coal
permeability analysis and modeling, including experimental
testing and numerical simulation analysis. However, there are a
few studies on methane gas leakage in the coal mining face that
consider coal damage and anisotropy, and the effectiveness of
disturbed coal seam gas extraction needs further study. Figure
1 shows an illustration of gas flow in the mining-disturbed coal

seam. As shown in the figure, due to mining disturbance, the
stress state of coal changes constantly, leading to the
destruction of coal next to the mining face. The damage to
the coal results in a large amount of gas changing from a stable
adsorption state to a free state, which leads to the dynamic
evolution of gas seepage in the coal seam. To study the above
problems, a multifield coupling model of the mechanical field
and the gas flow field is established by considering the
anisotropy of coal. Then, the evolution laws of the coal seam
stress field, permeability field, and gas flow field are studied.
Finally, by analyzing the variation characteristics of gas content
in the coal seam and overlying strata, the design of gas
extraction engineering in the mining-disturbed coal seam and
goaf is discussed through a case study. This study can not only
guide the layout of gas extraction boreholes but also provide
engineering references for GHG emission reduction and CBM
recovery.

2. MODELS AND THEORIES
2.1. Model Hypotheses. To make the established

multifield coupling model conform to physical laws as much
as possible and reduce the model calculation time, in this
paper, the model meets the following hypotheses.”*>*

(1) Coal is a dual-porosity medium with permeability
anisotropy, which is composed of a coal skeleton,
pores, and fractures.

(2) CBM is an ideal gas whose flow in fractures obeys
Darcy’s law, and the migration in the matrix follows
Fick’s law.

(3) Deformation of the coal is mainly linear elastic and the
strain of the coal skeleton is infinitesimal.

(4) The temperature of the whole process is constant, and
the effect of water content on coal permeability can be
ignored.

2.2. Coal Deformation. Coal is a dual-porosity porous
medium material and considers the influences of gas
adsorption or desorption on coal deformation.”” To better
describe the mechanical deformation, the following modified
constitutive equation is given

2uG
g, — o —a B — o

1 —2pu (1)

where o;; represents the stress acting (MPa); G is the shear

o; = 2Geii +

E . .
modulus, G = e & denotes volumetric strain, &, = €, + ¢,

+ &; Ppand P, represent the gas pressures in fractures and
pores; and a;and a,, are effective stress coefficients of fractures
and pores, as shown in 2. o, is swelling stress (MPa),
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Dual-porosity model

Figure 2. Illustration of the coal matrix before and after damage.

After the damage

Equivalent model

RT In(1 + bP,
o;=up++”),38 where a and b are the maximum
adsorption capacity (cm®/g) and the Langmuir adsorption
constant (MPa™'); p is the density (Kg/cm?®); V,, is molar
volume of gas; R is the molar gas constant; and T is the

temperature (K).

a, =1 E
=1 =
Ey

3¢(1 — pE

a, = ———————

where, y and @, represent the Poisson’s ratio and porosity (%),
respectively, and E, and E represent Young’s modulus of the
skeleton and coal {MPa), respectively.

According to the continuity assumption, the equilibrium
equation and the geometric equation for the REV can be
expressed as

o, + F} =0

i

1
e, = —(ui'l. + uj'i)

72 (3)

where F; represents the body force (MPa) and u; is the
displacement of coal.

By combining 1-3, we can get the gas-bearing coal
deformation equation as follows

2uG

G —zﬂev—afPf—apPp—aa+Fi=0

Y- )

2.3. Coal Damage Evolution. As the shearer advances
forward, the stress state of coal in front of the mining face
changes and the coal matrix is damaged. Figure 2 shows the
illustration of the coal matrix before and after damage. From
Figure 2, when the coal is damaged, the representative
elementary volume of coal is broken and produces tiny
fractures. Assuming that these fractures are uniformly
distributed in the coal matrix, it can be considered that the
original larger matrix unit is damaged and turns into many
small-size matrix units.

Salari et al.*” proposed that the plastic deformation damage
of rocks was caused by volumetric strain expansion, and many
scholars used an exponential function to represent the damage
law of coal.”** The damage equation is shown below

D=1—¢ e/ ()

where D is the coal damage factor; €" is the volume-dependent
variable; &! is the volume strain threshold; m is the parameter
of coal strength distribution, 2; and F is the coal strength
parameter.

Based on the elastic damage theory, coal damage leads to
effective stress changes. Then, the constitutive relation of coal
damage is given as

o; = Ey(e; — &/)(1 = D) (6)

where E; is the elastic modulus and &} is the plastic strain
variable.

2.4. Porosity and Permeability. Considering the uniaxial
strain of porous media, Palmer"’ established a classical porosity
evolution equation as

~dgy = |- - (= a)pr (o - @)

(7)

(1= pE indicate axial and

— = E
where M = EPIE and K 30—

bulk moduli (MPa), ¢y is the porosity of fractures (%), § is the
scale factor, y is the compression coefficient (Pa™"), p is the gas
pressure (Pa), and &, is the thermal expansion coefficient
(E).

We assume that the whole process is isothermal and the coal
skeleton is incompressible, so dT and y are 0. Therefore, 7
simplifies to

1
dg, = M(afde + a,dp, + do))

(8)
By solving the differential 8, we have
O %
P = Py + M(Pf - Pfo) + E(Pp - Ppo)
1+ bP
+ apRTIn p0
MV, 1 + bB, ()

Damage factors affect the permeability of coal,*” and we
establish the following relationship

o+ Dé)[ﬁ]

0 Pro

(10)

Since the airflow in the low-permeability coal seam obeys the
Klinkenberg effect,’” so we have

k= k0[1 + i}
1 (11)

By combining 9—11, the coal permeability evolution model can
be expressed as
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Coal deformation equation:

Permeability evolution equation:

2uG . A & _ %
Guyji + 1-2a & —arPy —ayP, — 0, + F; =0 Field equatl?n- K+ Df)(c + Pf) 1+ Moy (Pr=Pro) + o,
" Coal deformation [EES A IANGMELS P
i i on: ko Pr apRT 1+ bPy,
Porosity evolution equation: (B =Ppo) +377 o G )
m®Pfo ?

a, 22
$r=¢p0t ﬁ’(”f = Pro) + ﬁ"(”z )

apRThl(l +hPP0)

MYy 1+bB,

Field equation:

D=l—e'(

Damage factor:

V_gV
EFE

Dynamic diffusion coefficient:
Dy = Dyexp(—9t) + D,

3

Field equation:

Gas flow in

Gas diffusion in

coal fracture

Fracture pressure evolution equation:

Mass transfer: [Dyexp(—9t) + D,]% (P,, - Pf)

coal matrix

Matrix pressure evolution equation:

P 6% ‘o 631: _ 3n2woexp(—atL)2+D,1(p,, -7, V(E PIV,,/) a% o= _3n2Mglooexp(L—zi)T +D,)(B, — By)
Figure 3. Cross-coupling model.
k(1 +DE)(c+p) om 372°M,[D, exp(—9t) + D](P, — P)
L et A &4 P - _ gl-o €XP A T
ko B ot " L’RT
(16)
" ag(B—Py) " aP(PP_PPO) + apRT In 1+ bPPO 2.6. Gas Flow. Assuming that the gas seepage is laminar,
M, M, MV, @, | 1+ bE, the velocity of gas flow can be stated by Darcy’s law
k
(12) w=—Lvp
where k, represents the initial permeability of coal; & Iz (17)
represents the skip coeflicient; and ¢ represents the h / ts th 4 ic viscosity (Pa-
mhes oo, - 03¢ by~ b v et s g dyamic oty ()
2.5. Gas Diffusion. The gas migration process of the coal ’
seam consists of two stages: First, the gas in the matrix is o0p.B; M,F;
desorbed gradually and diffuses into the fractures of coal. ot =Q,(1-¢) -V RT Ve (18)

Second, due to the effect of the gas pressure difference, gas
from the fractures seeps into the borehole. According to our
previous research,” the diffusion coefficient is not a fixed value
in the traditional model but a variable that decreases with the
diffusion time

Dy = Dy exp(—8t) + D, (13)

where J is the attenuation coeflicient, Dy and D, indicate the
diffusion coeflicient at time T and time 0, and D, is the residual
diffusion coefficient (m?*/s).

According to previous research,”” the gas mass transport
satisfies the following formula

Mg
Q.= Dpy——(

B~ B)

(14)

2
where y indicates the shape factor,y = %, and L is the

fracture length. Moreover, M, and Q,, denote the molar mass
of methane and the gas exchange rate between pores and
fractures (kg/(m>s)), respectively.

The gas content per unit volume of the matrix is given as

" =g My P p.abEM,
POPRT P (14 6BV, (15)
where m,, represents the gas mass per unit volume of the matrix

(kg/m?), @, represents the matrix porosity, and p. indicates
the apparent density of the coal.

By combining 13—15 and the conservation of mass, the
governing equation of gas diffusion can be obtained as follows

29214

By substituting 14 and 17 into 18, the simplified gas flow
governing equation is given as follows

aq)f an 371-2[D() eXP(—St) + Dr](Pp — Pf)
t— t¢— = 5
ot ot L
kP,
+ V(—VBR)
u (19)

Figure 3 shows the cross-coupling relations between the
mechanical field, gas diftusion field, and gas flow field. During
the gas extraction process, the fracture pressure in coal affects
the change of effective stress and further leads to the change of
porosity and permeability. At the same time, the adsorbed gas
in the coal matrix diffuses into the fracture system and affects
the gas pressure. At this point, 4, 5, 9, 12, 13, 16, and 19
constitute the multifield coupling model.

3. MODEL VALIDATIONS

The user-defined partial differential equation (PDE) module in
COMSOL Multiphysics is used to input the governing
equations of the physical field, as shown in Figure 3, and the
finite element method (FEM) is used to solve these nonlinear
PDEs. First, the FEM is used to discretize space to form a
series of interrelated small elements, and then a discrete linear
algebraic equation set is formed. Finally, the solution on the
element node is obtained by solving the equation set. As
shown in 20, the most commonly used method to solve this
highly nonlinear multiphysical field problem is LU decom-
position, that is, the stiffness matrix (K) is decomposed into
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the upper triangle matrix (U) and the lower triangle matrix
(L), and then the matrix is inversed and solved (u = U™ L™'F).
The Newton iterative method is an effective method for
solving nonlinear problems, that is, using a linear solver to
iterate repeatedly to obtain high-precision solutions efficiently.
The principle equation is given as follows

~V-[c(W)Vul =f—> Ku=F (20)

where ¢ represents the coefficient term of partial differential
equations, f represents the source term of the linear system, K
represents the matrix of stiffness coeflicients, F represents the
load vector, and u represents the solution vector.

A single-borehole gas extraction geometric model was
created based on the subterranean characteristics of the
Guhanshan Mine to test the reasonableness of the multifield
coupling model. The buried depth of this coal seam is about
750 m, and gas extraction is carried out by drilling through the
layer in the bottom drainage roadway. Figure 4 shows the size

F=18 MPa

Figure 4. Schematic diagram of the single-borehole gas extraction
model.

and boundary conditions of the model. The effective diameter
of the hydraulic slotted borehole was set to 0.5 m, and the size
of the model was 20 m X 30 m. The upper boundary of the
geometric model is a stress load of 18 MPa, the bottom of the
model is the fixed constraint boundary, and the left and right
sides are set as roller boundaries. The negative pressure of the
gas extraction borehole and the initial pressure of the coal seam
were set as 16 kPa and 2 MPa, respectively. For the gas flow
field, the no-flow boundary is set around the model. The key
parameters of the single-borehole gas extraction model are
shown in Table 1, and the other parameters are listed in Table
2.

To verify the superiority and accuracy of this model, we
compare the simulation results of the new geomechanical-

Table 1. Guhanshan Coal Parameters

parameter value parameter value
initial porosity of 0.0056 initial porosity of 0.06
fracture, ¢ the matrix, @,
Langmuir volume 0.015 ms/kg Langmuir pressure 0.61 MPa™!
constant, a constant, b
density of coal, p. 1250 kg/m3 Young’s modulus of 2713 MPa
coal, E
Poisson’s ratio, y 0.34 initial diffusion 3 x 107" m?/s
coefficient, D,
initial permeability 6 X 1077 m* initial permeability 2 x 1077 m?

in the x-axis
direction, k.o

in the y-axis

direction, kyo

29215

Table 2. Yaxing Coal Parameters

parameter value parameter value
temperature, T 293 K density of coal, p, 1540 kg/m?
Langmuir volume 0.015 m3/kg Langmuir pressure 1 MPa™!
constant, a constant, b
Poisson’s ratio, y 0.42 initial diffusion 2 x 107" m?/s

residual diffusion

coefficient, D,

1% 107" m?/s

coefficient, D,

attenuation
coefficient, &

1 X 1077 m?*/s

elastic modulus, E 0.92 GPa volumetric strain 0.01
threshold, &}
elastic modulus of 4.5 GPa coal strength 0.988
the skeleton, E, parameter, F
initial porosity of 0.01 initial porosity of 0.06
fracture, g the matrix, @,
initial pressure of 2 MPa initial pressure of 2 MPa
coal fracture, Py, the coal matrix,
Pyo
initial permeability 3% 107 m? initial permeability 1% 1071 m?
of coal in the x- of coal in the y-
axis direction, kg axis direction, kyo
elastic modulus of 8 GPa Poisson’s ratio of 0.3
rock, E, the rock, u,
initial porosity of 0.001 initial permeability 3 x 1072 m?

the rock, ¢,

of the rock, kg

coupled gas flow (GCF) model and the previous model,** and
take the actual production of gas extraction in the Guhanshan
Mine (Henan Province, China) for 60 days as the verification
basis."* Figure 5 shows the comparative analysis of field test

0.05 ——— Previous model siml.llgition res{llts
_ —— MCF model simulation results
g 9 Field test results
o 004 .8 MPa
% 1.4
§ 0.03 )
g 0.6
% 002 02
% o Gas pres fter 50 days
°
é 0.01 o
0

0 10 20 30 40 50 60
Gas extraction time (days)

Figure 5. Comparative analysis of field test data with numerical
simulated data.

data with numerically simulated data. For the GCF model, it
can be seen that there is a small deviation (less than 5%)
between the simulation results and the field test results in the
first 20 days. Over the next 30 days, the two sets of data are
almost identical. After S0 days of gas extraction, the gas
pressure around the borehole presents an elliptic distribution,
which is related to the anisotropy of coal seam permeability. In
general, the curve can fit the test data well. However, for the
previous model, the results of the first 30 days are significantly
lower than the field test results, and there is also a big gap with
the results of the GCF model. Therefore, our GCF model has
better accuracy and can guide the layout of extraction
boreholes and predict gas production.
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Figure 6. Three-dimensional geometric model.

4. NUMERICAL SIMULATION AND RESULTS

4.1. Division of the Mining-Disturbed Area. During the
process of coal mining, the stress state of coal in the mining
face changes continuously and has an obvious zoning
phenomenon. It can be seen from Figure 1 that this part of
coal is divided into three zones: the original stress zone, the
stress concentration zone, and the stress-relaxation zone.
Therefore, according to the stress—strain state of coal, the
stress concentration zone and the stress-relaxation zone are
called the mining-disturbed area, and it is considered that
plastic deformation mainly occurs in these parts of coal. It is
considered that the linear elastic deformation mainly occurs in
the original stress zone. To divide the boundary between the
two areas, the three-dimensional geometric model, as shown in
Figure 6, was established based on the actual situation of the
416 fully mechanized face in the Yaxing Coal Mine. The model
is 40 m long, S0 m wide, and 9 m high, and consists of three
parts. The middle part is the 4# coal seam (3 m thickness), and
the buried depth is about 600 m. The coal seam is surrounded
by a roadway with a section size of 4 m X 3 m, and the four
walls of the roadway are set as free boundaries. A measuring
line and a measuring surface are arranged in the center of the
coal seam. Uniaxial loading tests on coal samples show that the
elastic modulus of the coal is between 0.47 and 1.39 GPa, with
an average of 0.92 GPa, and the Poisson ratio of the coal is
between 0.39 and 0.44, with an average of 0.42. Figure 7 shows
the fitting relation between the in situ stress and the depth of
the coal seam. The data in the figure is from field measurement
by Fan et al,** and the fitting result is F, = 0.0208H + 2.195.
Therefore, the in situ stress of the coal seam buried 600 m
deep is 14.6 MPa, and the other parameters of the model are
shown in Table 2.

Figure 8 shows the stress distribution of coal in the mining-
disturbed area around the underground roadway, and the
green dotted line is the boundary between the mining-
disturbed area and the original stress area. From Figure 8, with
the increase in the distance from the mining face, the first main
stress of coal increases rapidly and then decreases slowly,
reaching a peak value of about 18.06 MPa at 5 m. As the
distance continues to increase, the first main stress begins to
decrease and gradually becomes stable after 17 m, and remains
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Figure 7. Fitting relation between the in situ stress and the depth of
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Figure 9. Two-dimensional numerical model.
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at about 14.01 MPa. With the increase in the distance from the
mining face, the third main stress of the coal increases
gradually but the increasing speed decreases gradually. When
the distance increases to about 17 m, the third main stress
slowly tends to be stable and is maintained at about 10.75
MPa. Therefore, the boundary of the two areas is defined at 17
m, where the front is the mining-disturbed area and the rear is
the original stress area. The damage state of coal in these two
areas is very different, and the damage factor in the mining-
disturbed area is twice as much as the original stress area.

4.2. Numerical Model and Parameters. To further study
the physical field evolution law of coal in the mining-disturbed
area, a two-dimensional numerical model of gas extraction is
established in this paper. As shown in Figure 9, the model is
taken from the measuring surface of the 3D model, and its
stress state is considered. The model is composed of three
parts: The upper part is the overlying strata with a thickness of
3 m, which bears the ground stress of 14.6 MPa (buried depth
of 600 m), and the left and right sides are the roller support
boundaries. The middle part is the 4# coal seam of 3 m
thickness. The left side is the free boundary (mining face) and
the right side is the roller support boundary. The lower part is
the underlying strata with a thickness of 3 m; the left and right
sides are the roller support boundaries and the bottom is the
fixed constraint boundary. The size of the model is 20 m X 9
m, and three extraction boreholes with a radius of 0.2 m
(spacing S m) are set in the coal seam. The initial gas pressure
of the coal is 2 MPa, and the pressure of the boreholes is set at
85 kPa. Table 2 shows the basic parameters of the model,
mainly from experimental tests and partly from the relevant
literature.>***  After dividing the model mesh, the finite
difference method is used to calculate the node values.

4.3. Dynamic Evolution of the Permeability Field. As
can be seen from Figure 10, with the increase in the distance
from the mining face, the coal permeability presents a
continuous and asymmetric “U”-shaped distribution pattern,
that is, the coal permeability first decreases gradually, then
increases gradually, and reaches the maximum value near the
gas extraction borehole. With the increase in extraction time,
the U-shaped low point of permeability gradually increases and
the increase rate decreases. The reason is that with the increase
in time, the gas pressure of coal fracture decreases slowly, the
coal matrix shrinks, the fracture width of coal increases, and the
permeability increases gradually. Gas pressure drops quickly in
the early stage, so permeability increases greatly and then slows
down gradually. After the same time of extraction, the
permeability of coal in the range of 0—5 m is significantly
higher than that in the range of 5—10 m, while the permeability

3.20
—o— | day 10 days 30 days
— 60 days — days
Ng 3.15
E
x 3.10
=
5
E 3.05
)
[aw
3.00
0 5 10 15 20
Length (m)

Figure 10. Spatial evolution of permeability.

in the range of 5—10 m is higher than that in the range of 10—
15 m. This is because the coal in front of the mining face has
different degrees of damage. The stress concentration area is
between 0 and 5 m, where the damage degree is the greatest.
The further away from this area, the lower the permeability of
coal.

Figure 11 shows the contour map of permeability
distribution in coal seams after different extraction periods
(1, 10, 30, 60, 90, 120 days). After the same time of extraction,
the permeability of coal near the mining face is obviously
higher but decreases gradually with the increase in the
distance. As extraction time increases, the permeability around
the boreholes increases slowly. Under the influence of
anisotropy, the permeability contour shows an elliptic
distribution law. After 60 days of gas extraction, a fan-shaped
distribution of permeability can be obviously observed. This is
because after the gas pressure inside the coal decreases, the
effective stress gradually increases, resulting in the damage
effect gradually becoming prominent. Taking 120 days of gas
extraction as an example, it can be found that permeability
around the boreholes has the following rule: 1#> 2#> 3#. This
is because the 1# borehole is located in the stress
concentration area of the mining-disturbed coal seam (as
shown in Figure 9), and the coal has a larger damage factor, so
its permeability is higher. However, as the distance from the
mining face increases, the coal stress gradually transitions to
the state of hydrostatic pressure, and then the coal damage
factor and permeability are both small.
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Figure 12. Spatial evolutions of coal seam gas pressure. (a) Matrix and (b) fracture.
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Figure 13. Temporal evolution of gas pressure in the matrix. (a) 1 day, (b) 10 days, (c) 30 days, (d) 60 days, (e) 90 days, and (f) 120 days.

4.4. Dynamic Evolution of the Gas Flow Field. Figure
12 shows the variation of the coal matrix and fracture gas
pressure at different distances from the mining face. From
Figure 12, the gas pressure distribution starts presenting a

« »

continuous “n”-shaped distribution pattern with different sizes.

As the distance from the mining face increases, the n-shaped

2921

peak value gradually increases, which is related to the variation
law of porosity. As the extraction time increases, the gas
pressure in the matrix and fracture both decreased gradually.
By comparing Figure 12ab, it can be found that the gas
pressure in the coal matrix is slightly larger than that in the
fracture, and the former is about 3% larger than the latter. This
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Figure 14. Temporal evolution of gas pressure in fracture. (a) 1 day, (b) 10 days, (c) 30 days, (d) 60 days, (e) 90 days, and (f) 120 days.

is because the adsorbed gas in the coal is continuously
desorbed and first diffuses into the pores of the coal matrix and
then slowly enters into the fracture of the coal, with a certain
lag. After the same time of gas extraction, the gas pressure drop
of coal around the 1# borehole is the largest, which is
obviously higher than that of the 2# borehole and the 3#
borehole. This is because the damage and porosity of coal
around the 1# borehole are large, so its gas extraction effect is
the best.

Figure 13 shows the gas pressure distribution of the coal
matrix after different extraction periods (1, 10, 30, 60, 90, 120
days). As shown in Figure 13, it is obvious that the gas pressure
on the mining face and the coal matrix near the gas extraction
boreholes is very low. With the increase in the length, the
content of gas in the matrix gradually increases, reaching the
maximum value at 20 m. According to the literature,* the safe
area of gas extraction is defined as the area where gas pressure
drops below 0.74 MPa. From Figure 13a, it can be seen that
the safe area of gas extraction is very small and the effect of gas
extraction is poor. As shown in Figure 13b, after 10 days of gas
extraction, the safe area of gas extraction is increased to about
10 m from the mining face. Figure 13c shows that the gas
pressure of the coal matrix in the mining-disturbed area is
lower than 0.74 MPa, which indicates that the gas pressure of
the coal seam drops significantly after 30 days of gas extraction,
and the coal mining process is safe. As shown in Figure 13d—f,
as the extraction time increases, the gas pressure of the coal
seam decreases, and the decline is gradual.

Figure 14 shows the gas pressure distribution in fracture
after different gas extraction periods (1, 10, 30, 60, 90, 120
days). From Figure 14b, it can be seen that the gas pressure of
the coal fracture within the range of 0—5 m significantly

reduces, and the safe area of gas extraction in the mining face
presents a triangular distribution. With the increase in gas
extraction time, this area has a trend of horizontal expansion.
As shown in Figure 14c,d, the gas pressure in fracture between
the coal seam and upper and lower strata tends to increase, and
the phenomenon of “gas flow in strata” appears. This is
because driven by the pressure difference, the fracture gas of
the coal seam gradually flows to the fracture of the upper and
lower overburden strata, and the influence range gradually
increases. According to Figure l4e,f, starting from the mining
face, the gas flow range in the upper and lower strata gradually
narrows. This is because the permeability of coal around the 1#
borehole is relatively high, and the gas in the coal fracture
drops rapidly.

5. DISCUSSION

In the second and third sections, we introduced the
geomechanical-coupled gas flow (GCF) model and analyzed
the flow field evolution. Compared with previous models,*
this model has the following improvements: (a) Considering
the damage and degradation effect of the elastic modulus after
the coal is damaged by geological stress, the GCF model can
better reveal the multifield coupling law of the coal seam
during coal mining. (b) Based on experimental verification, the
diffusion coefficient in this work decreases dynamically with
time. Compared with the fixed diffusion coeflicient of the
traditional single pore model, the current governing equation
of matrix gas diffusion can better describe the multistage pore
coal model. The research results can improve the under-
standing of the stress field, permeability field, and gas flow field
evolution law of the mining-disturbed coal seam. However, it is
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still necessary to discuss the effectiveness of gas extraction and
environmental benefits through a case study.

The variation of coal seam gas content is the key factor to
judge the effect of gas extraction. Figure 15 shows the dynamic
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Figure 15. Dynamic evolution of gas content with extraction time.

evolution of gas content with extraction time. Based on the
analysis of 416 fully mechanized face of the Yaxing Coal Mine,
with the increase in gas extraction time, the gas content in the
coal seam and the whole model shows a trend of rapid decline
and then a slow decline, with a decrease of 90 and 82%,
respectively. However, the gas content in the overlying strata
shows a trend of a rapid rise and then a slow decline, reaching
a peak of 134% at 10 days. Combined with the previous
section, it can be found that when gas extraction exceeds 30
days, the 4# coal seam can achieve a better gas control effect,
and the gas content of the coal seam is only 20% at this time.
However, the gas content in the overlying strata began to
decline, and the leakage of coal-mine gas from it was not
effectively reduced. Therefore, only gas drainage along the coal
seam can not effectively control the greenhouse gas leakage.
During the mining process, abnormal coal-mine gas
emissions and gas over the safety limit in goaf often occur,
which have seriously affected the safety of daily coal mining. As
shown in Figure 16, the reasons leading to the above problems
are various. According to the analysis results of the
permeability model established above, it can be found that
there are two main reasons. On the one hand, with the increase
in the mining depth of this mine, there is no effective gas
extraction during coal seam mining. Moreover, the coal in the

mining face is affected by the mining disturbance, which causes
the gas in the coal fracture to flow rapidly to the 416 goaf. On
the other hand, the 415 goaf is directly above the 416 fully
mechanized face of this mine. They are both in the 4# coal
seam, and the distance between the two areas is 10—25 m. The
roof of the 416 mining face is mainly composed of siltstone
and sandy mudstone, and the permeability coefficient is larger,
which is thousands of times higher than that of shale.
According to Figure 14 of the simulation results, the
phenomenon of gas flow in strata can occur in the sandstone
roof with high permeability. Moreover, there is a large amount
of residual coal in the 415 goaf, and the free gas in the residual
coal may flow to the 416 goaf through the fracture of the
overlying strata. When there is no gas extraction project in the
coal seam, a large amount of methane gas escapes into the goaf
from the overlying strata and mining face, causing pollution
and danger. Therefore, it is not only necessary to carry out gas
extraction in this coal seam but also to carry out interlayer gas
extraction in the overlying strata. In the design of 4# coal seam
gas extraction, the interval of boreholes is set at S m according
to the dynamic evolution law of gas flow. At the same time,
extraction boreholes are set vertically upward, and extraction
pipes over 8 m are arranged. Through the on-site extraction
engineering practice, coalbed methane emissions are reduced
by more than half, which not only reduces GHG pollution but
also solves the problem of coal-mine gas safety.

6. CONCLUSIONS

In this study, a geomechanical-coupled gas flow model is used
to detect greenhouse gas pollution. This model takes gas
extraction at the 416 fully mechanized face of the Yaxing Coal
Mine as engineering background, and the main conclusions are
as follows:

(1) By introducing the dynamic diffusion coefficient and
considering the coal damage, the gas production rate of
anisotropic coal with single-borehole gas extraction is
simulated and analyzed. Moreover, the simulated data
are matched with the field test data of the Guhanshan
Coal Mine, and the gas production of the two is
consistent, which verifies the rationality and accuracy of
the model.

(2) The first main stress of coal in the mining-disturbed area

increases gradually and then decreases slowly, and

reaches the peak value at 5 m. The third principal stress

increases gradually at first and becomes stable after 10

m. The coal permeability and gas pressure show

continuous and asymmetric U-shaped and n-shaped

Coal seam

Underlying strata

415 Goaf

v Residual. coal

Figure 16. Illustration of gas flow in the goaf residual coal and the mining-disturbed coal seam.
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distribution characteristics, respectively. Under the
influence of coal damage caused by in situ stress, the
gas extraction effect of the 1# borehole is better than
that of 2# and 3# boreholes.

(3) The gas content of the coal seam first drops rapidly and
then drops slowly, and the safe area of gas extraction
presents a triangle distribution and shows a trend of
lateral expansion. However, the gas content of the
overlying strata shows a trend of a rapid rise first and
then a slow decline. The research results guide the
solution to the abnormal gas emission disaster of the 4#
coal seam and provide theoretical support for reducing
greenhouse gas emissions.
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