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Abstract: There are a large number of abandoned or casing-damaged oil/gas wells in the
western mining areas of China. Under the influence of mining-induced stress, the methane
leaked from the oil and gas wells will be transported through fracture within the coal
pillar to the longwall working face, which will seriously threaten the safe mining of coal
resources. There is no mandatory standard for the practice of coal pillars in coal and gas
wells in coal/gas overlapping areas, and the problems of oversized coal pillars and waste
of coal resources have occurred during the implementation. In this study, through finite
element numerical simulation, three different sizes of protective coal pillars are modeled
in the background of Shuangma Coal Mine. The impacts of different heights and widths
of protective coal pillars on the evolution of stresses and the diffusion process of leaked
methane are explored, and the spatial and temporal migration law of leaked methane
under multi-field coupling is revealed. The results show that under mining-induced stress,
the size of the protective coal pillar has a significant effect on the stress distribution and
methane transport law. Compared with the 130 m coal pillar, the peak stress of the 150 m
coal pillar decreased by 6.7%, and the peak stress of the 180 m coal pillar decreased by
9%. At 150 m and 180 m widths, the permeability difference between the two sides is only
1 mD, and the diffusion ranges are similar. From the stress distribution and gas diffusion
law, it is shown that the effect achieved by 150 m and 180 m coal pillars is similar. This
work is of great significance for the reasonable remaining protective coal pillars for oil/gas
wells penetrating longwall mining areas, as well as the prevention and control of disasters
caused by leaked methane from wells.

Keywords: abandoned oil/gas wells; mining stress; protective coal pillars; leaked methane

1. Introduction

As coal resources in eastern China gradually decreased, coal mining progressively
shifted to the western regions of China. The engineering practices of coal-oil or coal-gas
cross-exploitation are becoming more common, particularly in the Ordos, Junggar, and
Tarim Basins [1-3]. These practices encounter many problems. Due to the early devel-
opment of resources such as oil and gas, more and more production wells are in the late
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stage, leaving a large number of abandoned wells, which contain a large amount of natural
gas, associated gas, as well as toxic and harmful gases such as carbon monoxide and
methane [4,5]. These abandoned wells remaining from the early stage, due to the lack of
casing or damage caused by aging, have led to the diffusion of toxic and harmful gases
from the oil/gas wells into coal seams and even the atmosphere, seriously threatening
coal mining safety and the surrounding ecosystem. This not only means a huge waste of
resources but also brings many hazards to nearby coal seams mining [6-8]. Therefore, in
these areas, maintaining the stability of wells in the longwall mining area is key to the safe
mining adjacent coal seams [9-12].

Literature research reveals limited research on the stability of oil/gas wells affected
by coal seam mining in common engineering practices, and no specific standards exist
for remaining coal pillars in oil/gas wells [13]. Previous studies have focused on factors
such as coal seam burial depth, mining-induced stress, coal pillar dimensions, and the
relative position relationship between the well and the working face in the design of gas
well protective pillars. As engineering practices increase, previous researchers have further
pointed out that the horizontal and shear movements of strata caused by mining signifi-
cantly impact the deformation of wells. The response modes of each stratum to horizontal
and shear movements are different, resulting in the inconsistency of deformation between
adjacent strata. This inconsistency in deformation can easily lead to shear deformation
of the wellbore. Liang Shun et al. explored the distribution of axial stress, strain, and
displacement in oil/gas wells under various factors, identifying the timing and layers
where wells are most susceptible to destabilization. The goal is to focus on protecting these
unstable areas and preventing instability and leakage in oil/gas wells during longwall
mining [9,14,15]. However, most research has centered on the casing stability of wells, with
limited focus on the safety of wells lacking casing or damaged due to aging.

In the coalbed methane field, scholars such as Gray, Bustin, and Cui [16-18] assume
that the overburden stress of the coal seam is constant and the stress on the coal mass
is uniform. By constructing different variables, they propose a classical permeability
model, which is significant for studying CBM exploitation and methane migration from
abandoned oil/gas wells. Subsequent scholars [19,20] studied the impact of oil and gas
pipeline leaks on methane diffusion in shallow aquifers using methods such as multiphase,
multi-component, and numerical models. They believed that factors such as geological
conditions, phase behavior, and coal seam dip angle affect methane permeability, which
in turn influences the diffusion range of methane. Krzysztof Skrzypkowski [21] used
a number of experiments to show that cracked rocks are particularly susceptible to gas
migration, which translates into a weakening of strength and deformation parameters.

In summary, previous studies on deformation, instability, and leakage in wells during
the co-extraction of coal, oil, and gas resources have mostly focused on situations where the
well casing is intact and there is no leakage. There is little research on the safety of oil/gas
wells that have not been cased or have been damaged due to age. The study of methane
migration often adopts the assumption of uniform stress, focusing on the impact of oil/gas
pipeline leaks on methane diffusion in shallow aquifers. However, in the coal-oil-gas
overlapping zone, the mining of the working face will cause the stress on the coal mass to
be unbalanced, and previous studies have not considered the stress evolution caused by
coal seam mining. Therefore, this study takes Shuangma Coal Mine’s remaining protective
coal pillars as the engineering background, considering the effects of mining-induced stress
and casing damage on both the stability of wells and the design of protective coal pillars,
and carries out the evolution of mining-induced stress and migration of leaked methane
from gas wells penetrating protective coal pillars. The results of the study are of great
significance for optimizing the size of protective coal pillars in o0il/gas wells without casing
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or damaged due to age in longwall mining areas, improving the recovery rate of coal
resources, revealing the mechanism of underground disasters caused by leaked methane
from oil/gas wells, and realizing safe and efficient mining of coal, oil, and gas resources.

2. Characteristics of Stress Evolution Within Protective Coal Pillars for
Gas Wells

The coal pillar is an enclosed, non-visible space, making it challenging to accurately
monitor the evolution of the stress field within protective coal pillars of gas wells during
mining due to technical and site limitations. Therefore, based on FLAC3D 6.0 simulation
software and the actual working conditions of Shuangma Coal Mine, this study analyzes
the stress evolution within coal pillars of varying widths and heights and its effects on
the stability and deformation of gas wells, as well as their effects on the bearing and
deformation of gas wells inside the coal pillar.

2.1. Engineering Geology Conditions

The Shuangma Coal Mine is located in the Ordos Basin, with an area of approximately
67.99 km? and an annual output of 4 Mt. It mines the 4 # coal seam and uses the caving
method for roof management. There are small faults in the coal mine working face, but they
do not affect normal mining operations. Overall, the geological structure of Shuangma Coal
Mine is simple. More than 170 oil/gas wells have been explored in Shuangma Coal Mine,
which has caused serious safety problems for the mining face. The main coal seam, the
41 seam, has a simple geological structure and a mining face length of 280 m. It includes
one abandoned gas well without safety measures, where gas pressure ranges from 9 to
15 MPa. The average thickness of the coal seam is 4 m, and its burial depth is 290 m; vertical
stress is 6.9 Mpa, and horizontal stress is 8.28 Mpa. As shown in Figure 1, the seam roof is
primarily fine sandstone, while the floor is predominantly mudstone.

system | Histogram Thickness| Rock stratum and lithology description
Siltstone: dark gray,
medium-thin-bedded, interbedded with
18.0 |thin lime-black mudstone in the upper
part.
Mudstone: gray, agglomerate,
g 6.0 argillaceous cementation, fragile.
— Siltstone: dark gray,
o 10.0 medium-thin-bedded, interbedded with
gray-black mudstone in the upper part.
=9
ot 2.0 3-1 coal: black, mainly semi-dark,
dull luster, hard coal.
® 2.0 - -
Mediumstone: gray white, mainly
composed of quartz, sub rounded.
- 12.0 Fine sandstone: dark gray. massive,
= interbedded with thin-bedded coarse
sandstone i the middle.
= Siltstone: light gray, massive,
) 7.0 argillaceous cementation.
w 4-1 coal: black, mainly semi-dark, dull
wn 4.0 luster, flat fracture, hard coal.
s 2.0 Mudstone: blocky, with plant fossils.
e 3.0 Siltstone: light gray, massive.
3.0 Fine sandstone: light gray .
2.0 3-2 coal: black, semi-dark briquette.
Mudstone: dark gray massif, with
8.0 . .
pyrite and plant fossils.

Figure 1. Histogram of the coal seam of Shuangma Coal Mine.
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2.2. Distribution Characteristics of Stress Within Different Dimensional Protective Coal Pillars for
Gas Wells

2.2.1. Simulation Scenario

Based on the geological conditions of Shuangma Coal Mine, and referencing coal
mining methods used under buildings and protective coal pillar dimensions designed for
oil/gas wells in similar mines, the protective coal pillar width is designed at 180 m in
Shuangma; this method has a large margin coefficient, so three different pillar schemes
were designed with a maximum boundary of 180 m, namely 130 m, 150 m, and 180 m.
This study uses FLAC numerical simulation to create the geological and Mohr-Coulomb
models to simulate rock formations. Physical and mechanical parameters are listed in
Table 1. The lower boundary is constrained in the model, while the front-back and left-right
boundaries restrict displacement in the Z, X, and Y directions, respectively; the upper
surface remains free. The mining sequence follows site operations: the left working face
is mined first, followed by the right working face. The specific model parameters are
illustrated in Figure 2. Figure 3 presents the xz-plane section of the model. Figure 3a
illustrates schemes with varying widths of coal pillars, where different advancement stages
represent the retention of coal pillars with different widths. For instance, when the working
face advances to position I1I, it signifies the retention of a coal pillar with a width of 180 m.
Figure 3b depicts schemes with varying heights of coal pillars, where different mining
heights represent the retention of coal pillars with different heights. For example, when the
mining height is 1 m, the height of the retained coal pillar is 1 m.

Table 1. Physical and mechanical parameters of rock lithologies employed in numerical simulation.

Lithology Density Bulk Shear Cohesion Tension Friction
(Kg/m3) (GPa) (GPa) (MPa) (MPa) ©)
Medium-sandstone 2550 4.63 240 1.9 1.5 30.2
Mudstone 2430 3.5 1.85 1.2 0.8 25.1
Fine-sandstone 2620 5.32 2.98 1.7 1.3 28.0
Siltstone 2600 4.30 2.38 1.4 0.9 28
coal 1400 2.89 1.83 0.8 0.6 204

Figure 2. FLAC3D geological model.
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Figure 3. Schematic diagram of the simulation scheme ((a) schemes of varying widths (b) schemes of
varying heights).

2.2.2. Simulation Results and Analysis

7

The vertical stress within the coal pillar is symmetrically distributed, forming a ‘saddle
shape (Figure 4). As the working face advances, the roof forms a ‘bottom-shaped’ structure,
and both sides of the pillar are subject to bearing pressure; the vertical stress increases, and
the closer to the middle, the vertical stress decreases. When one side of the working face is
mined, the coal pillar is subjected to mining-induced stress, leading to a redistribution of
stress within the coal pillar ahead of the working face. Specifically, the vertical stress near
the working face increases while the vertical stress farther from the working face decreases.
The peak stress and influence range of protective coal pillars with different widths are
different during the mining process of the working face.

Variations in mining height also lead to differences in the distribution characteristics
of stress fields in the protective coal pillars of the working face, affecting the migration of
leaked methane in gas wells. During coal seam mining, the stress concentration inside the
protective pillar primarily appears in the triangular area where the coal wall contacts the
roof and floor, and fractures in this area progressively develop and mature. As the ‘second
open-off cut through’ and the working face continues to advance, the stress distribution in
the protective pillar evolves from a “parabolic” to a “saddle” shape. Concurrently, as the
height of the protective pillar increases, the vertical stress peak of the roof and floor in front
of the coal also varies (Figure 4b).

Figure 5 shows that as mining progresses on the working face, stress on the left side
of the coal pillar gradually increases until mining is completed, reaching the first peak
stress at the protective coal pillar. The peak stresses for different widths of coal pillars are
26.48 MPa, 24.71 MPa, and 24.09 MPa, respectively. After the model reaches equilibrium,
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mining the right working face causes stress changes on the right side of the coal pillar. The
peak values of the second stress on the right side of the pillar with different widths are
24.05 MPa, 22.76 MPa, and 22.31 MPa, respectively. Comparing the stress peaks reveals
that the left side of the coal pillar has higher stress than the right. The stress distribution
shows that the influence range of secondary mining is smaller than that of primary mining.
For coal pillars of different widths, the range of the smoothed area is 30, 60, and 80 m
(Figure 4). The larger the smooth area, the greater the protolith stress or elastic region
within the coal pillar. This area has less stress on the coal pillar, and the oil well located
here has higher stability. In addition, the stress on the roof sandstone is greatly affected,
and the roof is prone to slip and failure. At this time, the protected area of the gas well is
relatively small and prone to instability. When comparing the two coal pillar sizes of 180 m
and 150 m, it is evident that the 180 m protective coal pillar provides a greater smoothing
area, characterized by a smooth zone of 80 m, as illustrated in the accompanying diagram,
with minimal differences in stress impact range and vertical stress peak value. The impact
of mining around gas wells is smaller, resulting in fewer fractures and easier protection of
wells. However, the increase in coal pillar width also means the waste of coal resources.

According to Figure 5, as the coal pillar width increases, the smooth areas between the
first and second peak stress also increase, indicating that the elastic areas of the coal pillar
gradually increase. At the same time, the peak vertical stress also decreases accordingly. After
the completion of mining, compared to the width of the 130 m protective coal pillar, the first
stress peak of the 150 m protective coal pillar width decreased by 6.7%, and the second stress
peak decreased by 5.3%; the first peak stress of the 180 m pillar width decreased by 9%, and
the second stress peak decreased by 7.2%. Through data comparison and analysis, the wider
the protective coal pillar, the lower the peak stress. However, when the width of the pillar
reaches 150 m and 180 m, the stress peaks are 24.71 MPa and 24.09 MPa, respectively, with a
difference of 0.62 MPa—the peak stress and stress diffusion area tend to be similar. Therefore,
in practical engineering, the width of the protective coal pillar can be slightly reduced to
increase coal production. However, a too-small coal pillar width may threaten the safety of
oil/gas wells. When choosing to protect the coal pillar width, it is necessary to consider factors
such as coal resource utilization and the safety of oil/gas wells comprehensively.

As illustrated in Figure 6, during the mining process, the stress on the left side of the
coal pillar experiences a gradual increase, ultimately reaching the first stress peak. The
peak values corresponding to different heights of coal pillars are 27.37 MPa, 28.93 MPa, and
30.73 MPa. Subsequently, upon executing the second open-off cut, the stress distribution
on the right side of the coal pillar changes; the peak values of the second stress on the
right side of the pillar with different heights are 24.05 MPa, 22.76 MPa and 22.31 MPa.
Under identical mining conditions, The higher the protective coal pillar, the greater the
peak bearing pressure in front of it (Figures 6 and 7). This is because as the height increases,
the roof’s thickness decreases accordingly, and the decompression effect on the movement
of the upper rock layer becomes smaller. The peak point of the bearing pressure shifts
forward, and the range of influence increases. Under the same working face conditions,
the peak vertical stress is directly proportional to the height of the protective coal pillar.
When the pillar height is 2 m, the peak stress increases by 5.6% and 5.3%. At the height
of 4 m, the peak stress rises by 12.2% and 11.2%. As the height increases, the distance
between the two vertical stress peaks in the coal pillar shortens, indicating that taller
mining heights make oil/gas wells more susceptible to destabilization and damage., and
the leaked methane will quickly migrate to the working face. Therefore, appropriate
protective measures should be taken. Within the same pillar width, the second peak vertical
stress is lower than the first, indicating that the vertical stress borne by the coal pillar on
the later mining side is smaller, and the range of stress influence is also smaller.
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Figure 4. Cloud diagram of vertical stress distribution within protective coal pillars of gas wells of
different dimensions ((a) different widths and (b) different heights).
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3. Fracture Scale Division of Mining Disturbed Coal Mass and Control
Equation of Methane Migration

During the mining process of the working face, the temporal and spatial evolution
of the overburden fractures in the o0il/gas wells protective pillars also occurs, resulting
in changes in the internal structure of the coal seam and the formation of different scale
fractures. The migration behavior of methane in different scale fractures of the coal mass
is different, so the methane migration law in the mining fracture field of the coal mass
in front of the working face is also changing. In view of this, this study first divides the
fracture scale based on the Reynolds number of methane flow states at different fracture
scales, establishes the relationship between permeability and each fracture scale, and then
constructs the corresponding methane migration behavior control equations for each zone,
thereby establishing a complete multi-scale fracture coal mass transport equation in the
mining space.

The following assumptions were made for the equations based on coal stress field and
methane migration characteristics [22].

(1) Coal is an anisotropic continuous porous medium with dual pores and a single
permeability elastic continuous heterogeneous medium. The thermal expansion strain
caused by temperature and gas adsorption was ignored in the study;

(2) The leaked methane is considered an ideal gas;

(3) Methane adsorption and desorption rates are very fast and negligible in the process
of coal seam methane extraction;

(4) The process of diffusion of leaked methane conforms to Fick’s law and is transported
as seepage in the fracture;

() Methane migration processes are treated as isothermal processes.

3.1. Fracture Scale Classification of Mining Disturbed Coal Mass

According to the transport state of methane, multi-scale fractures within coal pillars
can be divided into large-, medium-, and small-scale fractures. Multi-scale fracture classi-
fication needs to consider flow velocity and permeability and cannot be limited to scale
fracture classification alone. Therefore, in this study, the Reynolds number of different fluid
flow regimes combined with permeability are used to classify the scale of fracture.

According to Karman'’s criterion, the Reynolds number magnitude determines the
fluid flow state. Therefore, this study uses the Reynolds number to quantify fracture size
and identify the type of methane channel. The Reynolds criterion expression is:

Re = P (1)
B
where p is the density, u is the flow velocity, d is the diameter of the flow tube, and y is the
dynamic viscosity coefficient.
When the fluid flow state is laminar, its flow conforms to Darcy’s law:

k
w=--Vv )
VP

where u is the velocity of gas flow in the coal seam, m/s; Vp is the fluid pressure gradient.
When the fluid flow state is turbulent, the power law can express the fluid velocity:

_ _k(dpy’
= (5) ©
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Relating the Reynolds number equation to the fracture of the methane channel, it can

be obtained: y
= Re— 4
r epu 4)
where 7 is the fracture scale. When the Reynolds number is less than 2320, the flow state of
methane is linear laminar flow; when the Reynolds number is between 2320 and 4000, the
flow state of methane is transitional flow; and when the Reynolds number is more than
4000, the flow state of methane is turbulent flow, which can be obtained by association of

Equations (1)—(4) and Re the range of values:

Classified as small scale when the fracture width is r < 2320”

/ 7v» medium scale when

2 S
the fracture width is 2320’4 / (Z—i) <r< 4000” / (%) , and large scale when the fracture

width is r > 4000” / (dp) .

3.2. Control Equation for Methane Migration in the Mining-Disturbed Coal Mass
3.2.1. Governing Equations of Methane Migration Behavior in Mesoscale and
Small-Scale Fractures

Regarding the flow of methane in medium scale (roof and floor fracture zones, ad-
vanced plastic coal mining fractures in the working face) and small-scale fractures within
the mined coal rock mass. Essentially, it is an unstable gas flow process in the mining-
induced stress field environment.

The tensor expression of the stress balance equation for an elastic porous medium
system is:

o+ fi=0 (5)

where 0;; is the component of the stress tensor and f; is the volume force component.
The strain—displacement relationship is expressed as ¢;;, u; ; is the displacement component.

1
eij = 5 (i + uji) (©)

In this study, it is assumed that the coal mass is an ideal elastic body, therefore, can be
expressed by the generalized Hooke’s law:

1 1 1 lX pmtarp S

2G Y 6G 3K 3 i @

where G = E/2(1+v), K = E/3(1 —20), ayy = 1—K/Ks, ay = 1 — K(LmKn),
Ks = Es/3(1 —2v), o = 011 + 022 + 033, €& = €;pm/(PL+ pm), where G is the shear
modulus of the coal, K is the bulk modulus of the coal, Ks is the elastic modulus of the coal
skeleton, E is the elastic modulus of the coal, v is the Poisson’s ratio of the coal, Kn is the
fracture stiffness, Lm is the width of the matrix, dij is the Kronecker’s factor, «;, and « £ are
the effective stress coefficients of the coal matrix and the fracture of the coal, p,, and py are
the pressure of the matrix and the fracture pressure of the coal, ¢, is the volume strain of
the matrix caused by gas adsorption/desorption, ¢; is the Langmuir-type strain coefficient,
and Pj is the Langmuir pressure constant.

Associative Equations (5)—(7) can be obtained to control the stress field during the
methane process in the coal seam:

G
Guz,]] ﬁ jji — ®pPfi— Kes +fi=0 8)

In this paper, methane is treated as an ideal gas to simplify the calculation and research
process. The ideal gas model can adequately explain the movement and transportation laws
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of methane within coal seams, and it also serves as a valuable reference for studying the
pore structure and permeability characteristics of methane in coal-rock masses. By adhering
to the ideal gas state equation, a more accurate description of the state and properties of
methane in coal seams can be obtained.

m
pV = 3iRoT )

The relationship between methane pressure and methane gas density can be derived as

pPg =1p (10)
M
1=RT (11)

Where T is the absolute temperature; R is the universal coefficient, M is the Mohr
mass of the gas, kg/mol, and p, is the density of methane at a methane pressure of p.

Methane in the coal seam has two states: adsorbed methane on the surface of coal
rock pores and free methane in the form of free flow in fracture spaces. The content of free
methane can be expressed as Q; [23], kg/ m3.

Q1 =1np¢ (12)

The formula for the adsorbed methane content per unit volume of coal surface can be
obtained based on the Langmuir adsorption analytical equation [24]:

abp

Qz:l—i—bp

£0Pc (13)

Q> is the adsorbed methane content, kg/ m?3, a, b are adsorption constants, p is the
adsorption equilibrium methane pressure, MPa, A is the ash content of coal, %, Ty is the
experimental temperature when the adsorption constants of coal were determined, W is
the moisture of the coal seam, %, and the methane content can be expressed as:

b
op 00Pc (14)

Q:Q1+Q2:77P4’+1+bp

Conservation of mass in microunits in coal seams is obtained by considering the mass

20Q) _
ot

Q is the methane content of the coal seam per unit volume of the coal seam, kg/m?; u

source term:

V (pqu) + Qum (15)

is the methane flow rate, m/s; pg is the density at methane pressure P, kg /m3; and Q,, is
the mass source term, kg/ m3.

For small and medium-scale fracture, the association of Darcy’s law and the continuity
equation for methane yields.

Q) _
ot

Combined with the methane equation of state p, = 77p, taking the mass source term

V(pgu) + Qm (16)

Qm =0, the mathematical model of methane flow can be found.

abpopc op o¢p kd
<(1+bp)2+’74’>at+’7pat—v P ax =0 (17)
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Based on the theoretical model of matchstick permeability and the Kozeny-Carman
equation, the permeability can be expressed as [25]

k = koe3¢r(7—00) (18)

where k is the permeability of coal mass, mD; ¢ is the fracture porosity; and c is the KC
constant. Unfractured coal typically has a permeability in the range of 0.1 to 10 millidarcies
(mD), while fractured coal can have permeabilities ranging from 10 to 1000 mD or more,
depending on the extent and connectivity of the fractures.

The cubic law can obtain the single fracture flow rate of gas in coal mass as:

3
r’ Ap
=——— 1
12y L (19)

where r is the width of coal fracture, m; u is the dynamic viscosity of methane gas, Pa's; Ap
is the pressure difference of coal fracture, Pa; L is the length of coal fracture, m.

Coal seam methane is produced per unit of time:

k Ap
=5—— 20

=571 (20)
where S is the cross-sectional area, according to the unit volume porosity ¢ = bS, denote
the variation of coal porosity with effective stress by A, A = %% The above equation can
be rewritten as: %

=— = 3Ak 21

507 (21)

The damage variable is invoked to define the fracture development and permeability
changes within the coal mass under mining-induced stress, and the damage variable can
be expressed in terms of the elastic modulus as [26]:

E
—=1-D 22
P @2)
where Ej is the modulus of elasticity of the elastic phase of the coal.

A can be represented by the damage variable D, v which is the sensitivity impact factor.

Equation (22) can be written as:
ok

Below is the permeability modeling of the mesoscale fracture:
k = ke3P ~%) (25)

3.2.2. Governing Equations for Methane Migration Behavior in Large-Scale Fracture

In the goaf, cavities are formed after coal seam mining, which are filled with gangue
and air. There are a large number of cavities and fractures between these gangues, and the
gas flow state is between Darcy seepage and Navier-Stokes pipeline flow. To describe the
rapid flow of fluids in this porous medium, the Brinkman equation can be used:

Ui T Ui
—V - = (Vup, + (Vuy, (ur+V r)zO 26
qo( br + ( b)) oM Pb (26)
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where ¢ is the porosity; k is the permeability coefficient.
Since the roadways and working face ventilation can be considered pipe flow, the
Navier-Stokes equations can describe the flow of gases in them.

—V . 77 (vuns + (vuns)T) + puns . Vuns + vpns = 0 (27)

V. Upns = 0 (2.8)

where 7 is the coefficient of viscosity and u is the velocity vector.

Methane migration obeys the hydrodynamic dispersion law due to the stochastic
nature of the movement of methane molecules in the fluid. The study of convection—
diffusion equations in porous media allows for a better understanding of the methane
migration laws in mining;:

ac
955 +V . (=6D Vc+uc) =S, (29)
where 0, is the volume of fluid per unit area per unit time,S; is a measure of the mass
of a substance transferred by diffusion per unit area over a unit time, c is the dissolved
concentration, and Dy is the permeability tensor.

Before methane diffusion reaches equilibrium, the diffusion equation for the concen-

tration of substance ¢ with time t and position r is:

ac d%c  20c
M_D(E%Z+r59;’> (30)

A combination of these equations can be used to study the methane migration pattern
in the goaf medium more accurately.

4. The Migration Law of Leaked Methane Within the Gas Well Protective
Coal Pillar Under the Influence of Mining

Coal pillars are affected by stress during coal mining, resulting in varying degrees
of damage within the coal mass and forming fractures of different scales. This increases
the permeability of the coal mass by several orders of magnitude. There are significant
differences in the migration behavior of methane within fractured coal masses at different
scales. This chapter studies the influence of different factors on the migration and perme-
ability evolution of leaked methane in coal pillars under the influence of mining, based
on mathematical models of methane migration in fractures of different scales and taking
Shuangma Coal Mine as the background.

4.1. Establishment of Numerical Model

An abandoned gas well in the working face is near the center of the working face
(Figure 8), and this study simulates the gas pressure of 15 MPa for the oil and gas well.
COMSOL Multiphysics was used to study the methane migration law of the gas wells in
the coal pillar. A large amount of research has been conducted in the early stage to validate
this model, and it has been confirmed that the model established in this paper is effective in
simulating the entire process of methane seepage in coal seams [10] In order to better simulate
the onsite work, this simulation models the overall range of the coal pillar. Model assignment
parameters refer to previous research. The specific parameters are shown in Table 2 [27,28].

The model considers the length of the working face at the site, the location of the
abandoned gas wells, and the extent and dimension of the protective coal pillar. A free
tetrahedral mesh was applied, and three kinds of rectangular protective coal pillars of
130 x 130 x 4 m, 150 x 150 x 4 m and 180 x 180 x 4 m were constructed. The gas well,
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with a radius of 0.15 m, is situated at the center of the coal pillar. The radius of the gas well
is consistent with that onsite, as shown in Figure 9.

haulage roadway _

Abandoned gas
wells

w ()87 k) Sun[Iom

! |
| |
[ !
| !
| |
[ !
| O |
! |
| |
! |
! |
| [
! !

protection coal pillar

e e e - - - ece - == - - -

return air roadway

Figure 8. Location of the abandoned gas wells and range of protective coal pillars in Shuangma
coal mine.

Table 2. COMSOL assignment parameters.

Parameter Numerical Value Parameter Numerical Value
Initial fracture methane pressure, pfg0 0.1 [MPa] Well pressure, pc 15 [MPa]
Langmuir volume parameters, VL 0.072 m3/kg Capillary weight of overburden, p, 2550 kg/m?
Langmuir pressure constant, Py, 3.034 MPa Fracture stiffness, Kn 4.8 [GPa]
Coal Skeleton Density, p. 1400 kg /m? Initial fracture porosity, ¢y 0.021
Poisson’s ratio of a coal, v 0.3 Initial matrix porosity, @m0 0.045

Figure 9. Model construction and meshing in COMSOL Multiphysics 6.2 (COMSOL Co., Ltd,
Shanghai, China).

4.2. The Migration Law of Leaked Methane Within Protective Coal Pillars with Different Widths

When the protective coal pillar is 130 m wide, the diffusion time of leaked methane is
within 0-80 days; during this period, methane has not yet diffused to the sides, resulting in
higher pore pressure within the coal pillar and lower coal permeability. As the diffusion
time reaches 100 days, the permeability of leaked methane in the pillar has reached equilib-
rium; between 100 and 120 days, external stress on both sides of the coal pillar increases,
leading to a rise in pore pressure compared to levels before 80 days with permeability also
increasing and reaching equilibrium. At this point, permeability on the sides of the pillar is
higher than around the gas wells (Figure 10).
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Figure 10. Spatiotemporal evolution cloud diagram of permeability of protective coal pillar with a
width of 130 m.

The closer the protective coal pillar is to the oil/gas well, the greater the permeability
change. However, in small- and medium-scale transition areas, the permeability change
remains minimal as these areas maintain equilibrium for a long time. When the width
of the pillar increases to 150 m and 180 m (Figures 11 and 12), the overall permeability
evolution in the pillar is similar to that of the 130 m width. However, due to the wider
width of the protective coal pillar and the wider elastic zone, it is more difficult for leaked
methane to diffuse into mesoscale fractures. Therefore, when the width of the pillar is
150 m, the leaked methane reaches equilibrium within 160 days of diffusion, and when the
width of the pillar is 180 m, the leaked methane reaches equilibrium within 180 days. As
the width of the pillar increases, the permeability of leaked methane also increases. This
is because the width of the protective coal pillar is different, and the external stress on
both sides is different, resulting in a small difference in pore pressure and effective stress,
leading to different permeability.

24.10
22.37
20.63

18.90

17.16

(a) Leaked for 40 days (b) Leaked for 60 days (c) Leaked for 100 days

15.43

OS>

(d) Leaked for 120 days (e) Leaked for 140 days (f) Leaked for 160 days

Figure 11. Spatiotemporal evolution cloud diagram of permeability of protective coal pillar with a
width of 150 m.
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Figure 12. Spatiotemporal evolution cloud diagram of permeability of protective coal pillar with a
width of 180 m.

The permeability evolution curve within the pillar exhibits a “W” shape (Figure 13).
When the width of the protective coal pillar is 130 m, the permeability increases by 1.87 mD,
5.78 mD, and 10.52 mD at different time intervals during leaked methane from 0 to 80 days.
When the methane leakage reaches 100 days, the permeability of the coal on both sides of
the pillar slowly increases with the increase of leaked days, with the permeability increasing
by 18.25 mD and 22.91 mD, respectively. This is because the leaked methane has reached
equilibrium at this time, and the difference in pore pressure changes is small. With the
increase of time, the difference between the permeability on both sides of the pillar and
the permeability in the transition zone of small and medium scales also increases. At this
point, a complete methane migration channel has been formed inside the pillar; At 120 days
of leaked methane, the permeability on the left side of the pillar was 22.91 mD, and the
permeability on the right side was 21.79 mD. The difference in peak permeability on both
sides was due to the different external mining-induced stresses experienced. By studying
the evolution law of permeability within the pillar, it can be concluded that under the
influence of mining, the mesoscale fractures formed on both sides of the pillar due to the
influence of mining-induced stress will lead to a sudden increase in the permeability of
transition zone. The permeability is inversely proportional to the magnitude of mining-
induced stress, which is mainly dominated by mining-induced stress.
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Figure 13. Line plots of the spatial and temporal evolution of permeability of protective coal pillars
of different widths ((a) 130 m, (b) 150 m, and (c) 180 m).
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From the transition zone to the surrounding area of the gas well, the evolution of
permeability is mainly dominated by pore pressure. At this time, the leaked methane
channel is a small-scale fracture, and the change in permeability is relatively small compared
to the mesoscale. The maximum permeability around the gas well is mainly due to the high
pore pressure. The speed at which coal is extracted can lead to different stress distributions
within the coal seam and the surrounding strata. Faster exploitation rates can result in more
rapid stress changes, potentially leading to earlier and more extensive fracturing. This
increased fracturing can create additional pathways for methane to migrate, thus affecting
the overall permeability of the coal mass. This can accelerate the migration of methane
from the coal seam into the mining area, posing a greater risk of methane accumulation
and potential gas outbreaks. In the initial stages of leakage, pore pressure around the gas
wells is high, and the effective stress is low, resulting in maximum permeability. However,
as leaked days increase, permeability on both sides of the pillar gradually rises. Due to
continuous pressurization of the gas wells, leaked methane diffuses and transports through
fractures of various scales. Ultimately, permeability on both sides of the pillar exceeds that
around the gas wells. The increase in permeability near the working faces on both sides of
the pillar indicates that the stress on both sides is smaller, and larger mesoscale fractures
are generated, making it easier for leaked methane to diffuse. In addition, the permeability
inside the pillar increases with the increase of the pillar width. After balancing, the peak
permeability on both sides of the pillar is smaller when the pillar width is 130 m compared
to 150 m and 180 m. This is the result of different mining-induced stresses. When the pillar
widths are 150 m and 180 m, the permeability difference on both sides of the pillar is only
1 mD, indicating that these two widths achieve a similar effect.

4.3. The Migration Law of Leaked Methane from Protective Coal Pillars with Different Heights

Figures 14-16 show that as mining height increases, permeability on both sides of
the protective coal pillars and around the gas wells decreases. This is because increased
mining height results in higher mining-induced stress and lower effective stress, leading to
reduced permeability. When the leakage days are 120 days, the permeability distribution
in the 1 m-high pillar becomes stable and no longer changes. However, the permeability
within pillar heights of 2 m and 4 m is still evolving, and the permeability on both sides of
the pillar changes accordingly. This is mainly due to the high stress applied, which leads to
slow diffusion of leaked methane.

2475
23.00

21.24

19.49

17.73

15.98
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10.71
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7.200

(d) Leaked for 80 days (e) Leaked for 100 days (f) Leaked for 120 days

Figure 14. Spatiotemporal evolution cloud diagram of permeability at 1 m height of protective
coal pillar.
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Figure 15. Spatiotemporal evolution cloud diagram of permeability at 2 m height of the protective
coal pillar.
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Figure 16. Spatiotemporal evolution cloud diagram of permeability at 4 m height of the protective
coal pillar.

The overall permeability within the protective coal pillar at varying heights shows a
trend of decreasing, increasing, then decreasing, and increasing again (Figure 17). This is
because, under the influence of mining, both sides of the pillar are subjected to significant
stress, leading to damage and plastic deformation of the coal mass, resulting in mesoscale
fracture. When the supporting pressure decreases, the area between the plastic and elastic
zones of the coal pillar is affected by stress, and fractures begin to close, resulting in lower
permeability. After fully entering the elastic zone, the permeability is mainly affected
by the stress around the gas well, resulting in high pore pressure and a further increase
in permeability.

For instance, when the coal pillar height is 1 m and leaked methane reaches 120 days, a
complete methane migration channel forms within the pillar. During this time, permeability
on the left side drops sharply from 20.03 mD to 0.42 mD, which is a mesoscale fracture
development stage. Afterward, the permeability around the gas well slowly increased,
and the transition zone between small and medium scales slowly decreased, finally rising
sharply to 22.02 mD. The different permeability on both sides of the pillar is caused by
different peak stress.
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Figure 17. Line plots of the spatial and temporal evolution of permeability of protective coal pillars at
different heights ((a) 1 m, (b) 2 m, and (c) 4 m).

Within protective coal pillars of varying heights, permeability trends are primarily
influenced by mining-induced stress and the pressure from gas wells, while the magni-
tude of permeability values is mainly driven by mining-induced stress. As the pillar’s
height increases, the mining height and mining-induced stress also increase, expanding
the damaged area. At this stage, the combined effects of mining-induced stress and gas
well pressure lead to a decrease in permeability. When small-scale fracture transitions into
medium-scale fracture, permeability values increase rapidly.

5. Discussion

This study is based on the background of the remaining oil/ gas well-protective pil-
lars in the Shuangma Coal Mine. The evolution characteristics and spatial distribution
of mining-induced stress fields in pillars of different widths and heights were studied
through numerical simulation. It was found that the stress inside the protective coal pillars
of different sizes was asymmetrically distributed in a ‘saddle’ shape. As the pillar’s height
increased, the peak vertical stress of the roof and floor in front of the rib also increased.
The higher the height, the greater the range of the caving zone and the height of fractured
zone development, laying the foundation for subsequent research on the diffusion law of
methane in the protective coal pillar. Similar patterns were observed by Manoj Khanal [29]
and Manchao He [30] in their analyses of deep mining dynamics, mining-induced overbur-
den deformation, and associated stress redistribution (Figure 18), validating the accuracy
of the conclusions in this study.
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Previous studies on the design of o0il/gas wells protective pillar dimensions have
primarily focused on intact wells with no leakage of toxic or harmful gases [3,11,12]. This
study explores the evolution of stress and methane migration in protective coal pillars
for oil/gas wells; from the perspective of leaked gas diffusion, it provides an idea for
remaining coal pillars in under-protected oil/gas wells and abandoned oil/gas wells.

While the research provides valuable insights into the evolution of mining-induced
stress and the migration of leaked methane in protective coal pillars for gas wells, it is
essential to acknowledge and discuss the limitations of the study. The paper has modeled
methane as an ideal gas, which simplifies the mathematical representation of fluid flow
within the coal seam. This assumption is valid for many practical purposes, particularly
when the pressure and temperature variations are not extreme. However, under conditions
of high pressure and low temperature, deviations from ideal gas behavior may occur, which
could affect the accuracy of flow predictions. Future studies could incorporate real gas
behavior into the model to account for such deviations, especially in regions where the
pressure and temperature conditions are known to be outside the ideal gas range.

In this study, simulations are based on specific geological and mining conditions at the
Shuangma Coal Mine. The generalization of the findings to other coal mines with different
geological structures and mining practices requires caution. Each mining site may have
unique characteristics that could influence the stress distribution and methane migration
pathways. Therefore, site-specific adjustments and validations may be necessary when
applying findings to other locations.

6. Conclusions

(1) The stress of oil/gas well-protective coal pillars of different sizes is asymmetrically
distributed in a saddle shape; vertical stress peaks on the initial mining side are
higher than those on the later mining side, and the elastic region between these peaks
expands with increasing pillar width. As the pillar’s height increases, the bearing
pressure’s peak gradually shifts inward within the pillar, and the range of influence
gradually increases. The stress in front of the pillar is more concentrated, and the
vertical stress peak of the roof and floor in front of the rib is also increasing. The
higher the height, the larger the collapse range of the overburden and the height of the
fracture zone development, and the greater the damage to the stability of the oil/gas
wells arranged in it.

(2) This study establishes the relationship between three different fracture widths and
permeability, forming the methane migration equation for multi-scale fracture. Based
on the matchstick theory model, a permeability model suitable for small fractures
in the elastic stage was derived. The degree of damage was used to describe the
development of fracture, and a permeability model suitable for mesoscale fractures
was derived. For large-scale fractures in the goaf, the Brinkman equation was used to
describe the rapid fluid flow in the pore medium.

(38) The overall evolution curve of methane permeability leakage in protective coal pillars
with different widths and heights shows a “W” shape. In the initial stage of leaked
methane migration, the permeability around the oil/gas well is the highest. As the
number of leaked days increases, the permeability on both sides of the pillar gradually
increases, and ultimately, the permeability on both sides of the pillar is greater than
that around the oil/gas well. In addition, the permeability on the left side is greater
than on the right side. Within the same period of time, the wider the pillar, the slower
the diffusion of leaked methane and the lower the permeability. The permeability
around the oil/gas well also decreases, and the pressure of leaked methane gradually
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decreases. The slower the diffusion of methane, the higher the mining height, the
greater the mining stress, and the lower the permeability.

(4) The simulation results show that when the protective coal pillar widths in the
Shuangma Mine are 150 m and 180 m, the stress peak values and the stress smoothing
areas are found to be similar, with a stress peak difference of 0.62 MPa and a stress
smoothing area difference of 20 m. The permeability difference on both sides of the pil-
lars is only 1 mD, indicating a similar effect for both coal pillar widths. Therefore, the
site may consider reducing the coal pillar width to 150 m to increase coal production.

(5) The conclusions drawn in the paper are ideal and based on the geological conditions of
the Shuangma Mine. Applying these conclusions to other sites will require site-specific
adjustments and validation.
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