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Abstract: Previous studies have established that the selection of gas extraction borehole parameters
is crucial for the effectiveness of gas extraction. To more accurately determine the reasonable extrac-
tion radius of gas extraction boreholes in the coal seam, this study was based on the actual occur-
rence conditions of the coal body. A coal-seam gas-seepage model, considering dynamic changes in
permeability under gas-solid coupling conditions, was constructed. It was combined with FLAC3P
numerical simulations to develop a borehole extraction model closer to the field’s natural needs. The
study revealed the influence of borehole diameter and spacing on gas extraction, obtained the radius
of effect of borehole extraction, and optimized the gas extraction borehole parameters based on data
simulation experiments. Multiple sets of experimental results indicated that the optimal parameters
are a borehole diameter of ¢ = 113 mm and a borehole spacing of 5 m. Applying these parameters
in on-site tests at the 14,303 working faces of a particular mine significantly improved gas extraction
efficiency, with a 29.7% increase in gas extraction concentration. This verified the accuracy of the
simulation results and provides a scientific basis for cost reduction and efficiency enhancement in
wellbore mining.

Keywords: gas extraction; directional boreholes; drilling parameters; permeability; numerical
simulation

1. Introduction

Coal resources are pivotal to providing fundamental energy support for a country’s
social and industrial development, and thus occupy a critical strategic position [1-3]. They
are essential for power consumption in various industries, including building materials,
electric power, metallurgy, and other sectors relevant to people’s livelihoods. Furthermore,
coal is a vital energy source for supporting the metallurgical, chemical, iron, and steel
industries, contributing significantly to the national economy [4-9]. With China being a
major consumer of coal resources, its total energy consumption in 2022 witnessed a 2.9%
increase compared to 2021, with coal’s proportion rising by 0.2 percentage points and its
growth rate accelerating by 4.3 percentage points [10]. As the nation’s economy gradually
recovers, the demand for coal rises, leading to a transition from shallow to deep mining of
coal resources [11]. However, this shift presents challenges due to varying coal-forming
environments, exposing coal mines to complex conditions like high ground stress, elevated
temperatures, and concentrated gases, thereby increasing the risk of gas outbursts during
mining operations [12,13].

Gas extraction from mines assumes great significance as a crucial hazard manage-
ment approach in coal mining, ensuring the safe production of coal mines and protecting
the operational safety of underground workers while promoting the development and uti-
lization of coalbed methane resources [14]. Coal mines mainly use borehole extraction to
effectively manage underground coalbed methane disasters [15,16]. In order to improve
extraction efficiency, scholars have used numerous methods: the use of hydraulic fractur-
ing [17], the use of carbon dioxide [18,19] or water [20] to drive out the gas, the nature of
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the coal seam, or the stress. Nevertheless, the arrangement of extraction boreholes signifi-
cantly influences the effectiveness of underground gas management. Improper extraction
spacing, either too large or too small, can lead to suboptimal gas management, resulting
in the inefficient use of resources [21]. Thus, setting reasonable parameters for arranging
underground gas extraction boreholes is paramount.

Numerous scholars at home and abroad have undertaken extensive research and de-
veloped diverse numerical simulation methods to optimize the technical process of un-
derground gas extraction borehole arrangement [22-25]. For instance, Motie et al. con-
ducted CWI experiments on reservoir cores with varying wettability, proposing the SMB
modeling procedure to study key parameters like permeability and the influence of CO,
content on oil recovery [23]. Gutiérrez et al. combined hydraulic fracturing simulations
with reservoir simulations using the 3D hydraulic fracturing simulator “HFWVU”, inves-
tigating proppant transport, subsidence, fracture geometry changes, and expansion pat-
terns [26]. Moreover, Abolfazl Abdollahipour et al. utilized a unique elemental model to
determine fracture opening displacement, validated it through exact solutions, and per-
formed a multi-parameter regression to consider the influence of surrounding pressure,
rock properties, and fluid pressure and derive a mathematical model accounting for sur-
rounding pressure effects [25]. Extensive studies on the arrangement of gas extraction
boreholes have been conducted, addressing factors such as extraction radius and spacing
relationships through numerical calculations [27-30]. Additionally, Shi established a math-
ematical model of coal-rock gas flow—solid coupling under multiple gravity effects, deter-
mining the extraction range of boreholes influenced by starting pressure in a coal mine [31].
Furthermore, Yan developed a logarithmic function based on the coupled gas—solid model
of gas extraction, facilitating the determination of the optimal extraction radius [32]. Wang
combined a numerical simulation with field tests, deriving reasonable parameters for long
boreholes in cascade gas extraction [33].

In conclusion, numerous scholars have made significant research achievements in
studying drilling parameter calculation models [34,35]. However, there has been relatively
limited research on the impact of dynamic changes in permeability on coal-seam gas migra-
tion. Therefore, this paper aimed to develop a simulation model for gas extraction through
directional boreholes that better represents actual field conditions and facilitates the opti-
mization of drilling parameters. The proposed model is based on the theory of gas—solid
coupling, incorporating principles from seepage mechanics and elastoplastic mechanics to
account for dynamic changes in permeability. The FLAC3P 6.0 numerical simulation soft-
ware simulated the gas extraction process from the coal seam using directional boreholes.
Optimal drilling parameters were determined by analyzing plasticity, stress, and enhanced
permeability zone distribution patterns during gas extraction with different borehole radii.
A numerical simulation of down-hole extraction was presented.

2. Experimental Methods
2.1. Geometric Model and Parameters

Based on the site condition of a 14,301 working face in a mine, numerical simulation
experiments were used to analyze the stress distribution pattern around the borehole based
on the actual coal-seam physical and mechanical parameters and to explore the influence
of the optimum borehole radius with extreme coupling. The experimental mechanical pa-
rameters are shown in Table 1.

Table 1. Mechanical parameters of the rock mass.

. . Bulk Modulus Shear Modulus Cohesion Internal Friction Angle Tensile Strength
3
Formation Number Density Kg/m K/Gpa G/Gpa C/Mpa b (°) /Mpa
14 coal seam 1850 1.65 0.31 0.52 17.5 0.145
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Through the influence range of the extraction borehole studied by many scholars, the
size of the simulation model was determined, and a 3D simulation model with a geometry
of 25m x 20 m X 5 m was constructed, as shown in Figure 1.
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Figure 1. Three-dimensional simulation model.

The model grid density is divided in a non-homogeneous way. The thickness of
model cells is negatively correlated with the distance from the borehole, with 208,000 struc-
tural cells and 216,741 calculation nodes, and the spacing between extraction boreholes is
5 m. The negative Z-axis pressure is set at the upper boundary of the simulated model,
and the value is equal to the vertical stress of the overlying rock column. Due to the need
to consider factors such as the influence of the extraction zone during the excavation of
drill holes, displacement restriction conditions are imposed around and at the bottom of
the model without affecting the balance of stress conditions at the base of the model. The
boundary conditions and initial stress balance parameters are shown in Figure 2.
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Figure 2. Boundary conditions and initial stress balance parameter.

2.2. Mathematical Model for Coal Seepage of Gas

During the construction of the cis borehole, the stresses and strains gradually increase,
and the coal body around the borehole starts to slowly change from elastic deformation to
plastic deformation and crushing deformation, increasing the permeability of part of the



Processes 2023, 11, 2371

40f16

coal seam. The damage criterion of the structural unit adopts the Mohr—Coulomb strength
damage criterion as the primary yield criterion, namely:

1+sin¢g

F:U]—U—gi,
1—sing

> fo )
In Equation (1), F is the shear stress (MPa), 07 is the maximum principal stress (MPa),
03 is the minimum principal stress (MPa), ¢ is the angle of internal friction (°) and fj is the
compressive strength (MPa).
Equation (2) is an expression for Coulomb’s intensity criterion:
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The Mohr—Coulomb criterion allows for the refinement of the extended solid unit
stress and strain components. The principal stress can be equivalently substituted into
three stresses: 01, 0, and 073, representing the principal stress vector in the solid structural
unit. The strain can be divided into strain components on the coordinate system: 1, &, and
£3. The coal-body stress variables obey the following laws, and the incremental expressions
are shown in Equations (3)—(5).

Aoy = w1 Ae] + ap(Ae5 + Ae§) 3)
Aoy = w1 AeS + ap (Ae] + Ae§) 4)
Aoz = w1 Ae§ + ap (Ae] + Aef) (5)

In Equations (3)—(5), &1 is the shear modulus G; a5 is the bulk modulus K; Ae§ Aef, Ae§
is the incremental modulus of elasticity in that direction (MPa);

In this numerical simulation test, the Mohr—Coulomb intrinsic model with the general-
ized linear elastic model as the base model and the introduction of the dynamic permeabil-
ity parameter can provide the expressions for the basis of the stress variables derived from
the strain tensor calculations for the solid structural units in the numerical simulation test.

The shear plastic flow function #° and the tensile plastic flow function i quantitatively
characterize the specific computational model. The shear plastic flow function /* and the
tensile plastic flow function h! quantitatively characterize the specific computational model.
The function /#° conforms to the non-association law and has the following expressions:

h = o1 — (73N¢ (6)
_ 1+siny
Ny = 1—siny @)

In Equation (7), i is the angle of shear expansion, °.

When gas is extracted, the gas in the coal seam is transported through various fracture
environments. The Darcy equation and Fick’s law can express the equation of motion for
gas through fractures and pores. The continuous flow of gas in the coal body from regions
of high-ground stress to regions of low-ground stress is consistent with the generalized
Darcy equation, which can be derived as follows:

om k
=——Alp-A

In Equation (8), Q, is the coal-body gas transport, kg/(m?-s); k is the coal-body perme-
ability, md; y is the model dynamic viscosity coefficient, Pa-s; p is the density of gas in the
coal body, kg/m; p is the coal-seam gas pressure, Mpa.
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Assuming that all the gas in the coal body is in the fracture-pore space, it can be con-
cluded that the total mass of gas in the coal seam can be quantitatively characterized by
the Langmuir equation, which is expressed as:

VP V,P  MP
e A A ©)

In Equation (9), m is the total mass of gas in the coal seam, kg; ps is the apparent density
of the industrial analysis coal body, kg/m?; V} is the Langmuir volume parameter, m3/t; ¢
is the porosity of the coal body, %; M is the molecular weight of the gas, kg/mol; R is the
gas parameter at standard conditions, J/(mol-K); T is the ideal experimental temperature,
K; v is the volume of the coal seam, m?.

The experiments assume a seepage boundary for gas transport in the media, i.e., there
is no gas flow within the unit when the gas transport within the coal unit Q, is 0. The gas

flow control equation can be derived from Equations (8) and (9) as shown in Equation (10):

VP M>ap M 3¢ 10)
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This control equation is written into the initial Mohr—-Coulomb intrinsic model fluid
calculation module of FLAC3P numerical simulation software to improve the accuracy of
gas—solid coupling calculation for simulation experiments.
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At the same time, this calculation module needs to write the permeability and porosity,
Equations (1) and (2) can characterize the stress of the coal seam, analyze Equation (4) with
Equations (1) and (2), combine the coal-body elastic—plastic deformation theory and the
original calculation equation of permeability, and derive the permeability dynamic change
model as shown in Equation (11):

In Equation (11), k, is the initial permeability of the calculated model, mD; 7 is the
value of plastic strain in the calculated model; v** is the initial value of plastic strain in
the calculated model; Cy is the fracture compression coefficient; Ap is the incremental gas
pressure in the calculated model, MPa; ¢, is the ultimate adsorption expansion deformation
of the coal body (which must not be zero in the simulation).

Equation (11) will be written simultaneously into the simulation calculation module
to eliminate the initial quantitative calculation equation.

The expressions for the coal-seam gas stress variables and the gas content equation
under drilling and extraction conditions are coupled to produce a coal-seam gas-seepage
model that considers the dynamic changes in coal-seam permeability under drilling and
extraction conditions as follows:

2 1—@)p?  2bpl’ bo'p? | a 29
5ﬂ+( Q)p”  2bpb’ _ _bbp ; op _ _app”oe (12)
Pa Epa L+P (L4 Pp)*|ot pa Ot

In Equation (12), E is the bulk modulus of elasticity of the gas-bearing coal body, Pa;
« is the influential stress factor of Biot; j is the stress influence (coupling) factor, and ¢ is
the bulk strain of the gas-bearing coal body.

Equation (12) is applied to replace the gas-solid coupling control module in FLAC3P
software and applied jointly with the fluid calculation module of the intrinsic model con-
structed above to invert the real distribution characteristics of gas—solid coupling on the
shaping region, the principal stress and the seepage increase region during gas extraction.
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3. Analysis of Numerical Simulation Results

After the initial mechanical equilibrium, the gas extraction simulation experiments
were carried out under different borehole diameters, with data recording points arranged
sequentially along the positive X-axis at 0.125 m and cloud slice analysis locations along
the Y-axis at an interval of 2.5 m. The variables of each experimental group are shown in
Table 2.

Table 2. Variables for each experimental group.

No Hole Diameter Hole Spacing

) ¢/mm m

1 93 5

2 113 5

3 153 5

4 93 10

5 113 10

6 153 10

3.1. Model Validation

To verify the reasonableness of the gas—solid coupling model, this paper simulated
and analyses the variation of gas extraction flow rate within 30 d with and without the
gas—solid coupling model and fits it to the monitoring data of a 14,303 working face to ver-
ify the results. As can be seen from Figure 3, the gas extraction flow rate variation law using
the gas—solid coupling model matches the field monitoring data to a high degree, and the
data range is more compatible. In contrast, the extraction flow rate without the gas-solid
coupling model is lower than the field data. This shows that the model constructed in this
paper is reasonable and accurate and can be used to predict the actual extraction situation
and optimize the drill-hole layout parameters.
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Figure 3. Graph matching results of simulated and field monitoring data.
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3.2. Characteristics of the Distribution of the Plastic Zone of the Coal Body around the
Extraction Borehole

To investigate the influence range of gas extraction under different hole diameter
conditions, the simulation experiment selected the extraction borehole’s vertical direction
(Y-axis direction) as the cross-section. It analyzed the distribution characteristics of the coal
elasticity area around the borehole when the diameter ¢ is 93 mm, 113 mm, and 153 mm.
The simulation results are shown in Figure 4.

No plastic influence zone
Plastic deformation region

Plastic deformation -
damage zone

¢=93mm

Plastic damage zone

¢=113mm

¢=153mm

Figure 4. Distribution characteristics of plastic areas with different pore sizes.

The plastic zone of the coal body is a crucial factor for the effective release of coal-
seam fracture expansion during the extraction process. As shown in Figure 4, the borehole
radius and distance from the borehole influence the plastic zone area. For instance, when
the borehole diameter is slight, such as 93 mm, the plastic zone around the borehole is too
small to effectively release the coal-seam fracture expansion, limiting the efficiency of the
extraction process. Conversely, when the borehole diameter increases to 113 mm, the area
of the plastic zone of the coal body around the borehole increases and expands evenly in all
directions. This leads to a more effective release of the coal-seam fracture expansion and
improved extraction efficiency. However, when the borehole diameter reaches 153 mm,
the plastic zone of the coal body around the borehole reaches its maximum size, and the
growth rate of the plastic zone decreases. This increases the deformation of the surround-
ing rock, which generates more fractures around the borehole, leading to an increase in
the permeability and porosity of the coal seam. Although the permeability and porosity of
the coal seam are increased, the deformation of the surrounding rock increases, which can
lead to instability in the extraction area. It is shown that the size of the plastic zone in the
coal body around the borehole is positively correlated with the borehole’s radius and that
the plastic zone’s expansion is necessary for effective seam fracture extension. However,
a balance must be struck between plastic zone extension and surrounding rock deforma-
tion to ensure efficient mining without compromising stability. The simulation results are
shown in Figure 5.
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Plastic damage zone

No plastic influence zone
Plastic deformation region
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Figure 5. Characteristics of the distribution of plastic zones at different borehole spacings.

As can be seen from Figure 5, as the spacing decreases, the number of boreholes in
the same area of the seam increases, the area of plastic damage gradually expands and
connects, and the total area of damage increases, with a plastic damage area of 1.9 m? at
a spacing of 10 m, increasing to 10.2 m? after the spacing is reduced to 5 m, an increase of
5.36 times. As the spacing of the boreholes decreases, the number of boreholes in the same
area increases, which results in a gradual expansion and linking of the plastic damage
area and a growth in the total damage area. This is because the boreholes serve not only to
discharge gas but also to reduce the stress concentration within the seam and slow down
the formation of stress concentration zones, thus reducing the extent of damage to the hem.
In addition, as the spacing between boreholes decreases, the distance between boreholes
becomes shorter, which means that the fractures within the seam are more developed, and
the permeability increases accordingly.

3.3. Characteristics of the Main Stress Distribution in the Coal Body around the
Extraction Borehole

The characteristics of the main stress distribution in the surrounding coal body with
drilling hole diameters of ¢ =93 mm, 113 mm, and 153 mm are shown in Figure 6.

1.32X1071
1.00X107?
5.00X1072
0

-5.00 X102
-1.00 X101
-1.50 X101
-2.00X101
-2.50 X101
-3.00X101
-3.50 X101
-4.00 X101
-4.50 X101
-4.534 X101

0=153mm

Figure 6. Characteristics of the main stress distribution for different bore sizes.

The relationship between borehole diameter and stress unloading area is an essential
factor affecting the extraction efficiency of underground coal mines. As shown in Figure 6,
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with the gradual increase of borehole diameter, the stress unloading area gradually in-
creases, and the regional distribution features change from circular-like to elliptical-like,
and finally show an “X” type distribution state. In addition, the stress unloading area
gradually connects and unloads the upper coal-seam ground stress. However, when the
borehole diameter ¢ =153 mm, the unloading range is smaller than that of ¢ =113 mm, with
a peak stress value of 0.241 MPa, as shown in Figure 7. Furthermore, the stress unloading
area increases due to the excessive influence of extraction. However, the stress is not en-
tirely unloaded in some areas around the borehole due to stress-compound areas, resulting
in the stress concentration phenomenon. The stress concentration in some areas around
the borehole may increase the risk of collapse of the borehole. It should be noted that the
stress concentration and unloading area are also affected by the depth of the borehole and
the geological structure of the coal seam. Therefore, choosing an appropriate borehole di-
ameter and layout is important to effectively unload the ground stress and reduce the risk
of borehole collapse. Moreover, the relationship between the borehole diameter and stress
unloading area also affects the permeability and porosity of the coal seam. As shown in
Figure 4, the plastic zone of the coal body around the borehole is positively correlated with
the borehole radius. When the borehole diameter is increased to ¢ = 153 mm, the area of
the plastic zone of the coal body around the borehole is the largest, causing an increase in
the permeability and porosity of the coal seam. It shows that the relationship between the
borehole diameter and stress unloading zone is an important factor affecting the efficiency
and safety of underground coal mining. A suitable borehole diameter and layout can ef-
fectively unload ground stresses, increase the permeability and porosity of the coal seam,
and reduce the risk of borehole collapse.

0.30 -

— @ ¢=93mm —@— ¢=113mm -0~-q>=153mml

0.20

1 stress / MPa
1
e

0.10

incipa

Pr

0.00

0 2 4 6 8 10 12 14 16 18 20 22 24 26

Distance/m

Figure 7. The plot of main stress distribution for different bore sizes.

The simulated results are shown in Figure 8, which analyses the characteristics of the
main stress distribution around the coal body when the drill-hole spacing is 5 m and 10 m.
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Figure 8. Characteristics of principal stress distribution for different borehole spacing.

The spacing between drill holes plays a significant role in the overall influence of the
drill-hole arrangement area. As drill-hole spacing increases, the stress influence range of
a single drill hole also increases, and the overall influence range of the drill-hole arrange-
ment area decreases. Figure 8 shows that when the drill-hole spacing is 10 m, a significant
portion of the area between drill holes is unaffected, and the influence area of drill holes
develops mainly towards the top and bottom of the coal seam. However, as the construc-
tion of drill holes alters the original equilibrium of the coal body, some of the stresses are
transferred to the unaffected area between drill holes. In addition, the extraction area of
drill holes may not effectively reach the deep part of the coal seam, which may lead to
dangerous stress concentration areas. On the other hand, when the drill-hole spacing is
5 m, a smaller portion of the area between drill holes is unaffected, but the unaffected area
is still significant compared to the drill-hole spacing of 2 m. Moreover, as the drill-hole
spacing is smaller, the influence area of drill holes develops mainly towards the middle of
the coal seam, which reduces the stress concentration area and increases the gas extraction
efficiency. In summary, the drill-hole spacing should be determined based on the geolog-
ical conditions and the characteristics of the coal seam. A larger drill-hole spacing may
reduce the overall influence of the drill-hole arrangement area but also increase the risk of
stress concentration areas. Conversely, a smaller drill-hole spacing may increase the influ-
ence of drill holes on the coal seam, but it may also improve the gas extraction efficiency
and reduce the risk of stress concentration areas. Therefore, carefully considering these
factors should determine the optimal drill-hole spacing.

3.4. Characteristics of the Distribution of Seepage Enhancement Areas in the Coal Body around
the Extraction Borehole

The seepage distribution pattern increases the coal body’s area around the borehole
when the borehole diameter ¢ is 93 mm, 113 mm, and 153 mm, as shown in Figure 9.

Figure 9 illustrates that the size of the seepage zone is closely related to the diameter
of the borehole. The larger the borehole diameter, the larger the seepage zone. Addition-
ally, the expansion trend of the seepage zone is consistent with that of the stress unloading
zone. Furthermore, the permeability of the coal body between the boreholes gradually in-
creases. When a 153 mm borehole diameter is used for gas extraction, the permeability
zone continues to increase with the gradual increase of the borehole diameter. This expan-
sion generates a compound influence zone, creating numerous fissures through the joint
action of the double boreholes. As a result, gas leaks directly into the working face via
the fissures. However, this scenario means that the extraction borehole needs to be able to
extract gas from this area effectively.

The increase in borehole diameter leads to an increase in the extent of plastic disrup-
tion, resulting in the expansion of fracture development in the coal rock surrounding the
borehole. This expansion leads to an increase in coal-rock permeability values. However,
as the borehole diameter increases, the seepage zone also increases, and eventually, the
compound influence zone and the stress unloading zone exceed the range of the extrac-
tion borehole. Thus, it becomes difficult to extract gas from this area.
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Figure 9. Characteristics of the distribution of seepage enhancement areas with different pore sizes.

Therefore, choosing the appropriate borehole diameter is necessary to ensure effective
gas extraction. There may be better choices than using a borehole diameter of 153 mm
for gas extraction due to the potential for fissure development and the consequent failure
to extract gas effectively. Instead, it is necessary to balance the increase in permeability
with the expansion of the seepage zone and select an appropriate borehole diameter to
maximize gas extraction efficiency without compromising safety.

The effect of borehole diameter on coal-rock permeability was analyzed in this study,
and the results are presented in Figure 10. The graph clearly shows that the permeability
of the coal body reaches a maximum at the borehole layout and decreases rapidly with
distance from the borehole. Interestingly, as the borehole diameter gradually increased,
the permeability near the borehole increased significantly. The peak permeability values
are 0.702 mD in the 93 mm borehole, 1.411 mD in the 113 mm borehole, and 1.416 mD
in the 153 mm borehole, representing a maximum increase of 48%. The increase in coal-
rock permeability values can be attributed to the expansion of fracture development in the
borehole coal rock, which is caused by the extent of plastic disruption. This means that
the plastic disruption caused by the borehole drilling process leads to the expansion of
fractures in the surrounding coal rock, increasing permeability.

It is worth noting that although the peak permeability of the 153 mm borehole is
higher than that of the 113 mm borehole, the increase in permeability is not proportional to
the increase in borehole diameter. Therefore, selecting a larger borehole diameter may only
sometimes result in a significant increase in permeability. This study provides valuable in-
sights into the relationship between the borehole diameter and coal-rock permeability. The
findings suggest that the extent of plastic disruption caused by borehole drilling can sig-
nificantly impact the permeability of the coal rock and that selecting appropriate borehole
diameters is crucial for optimizing gas extraction efficiency. The simulation results are
shown in Figure 11.
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Figure 10. Variation in permeability for different pore sizes.

Figure 11. Characteristics of the distribution of seepage enhancement areas with different bore-
hole spacing.

As can be seen from Figure 11, the permeability increases from 0.859 mD to 1.26 mD
at 10 m drill-hole spacing, an increase of 9%; when the drill-hole spacing is reduced to
5 m, the permeability at the center point increases from the initial 0.915 mD to 1.331 mD,
an increase of 45%. This is because the reduction of the drill-hole spacing aggravates the
plastic destruction of the coal rock, the fracture development at the central point is higher,
and the permeability increases; accordingly, as the extraction proceeds, the decay of the
gas content shrinks the coal matrix, the fracture width expands further, so the permeability
gradually increases, the smaller the spacing is, the more significant the increase in perme-
ability. The smaller the spacing, the greater the increase in permeability. The shorter the
spacing between boreholes, the more significant the plastic breakdown of the coal rock,
the greater the fracture development at the center, and there is a corresponding increase
in greater permeability.

As the extraction progresses, the decay of the gas content shrinks the coal matrix, and
the fissure width expands further, leading to a gradual increase in permeability. Asaresult,
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the fracture width increases more rapidly when the hole spacing is reduced, resulting in
greater permeability.

By analyzing the stress, plasticity, and permeability increase zones under different
extraction borehole sizes and considering the extraction effect and safety dimension, an
extraction borehole size of 113 mm and a borehole spacing of 5 m was selected.

4. Engineering Application of Preferred Parameters and Investigation of
Extraction Effects

4.1. Engineering Application Solutions

Based on the preferred results, the 14,303-working face of a mine was selected for field
engineering application. The coal seam is a low-permeability seam with no extraordinary
geological formations. Two groups of down-seam extraction boreholes are arranged in
the test area in sequence, with a borehole diameter of 113 mm and a borehole spacing of
5 m in Group A, a borehole diameter r 113 m in Group 1-3, and a borehole diameter of
93 mm and borehole spacing 10 m in Group B, boreholes 4-6, as an object control group.
The true gas extraction volume was calculated by recording and measuring the flow rate
and concentration of gas extracted over a 30-day period.

4.2. Measured Results and Analysis

The continuous monitoring data in Figure 12 show the average gas extraction volume
from the gas drainage boreholes over 30 days. Both Group A and Group B boreholes un-
derwent 30 days of continuous extraction. For Group B boreholes, the gas extraction rate
decreased from 0.0665 m3/min to 0.0251 m3/min, while for Group A boreholes, the rate de-
creased from 0.083 m?/min to 0.0472 m>/min. This resulted in a remarkable 29.7% increase
in gas extraction efficiency.

0.09
B Group A extraction borehole
' : : | ® Group B extraction borehole
0.08 |- M- : ! Group A extraction borehole (fit)
‘ | Group B extraction borehole (fit)

0.02

0 3 6 9 12 15 18 21 24 27 30
Extraction time/d

Figure 12. Comparison of pure gas extraction volumes for different boreholes.

The significant improvement in gas extraction efficiency underground and the posi-
tive impact on working conditions at the production face can be attributed to the judicious
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selection of borehole radius and spacing. This study of continuous monitoring provides
compelling evidence for optimizing gas extraction, and its implications are crucial for en-
hancing both underground safety and production efficiency.

5. Conclusions

(1) This passage is based on the geological conditions of a 14,301 working face in
a mine. It combines the traditional gas—solid coupling model and gas migration theory
to construct a coalbed methane seepage simulation model that considers the dynamic
changes in coal-seam permeability. The model accurately reflects the mechanical evolu-
tion characteristics of surrounding coal during directional drilling and gas extraction;

(2) Incorporating the coalbed methane seepage simulation model, this study revealed
the influence of borehole diameter and spacing on the gas—solid coupling zone. Numerical
simulation experiments were conducted on the drilling and gas extraction process under
various borehole diameters and spacing conditions. As a result, an optimal borehole diam-
eter of 113 mm and a borehole spacing of 5 m were determined for gas extraction;

(3) The optimized parameters for gas extraction were implemented in a
field-engineering practice, with a borehole diameter of 113 mm and a borehole spacing
of 5 m. As a result, the methane extraction concentration increased by 29.7%, significantly
increasing the on-site methane extraction rate. This improvement notably enhanced gas
extraction efficiency and reduced the risk of coal and gas outbursts.
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Nomenclature
F is the shear stress (MPa);
o) is the maximum principal stress (MPa);
03 is the minimum principal stress (MPa);
[ is the angle of internal friction;
fo is the compressive strength (MPa);
C is the cohesion of the rock material (MPa);
o is the shear modulus G;
oy is the bulk modulus K;
Aef Ae5 Aef is the incremental modulus of elasticity in that direction (MPa);
h’ is The shear plastic flow function;
nt is the tensile plastic flow function;
P is the angle of shear expansion, °;
Qa is the coal-body gas transport, kg/(m?s);
k is the coal-body permeability, md;
U is the model dynamic viscosity coefficient, Pa-s;
0 is the density of gas in the coal body, kg/m;
4 is the coal-seam gas pressure, MPa;
m is the total mass of gas in the coal seam, kg;
Ps is the apparent density of the industrial analysis coal body, kg/m?;
\%3 is the Langmuir volume parameter, m3/t;
¢ is the porosity of the coal body, %;
M is the molecular weight of the gas, kg/mol;
R is the gas parameter at standard conditions, J/(mol-K);
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T is the ideal experimental temperature, K;

v is the volume of the coal seam, m>;

ka is the initial permeability of the calculated model, mD;

P is the value of plastic strain in the calculated model;

7”” is the initial value of plastic strain in the calculated model;

C ¥ is the fracture compression coefficient;

Ap is the incremental gas pressure in the calculated model, MPa;

is the ultimate adsorption expansion deformation of the coal body
(which must not be zero in the simulation);

E is the bulk modulus of elasticity of the gas-bearing coal body, Pa;

« is the effective stress factor of Biot;

B is the stress influence (coupling) factor;

€ is the bulk strain of the gas-bearing coal body.
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