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Abstract: This research was conducted in order to study the relationship between gas geology (initial
gas pressure, initial permeability, and buried depth) and effective extraction radius and to achieve
precise borehole layouts. Based on the in-hexagon borehole layout mode, the influence of geological
factors on borehole effective extraction radius is quantitatively analyzed. Combined with gas geology,
the precise borehole layout mode of gas extraction is constructed. The results show that: Based on the
two evaluation indexes of borehole number and area redundancy rate, the optimal implementation
scheme of the in-hexagon is selected; that is, when the effective extraction radius is R, the borehole
spacing along the coal seam strike is

√
3R, and along the dip is 1.5R. Based on the four evaluation

indexes of effective extraction space volume, relative gas emission, cost rate, and gas isobaric surface
shape, the relationship between effective extraction radius and initial gas pressure, permeability,
and burial depth is matched quantitatively. The effective extraction radius decreases with the initial
gas pressure and buried depth and increases with the initial permeability. The effective extraction
radius and initial gas pressure have a linear relationship R = aP + b, the effective extraction radius
and initial permeability have a power function relationship R = akb, and the effective extraction
radius and burial depth have a negative exponential relationship R = ae−bH. The response surface
interaction model analysis shows that the buried depth has the strongest influence on the effective
radius of gas extraction, followed by the initial gas pressure and the initial permeability. Based on
the effective extraction radius as a function of gas geology, the precise borehole layout mode of gas
extraction is constructed, which can provide a reference for the construction design of underground
gas drilling in coal mines. This will provide a technical guarantee for the efficient mining of gas and
promote the sustainable development of gas resources.

Keywords: gas extraction; in-hexagon borehole layout; effective extraction radius; borehole layout;
grading co-mining

1. Introduction

In the context of carbon neutrality, coal is an important source of energy supply
but also a major source of greenhouse gas emissions. The greenhouse effect from coal
seam gas is dozens of times that of carbon dioxide, and this would be a huge pressure
on the environment if it were released directly into the atmosphere [1]. In the process
of coal mining, five natural disaster accidents often occur, among which gas disaster is
the most frequent [2,3]. Coal seam gas pre-drainage can not only ensure the safety of
mine production but also help to achieve the goal of carbon neutrality [4,5]. This paper
mainly regards the development and application of gas resources as an industry and uses
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technology optimization to provide a guarantee for the sustainable development of gas
resources in China. However, due to the complexity of coal seam occurrence and the
imperfect research on the theoretical mechanism of gas flow, the design of borehole layout
parameters based on construction experience makes the gas extraction rate low. Therefore,
accurate prediction of the effective extraction radius is an important technical means to
improve the gas extraction rate.

In the study of gas flow theory, Lin [6,7] and Lou [8] considered the anisotropy of coal
to study the influence of vertical ground stress, initial gas pressure, and initial permeability
on the effective extraction area of the hydraulic slotting. Peng [9] studied the dynamic
response characteristics and coupling mechanism of multi-field parameters during coal
mine gas drainage by using the self-developed multi-field coupling gas drainage phys-
ical simulation test device. Xu [10] studied the evolution of gas pressure and gas flow
rate during the drainage process by carrying out physical simulation experiments of gas
drainage under different spacing distances between boreholes. Liu [11] and Dong [12]
analyzed the influence of geological and engineering factors on the attenuation law of
negative pressure in boreholes through numerical calculation results. Zhang [13,14] ex-
plored the evolution law of gas flow rate and cumulative flow rate under different borehole
numbers and studied the influence of borehole numbers on the superposition effect of gas
extraction. Fan [15] combined the DEM data and mathematical model results to simulate
the gas distribution in the goaf before and after the drilling of the working face by using
user-defined function codes. In the gas extraction borehole layout, Wang [16] determined
the reasonable extraction negative pressure, effective extraction radius, and extraction time
by using a numerical simulation method. Lin [17] analyzed the influence of the interac-
tion between geological factors and engineering factors on the pre-drainage of coal seam
gas by drilling and put forward the method of accurate borehole layout. Chen [18,19]
quantitatively analyzed the influence of borehole spacing on the extraction effect with
the volume of effective extraction area as the judgment index. Liu [20] determined the
layout of drainage boreholes to eliminate the blank zone and improve the extraction rate by
theoretical calculation. Li [21] determined the relationship between the borehole spacing
and the effective extraction radius of the borehole through the evolution law of gas flow.
Hao [22] and Danesh [23] studied the influence of the buried depth of coal seams on the
effective extraction radius of boreholes by establishing a creep-seepage coupling model.
Li [24] studied the mechanism of the superposition effect of gas extraction boreholes by
a field test and numerical calculation method. Zhao [25] studied the law of gas pressure
distributions, gas seepage velocity distributions, and permeability change around two
boreholes by simulating the result of the gas pressure drop in different spacing. Zou [26]
quantitatively analyzed the effective extraction radius of gas drainage based on the critical
gas pressure determination index. Liu [27] and Wei [28] used the improved coal perme-
ability model to conclude that the relationship between permeability and gas pressure
is an asymmetric U-shaped variation law and verified the reliability of the model by the
results of laboratory tests. Zhang [29] and Liu [30] established a dynamic model for the
permeability evolution with the concept of scalar damage variable to study the evolutions
of gas pressure, coal permeability, and gas transport for a single borehole.

The predecessors have conducted a lot of research on the theory of gas extraction and
the layout of extraction boreholes, but most of them are based on a single borehole layout
or equal-spacing boreholes layout to study the effective extraction radius of boreholes. It
is rare to use borehole spacing inversion to quantitatively study the effective extraction
radius of a borehole through the in-hexagon borehole layout. In this paper, a fluid–solid
coupling model is established. The effect of geological factors (initial gas pressure, initial
permeability, and burial depth) on the effective extraction radius is investigated by taking
effective extraction space volume, relative gas emission, cost rate, and gas isobaric surface
shape as the judging criteria. Based on the functional relationship between the effective
extraction radius and geological factors, a graded co-mining model for gas extraction is
proposed, which will be a guideline for the layout of gas extraction boreholes for coal seam
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group stratified mining. This will enable China’s gas resource industry to develop steadily
in the context of sustainable development.

2. Optimization of the In-Polygon Borehole Layout

The effective extraction radius of gas can guide the arrangement of borehole spacing.
If the spacing of boreholes is too large, a blank zone of gas extraction will be formed, which
will lead to the occurrence of gas outburst accidents. If the borehole spacing is too small,
the number of boreholes will increase, which will lead to repeated extraction in some areas,
resulting in increased construction costs and extraction costs. Based on the number of
boreholes and the area redundancy rate, the best implementation scheme of the in-polygon
borehole layout is preferred.

2.1. Optimization Analysis of the Number of Boreholes

It is assumed that a coal seam to be extracted needs to be arranged with extraction
boreholes. The effective extraction radius of the borehole is R, and the extraction boreholes
are arranged as shown in Figure 1. The circle represents the effective extraction range of the
borehole within the specified time. M boreholes are arranged along the strike of the coal
seam, and n boreholes are arranged along the dip of the coal seam. At this time, the total
number of boreholes is m × n (Figure 1a), but a blank zone of extraction will be formed
(shaded area).
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(1) The in-quadrangle borehole layout

In order to eliminate the blank area generated by the traditional borehole layout,
the in-quadrangle borehole layout is proposed. The area of the blank zone needs to be
constructed again with extraction boreholes, as shown in Figure 1b. In this way, the blank
zone needs to be arranged with (m − 1) boreholes along the strike of the coal seam and
(n − 1) boreholes along the dip of the coal seam. The number of the in-quadrangle borehole
layout is:

Y = 2mn−m− n + 1 (1)

where Y is the number of boreholes; m is the number of boreholes along the strike of the
coal seam; n is the number of boreholes along the dip of the coal seam.

(2) The in-hexagon borehole layout

The in-hexagon borehole layout is shown in Figure 2a. It can be seen from Figure 2a
that MNQ is an equilateral triangle. So, NQ =

√
3R, MP = 1.5R are obtained according to

the geometric relationship. The number of boreholes along the strike and dip of the coal
seam is:

(m− 1)× 2R√
3R

=
2√
3
(m− 1) (2)
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(n− 1)× 2R
1.5R

=
4
3
(n− 1) (3)

where R is the effective extraction radius, m.
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The number of the in-hexagon borehole layout is obtained by multiplying
Formulas (2) and (3).

Y =
8

3
√

3
(mn−m− n + 1) (4)

(3) The in-octagon borehole layout

The in-octagon borehole layout is shown in Figure 2b. US = UT = (
√

2 + 2)R is
obtained according to the geometric relationship. The number of main boreholes along the
strike and dip of the coal seam is:

(m− 1)× 2R
(
√

2 + 2)R
=

2
(
√

2 + 2)
(m− 1) (5)

(n− 1)× 2R
(
√

2 + 2)R
=

2
(
√

2 + 2)
(n− 1) (6)

The number of main boreholes is obtained by multiplying Formulas (5) and (6).
According to the construction of four secondary boreholes around each main hole, the
in-octagon borehole layout is obtained. The number of main boreholes and the number of
secondary boreholes are:

X =
4

6 + 4
√

2
(mn−m− n + 1) (7)

Z =
16

6 + 4
√

2
(mn−m− n + 1) (8)

where X is the number of main boreholes; Y is the number of secondary boreholes.
The number of the in-octagon borehole layout is obtained by adding Formulas (7) and (8):

Y =
20

6 + 4
√

2
(mn−m− n + 1) (9)

In the process of coal seam gas extraction, a large number of extraction boreholes
are arranged in the coal seam. When there are more extraction boreholes arranged along
the strike and dip of the coal seam, the values of m and n are larger. The number of
in-quadrangle borehole layouts will mainly depend on 2mn items. Compared with the



Sustainability 2023, 15, 12711 5 of 22

traditional borehole layout, the in-quadrangle borehole layout is 2 times, the in-hexagon
borehole layout is 1.54 times, and the in-octagon borehole layout is 1.72 times.

2.2. Optimization Analysis of the Area Redundancy Rate

In order to study the range of repeated extraction area under the in-polygon borehole
layout, a formula for calculating the redundancy rate of extraction area is proposed.

η =
Sc

S
(10)

where η is the area redundancy rate, %; Sc is the repeated extraction area, m2; S is the actual
extraction area, m2.

The drainage redundant area of the in-quadrangle borehole layout, the in-hexagon
borehole layout, and the in-octagon borehole layout is shown in Figure 3.
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Using CAD area accounting, the area redundancy rate of the in-quadrangle borehole
layout is 17%, the area redundancy rate of the in-hexagon borehole layout is 10.9%, and the
area redundancy rate of the in-octagon borehole layout is greater than 15.7%.

According to the theoretical calculation, the number of extraction boreholes, and the
extraction area redundancy rate index analysis, it is concluded that the in-hexagon borehole
layout can fully achieve the reduction of the number of extraction boreholes and reduce
the extraction area redundancy based on ensuring no extraction blank zone. Therefore, the
borehole layout method selects the in-hexagon borehole layout. The data of the in-polygon
borehole layout is shown in Table 1.

Table 1. The data of the in-polygon borehole layout.

Design Scheme The Ratio of Number for Borehole Area Redundancy Rate/%

The in-quadrangle borehole layout 2 17
The in-hexagon borehole layout 1.54 10.9
The in-octagon borehole layout 1.72 >15.7

The effective extraction radius is inversely calculated according to the in-hexagon
borehole layout mode. From the geometric relationship in Figure 2, MNQ is an equilateral
triangle. Formula (1) can be obtained according to geometric relationships.{

NQ =
√

3R

MP = 1.5R
(11)

where NQ is the borehole spacing along the coal seam strike, m; MP is the borehole spacing
along the dip, m; R is the effective extraction radius, m.

According to the effective extraction space volume, relative gas emission, cost rate, and
gas isobaric surface shape, reasonable spacing is obtained by the in-hexagon borehole layout
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mode. According to Formula (11), the effective extraction radius is inversely calculated to
guide the field application.

3. Verification of Fluid–Solid Coupling Model in Gas Extraction Process
3.1. Fluid–Solid Coupling Model

The gas in the coal seam is simplified as an ideal gas. The seepage and diffusion of
gas follow Darcy’s law and Fick’s law, and the adsorption and desorption of gas follow the
Langmuir equation. The coal seam is a dual fracture–pore structure, and its mechanical
characteristics are affected by factors such as ground stress, gas pressure in pores and
fractures, and the adsorption and desorption of gas. Considering the pore gas pressure
and gas adsorption and desorption, the deformation field equation of the coal body can
be derived from the stress balance equation, deformation coordination equation, intrinsic
structure equation, and effective stress principle.

Gui,jj +
G

1− 2v
uj,ji −

[
α +

KεL pL

(pL + p)2

]
p,i + fi = 0 (12)

where G is the shear modulus, G = E
2(1+v) ; K is the bulk modulus, K = E

3(1−2v) ; α is the

Biot coefficient, α = 1− K
Ks

; v is Poisson’s ratio; E is the elastic modulus, MPa; εL is the
Langmuir volume strain constant; pL is the pressure constant; Ks is the elastic modulus of
the skeleton; u is displacement, m; p is the gas pressure, MPa; ui,jj and p,i are derivative
symbols in tensor form; f is the volume force, Pa.

Gas is transported from pores to fractures by diffusion and seepage, which follow
Fick’s law and Darcy’s law. The gas seepage equation can be derived from the gas state
equation and continuity equation.

∂(φ
Mg
RT p)
∂t

+∇(−
Mg pφk
RTµg

(∇p +
Mg

RT
pg∇z)) = 0 (13)

where Mg is the molecular weight of gas, kg/mol; φ is porosity; R is the gas molar constant,
R = 8.314 J/(mol·K); T is temperature, K; t is time, s; v is the flow rate of gas, m/s. µg is the
gas dynamic viscosity, Pa·s; g is the acceleration of gravity, m/s2.

Since the ground stress is much higher than the adsorption expansion stress, it is
assumed that gas desorption causes only matrix shrinkage. Based on the elastic strain and
adsorption–desorption, the dynamic equation of porosity can be expressed as Equation (14).

φ

φ0
= 1 +

1
Mφ0

(p− p0) +
εL

3φ0

(
K
M
− 1
)(

p
pL + p

− p0

pL + p

)
(14)

There is a cubic relationship between porosity and permeability. The dynamic evolu-
tion equation of permeability can be expressed as Equation (15).

k
k0

= [1 +
1

Mφ0
(p− p0) +

εL
3φ0

(
K
M
− 1)(

p
pL + p

− p0

pL + p
)]3. (15)

where k is permeability, m2; p0 is the initial gas pressure, MPa; φ0 is initial porosity; M is
constant, M = E(1−v)

(1+v)(1−2v) .
The fluid–solid coupling model is established by Equations (12)–(15). The influence of

geological factors on the effective extraction radius of the borehole can be studied by using
COMSOL software 6.0 to simulate gas extraction.

According to the previous theoretical derivation, the geological factors affecting the
effective radius of gas extraction are mainly initial gas pressure, permeability, and burial
depth. The influence of geological factors (initial gas pressure, initial permeability, and
burial depth) on the effective extraction radius of boreholes can be studied using COMSOL
numerical simulation software. When the coal seam gas pressure is greater than 0.6 MPa or
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the gas content is greater than 6 m3/t, it is necessary to implement the regional outburst
prevention measures for the pre-drainage of cross-layer drilling in the roof (floor) rock
roadway, which are the regulations stipulated in the coal mine safety regulations. In this
paper, the radius of the area where the gas pressure drops below 0.6 MPa is called the
effective extraction radius. For the convenience of analysis, effective extraction space
volume, relative gas emission, and cost rate are defined. The effective extraction space
volume is the volume of the area where the gas pressure drops below 0.6 MPa. Relative gas
emission and gas control cost rates can be expressed in Equations (17) and (19).

γ =
Q
V

(16)

q =
γ

ρ
(17)

where γ is the extraction volume per unit volume, m3/m3; Q is the extraction volume, m3;
V is the effective extraction space volume, m3; q is the relative gas emission, m3/t; ρ is the
density of coal, t/m3.

λ =
ρL1

L2
(18)

K =
C
S
=

ρL1V
QL2

=
λ

γ
(19)

where K is the cost rate of gas control; C is the gas control cost, yuan; S is the income of
selling gas, yuan; L1 is the cost of gas control per ton of coal, yuan/t; L2 is the sale price per
cubic meter of gas, yuan/m3; λ is the cost factor coefficient of gas control, λ = 19.6.

3.2. Field Test of Gas Pressure Evolution Law

(1) Overview of the mine

A coal mine No. 3 coal seam (buried depth 450 m, thickness 5.12−6.20 m, and average
5.25 m) was studied. The dip angle of the coal seam is 8◦, which belongs to the gently
inclined coal seam. The overall coal seam is a monoclinic structure, the hydrogeological
conditions are simple, and the water inflow is small. The roof of the coal seam is mudstone,
sandy mudstone, and siltstone, the local is fine sandstone, and the floor is mudstone. The
firmness coefficient of the No. 3 coal seam is 0.45−1.09, the permeability of the coal seam is
4.0 × 10−17 m2, the gas content is 18.08 m3/t, and the original gas pressure is 1.4−1.8 MPa.
According to the measured data, the gas content of the No. 3 coal seam is 17.51 m3/t, and
the gas pressure is 1.6 MPa. Overall, the No. 3 coal seam has the characteristics of hard
coal, high gas content, high gas pressure, and easy drainage.

(2) Field test location

The North bed plate tunnel in the 1303 coalface was selected as the test site for testing
the evolution law of gas pressure. Based on the in-hexagon borehole layout, the construction
of cross-layer drilling was carried out. The field test location is shown in Figure 4.
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(3) Field test methods

Under the action of extraction boreholes, the gas pressure of the coal seam will be re-
duced continuously. By arranging gas pressure test boreholes near the extraction boreholes,
the evolution of gas pressure can be monitored through the gas pressure test boreholes.

1© According to the above borehole layout, the No. 1 to No. 7 extraction boreholes are
constructed in turn. The gas pressure test boreholes are arranged at positions of 2.8 m
and 4.0 m from the central borehole. The diameter of the borehole is 94 mm.

2© The gas pressure test hole is sealed by cement mortar, and the sealing length is not
less than 20 m. The gas pressure gauge was installed after 24 h.

3© No. 1–7 extraction boreholes are blocked, and the coal seam gas pressure is measured
by the gas pressure test boreholes.

4© The coal seam gas is extracted through the extraction boreholes, and the gas pressure
in the test boreholes is observed.

5© According to the monitoring results, the gas pressure evolution curve is drawn.

3.3. Model Establishment and Boundary Conditions

Fluid–solid coupling model is applied to COMSOL software. The modeling process of
the COMSOL software is divided into the following steps:

(1) The geometric boundary conditions are established. A three-dimensional numerical
model was established: 30 m long, 30 m wide, and 5.85 m high. The geometric model
is shown in Figure 5a.

(2) The stress boundary conditions are assigned values. In the X-axis and Y-axis directions,
roller support was applied. At the coal seam top plate, the ground stress was 15 MPa,
and a fixed constraint was applied to the bottom plate.

(3) The in-hexagon borehole layout is selected. The diameter of the borehole is 94 mm.
The first borehole is located at (0, 0, 0), and the second borehole is located at (6, 0, 0).
Taking the first borehole as the rotating axis and the second borehole as the rotating
object, the in-hexagon borehole layout is formed. The borehole is rotated 60◦ each
time, and the rotating object is retained.

(4) The geometric model is meshed. The research object is divided into free tetrahedral
grids. The maximum unit size is 1.0 m, the minimum unit size is 0.1 m, and the
curvature resolution is 0.7. The mesh model is shown in Figure 5b.

(5) The seepage boundary conditions are assigned values. The negative pressure of the
extraction was 30 kPa. The seepage boundary and gas pressure around the model were
1.4 MPa. Probes were set in the model, and the positions of the probes were X1 (2.80, 0,
0) and X2 (4.05, 0, 0). Numerical calculation parameters are shown in Table 2.
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Table 2. Parameters of the numerical model.

Parameter Parameter Value Parameter Parameter Value

Elastic modulus/MPa 2400 Langmuir pressure constant/Pa 3.03 × 106

Poisson ratio 0.3 Langmuir volumetric strain constant 0.026
Initial porosity 0.04 Density of coal/(kg·m−3) 1400

Initial permeability/m2 4.0 × 10−17 Extraction negative pressure/KPa 30
Initial gas pressure/MPa 1.4 Dynamic viscosity of gas/(Pa·s) 1.08 × 10−5

Negative pressure/kPa 30 Diameter of the borehole/mm 94
Klinkenberg factor/Pa 1.44 × 105 Spacing of the borehole/m 6.0

3.4. Validation of the Fluid–Solid Coupling Model

The evolution law of gas isobaric surface over time is shown in Figure 6. After 40 days
of extraction, the superposition effect of the borehole is small, and the gas isobaric surface
is distributed independently around the extraction boreholes. After 80 days of extraction,
the superposition effect of boreholes increases, and the gas isobaric surface is gradually
connected. After 100 days of extraction, the gas isobaric surface is completely connected,
which forms the simultaneous extraction of boreholes. However, the gas isobaric surface
between boreholes is inward concave, which leads to a blank zone in the extraction area.
After 120 days of extraction, the shape of the gas isobaric surface is most consistent with
the shape of the in-hexagon borehole layout, which means that the borehole spacing is the
most reasonable under the condition of 120 days of extraction.

Figure 7 shows the curves of gas pressure from numerical simulations and field tests.
It can be seen from Figure 7 that the gas pressure decreases rapidly and then decreases
slowly. In addition, the closer the distance from the extraction borehole is, the faster the
gas pressure decreases, and the greater the gas pressure decreases. Due to the influence of
field geological structure, there are open faults and joints in the coal seam. The numerical
simulation results are not completely coincident with the field test results, but the curve
shape and trend are basically the same, which verifies the applicability of the fluid–solid
coupling model.
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3.5. Analysis of the Evolution Law of Gas Extraction Parameters

Figure 8 shows the evolution of extraction parameters over time. The following rules
can be obtained from Figure 8.

(1) After 40, 100, and 180 days of extraction, the space volume is 40 m3, 227 m3, and
353 m3, respectively. The evolution of the space volume over time can be divided
into three stages: slow growth stage, rapid growth stage, and stable growth stage. In
addition, the larger the borehole spacing, the later the start of the rapid growth stage of
gas extraction space volume is reached. This is because the larger the borehole spacing,
the later the borehole superposition effect becomes apparent, which will cause the
space volume to reach the start of the rapid growth phase later and later.
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(2) After 8 days of extraction, the relative gas emission reached 47.4 m3/t. After that, the
relative gas emission decreased from 47.4 m3/t. to 5.0 m3/t., and finally stabilized
to 5 m3/t. The evolution of relative gas emission over time can be divided into three
stages: gas extraction rising period, gas extraction falling period, and gas extraction
depletion period. In addition, the smaller the borehole spacing, the smaller the peak
value of relative gas emission. This is because the smaller the borehole spacing, the
borehole superposition effect makes the gas content decrease significantly, which will
cause the peak value of relative gas emission to be smaller.

(3) After 7 days of extraction, the cost rate is reduced by 0.29 yuan/t. After that, the cost
rate increased from 0.29 yuan/t to 2.78 yuan/t and finally stabilized to 2.78 yuan/t.
The evolution of cost rate over time can be divided into three stages: decline stage, rise
stage, and stable stage. In addition, the smaller the borehole spacing, the higher the
average cost rate of gas extraction. This is because the drilling spacing is too small,
and the longer the depletion period of the extraction area, the greater the cost rate of
gas extraction.
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4. Result and Discussion
4.1. Analysis of Influence of Initial Gas Pressure on Effective Extraction Radius

According to the geological exploration data, the maximum gas pressure in the explo-
ration area is 1.8 MPa, and the minimum gas pressure in the exploration area is 1.0 MPa.
To study the influence of initial gas pressure on the effective extraction radius, initial gas
pressures of 1.0 MPa, 1.2 MPa, 1.4 MPa, and 1.6 MPa were selected, and borehole spacing
of 2.5–7.5 m was chosen. The burial depth is 600 m, the initial permeability is 4 × 10−17 m2,
and other parameters are shown in Table 2.

Figure 9 shows the evolution of extraction parameters with time for initial gas pres-
sures. Figure 10 shows the gas isobaric surface shape after 120 days of extraction for the
No. 3 seam. The orange surface in the figure is the gas pressure equivalent surface, and the
gas pressure inside its surface drops to below 0.6 MPa. It can be seen from Figure 10b that
the gas isobaric surface shape is roughly an in-hexagon, and the internal gas pressure of
the in-hexagon borehole layout is significantly smaller than the external gas pressure. This
is due to the combined effect of the negative pressure of the borehole and the differential
pressure of the coal seam gas pressure, which causes the gas to be transported to the
borehole. It can be seen from Figure 10a that the gas pressure equivalent between boreholes
is inward concave, which will lead to a blank zone in the extraction area. This is because
the borehole spacing is large, the superposition effect is weakened, and the area where the
gas pressure is greater than 0.6 MPa appears between the boreholes. When the gas pressure
is 1 MPa and the borehole spacing is 7.0 m, there is a blank zone in the gas extraction area.
Once a blank zone (gas pressure is greater than 0.6 MPa) occurs, coal and gas outburst
accidents will occur, which will cause deaths and economic losses. However, when the gas
pressure is 1.0 MPa and the borehole spacing is 6.5 m, the shape of the gas isobaric surface
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is most consistent with the shape of the in-hexagon borehole layout, which means that the
borehole spacing is the most reasonable under the condition of 120 days of extraction.
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Figure 9. The evolution of extraction parameters with time for initial gas pressures (1.0 MPa).
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Table 3 is available from Figures 9 and 10. Table 3 shows the volume of extraction
space, relative gas emission, average cost rate, and gas isobaric surface shape after 120 days
of extraction. Considering all the indexes, when the initial gas pressure is 1.0, 1.2, 1.4,
1.6 MPa, the reasonable borehole spacing is 6.5, 5.0, 4.0, 3.0 m. and the gas isobaric surface
shape is in-hexagon, and there is no blank zone in the extraction area, which indicates that
the initial gas pressures match well with the borehole spacing.
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Table 3. Data parameters of gas extraction under different gas pressure.

Gas
Pressure/MPa Borehole Spacing/m Space Volume/m3 Relative Gas

Emission/m3/t Cost Rate Shape of
Isopleth Surface

1.0
7.0 772.9 1.52 2.62 blank zone
6.5 786.1 1.43 3.71 -
6.0 749.7 1.46 4.70 -

1.2
5.5 442.6 2.87 1.68 blank zone
5.0 437.1 2.84 2.37 -
4.5 399.3 3.00 2.91 -

1.4
4.8 242.2 5.56 0.77 blank zone
4.0 266.1 5.03 1.45 -
3.3 218.7 5.92 1.98 -

1.6
3.5 180.3 8.11 0.82 blank zone
3.0 156.6 9.17 1.10 -
2.5 126.6 10.85 1.38 -

The effective extraction radius is inversely calculated according to Formula (11).
Table 4 shows the effective extraction radius for different initial gas pressures. The fitted
curve between the gas extraction radius and the initial gas pressure is shown in Figure 11.
It can be seen from Figure 11 that there is a linear relationship between the effective gas
extraction radius and the initial gas pressure, and the effective gas extraction radius de-
creases as the initial gas pressure increases. This is due to the fact that the rate of change of
the gas content of the coal seam decreases as the initial gas pressure of the seam increases.
When the initial gas pressure of the coal seam is too high, the smaller the gas content
reduction for the same extraction time, which will cause the effective extraction radius
to decrease. The response surface of coal seam initial gas pressure and extraction time
has a large degree of distortion, which indicates that the interaction effect of those two
parameters on extraction radius is obvious. Therefore, in the process of gas extraction,
borehole spacing should be arranged reasonably according to the initial gas pressure to
achieve the best gas extraction effect.

Table 4. The effective extraction radius for different initial gas pressures.

Time/D Gas Pressure/MPa Borehole
Spacing/m

Effective Gas
Extraction Radius/m Fitting Relationship Correlation

Coefficient

90

1.0 5.8 3.35

R = −3.1505P + 6.4489 0.993
1.2 4.5 2.60
1.4 3.5 2.02
1.6 2.5 1.44

120

1.0 6.5 3.75

R = −3.32P + 6.9865 0.983
1.2 5.0 2.88
1.4 4.0 2.31
1.6 3.0 1.73

150

1.0 7.5 4.33

R = −3.5785P + 7.7703 0.953
1.2 5.8 3.35
1.4 4.5 2.60
1.6 3.8 2.20
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4.2. Analysis of Influence of Initial Permeability on Effective Extraction Radius

To study the influence of initial permeability on the effective extraction radius, initial
permeabilities of 3.0 × 10−17 m2, 4.0 × 10−17 m2, 5.0 × 10−17 m2, and 5.5 × 10−17 m2 were
selected, and borehole spacing of 2.5–7.5 m was chosen. The initial gas pressure is 1.4 MPa,
the buried depth is 600 m, and other parameters are shown in Table 2.

Figure 12 shows the evolution of extraction parameters with time for initial permeabil-
ity. Figure 13 shows the gas isobaric surface shape after 120 days of extraction for the No. 3
seam. When the permeability is 5.0 × 10−17 m2 and the borehole spacing is 5.5 m, there
is a blank zone in the gas extraction area. However, when the gas pressure is 5.0 × 10−17

m2 and the borehole spacing is 4.5 m, the shape of the gas pressure equivalent surface is
an in-hexagon.
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Table 5 is available from Figures 12 and 13. Table 5 shows the volume of extraction
space, relative gas emission, average cost rate, and gas isobaric surface shape after 120 days
of extraction. Considering all the indexes, when the initial permeability is 3.0 × 10−17 m2,
4.0 × 10−17 m2, 5.0 × 10−17 m2, and 5.5 × 10−17 m2, the reasonable borehole spacing is 3.5,
4.0, 4.5, and 5.0 m, respectively.
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Table 5. Data parameters of gas extraction under different initial permeability.

Permeability/m2 Borehole
Spacing/m Space Volume/m3 Relative Gas

Emission/m3/t Cost Rate The Shape of
Isopleth Surface

3.0 × 10−17
4.5 107.3 10.47 0.58 blank zone
3.5 197.6 5.36 1.59 -
2.5 139.9 6.88 2.49 -

4.0 × 10−17
5.0 173.4 8.19 0.61 blank zone
4.0 260.0 5.19 1.38 -
3.0 194.9 6.48 2.17 -

5.0 × 10−17
5.5 324.9 5.16 0.69 blank zone
4.5 340.5 4.75 1.30 -
3.5 265.2 5.74 1.99 -

5.5 × 10−17
6.0 345.8 5.21 0.63 blank zone
5.0 420.0 4.17 1.21 -
4.0 325.8 5.17 1.75 -

The effective extraction radius is inversely calculated according to Formula (11).
Table 6 shows the effective extraction radius for different initial permeabilities. The fitted
curve between the gas extraction radius and the initial permeability is shown in Figure 14. It
can be seen from Figure 14 that there is a power function relationship between the effective
gas extraction radius and the initial permeability, and the effective gas extraction radius
increases as the initial permeability increases. This is due to the large permeability of the
coal seam, which facilitates the transport of gas in the extraction of a negative pressure state
and is conducive to gas extraction. Therefore, in the process of gas extraction, borehole
spacing should be arranged reasonably according to the initial permeability to achieve the
best gas extraction effect.
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Table 6. The effective extraction radius for different initial permeabilities.

Time/D Permeability/m2 Borehole
Spacing/m

Effective Gas
Extraction Radius/m Fitting Relationship Correlation

Coefficient

90

3.0 × 10−17 4.2 2.43

R = 1.0553× 109k0.532 0.955
4.0 × 10−17 3.8 2.19
5.0 × 10−17 3.5 2.02
5.5 × 10−17 3.0 1.73

120

3.0 × 10−17 3.5 2.02

R = 7.31× 109k0.579 0.957
4.0 × 10−17 4.0 2.31
5.0 × 10−17 4.5 2.60
5.5 × 10−17 5.0 2.89

150

3.0 × 10−17 5.5 3.17

R = 1.25069× 1010k0.591 0.953
4.0 × 10−17 5.0 2.89
5.0 × 10−17 4.5 2.60
5.5 × 10−17 3.8 2.19
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4.3. Analysis of Influence of Burial Depth on Effective Extraction Radius

To study the influence of burial depth on the effective extraction radius, burial depths
of 400 m, 450 m, 500 m, and 550 m were selected, and borehole spacing of 1.0–6.0 m was
chosen. The initial gas pressure is 1.4 MPa, the initial permeability is 4 × 10−17 m2, and
other parameters are shown in Table 2. The following rules can be obtained from previous
studies. There is a linear relationship between gas pressure and burial depth. The greater the
burial depth of the coal seam, the higher the gas pressure. There is a negative exponential
relationship between permeability and burial depth. The greater the burial depth of the
coal seam, the lower the permeability of the coal seam. Through geological exploration,
the following rules can be obtained. There is a linear relationship between coal seam gas
pressure and buried depth: P = 0.0042H − 0.48, and a negative exponential relationship
between permeability and buried depth: k = 1.65× 10−16e−0.00286H . The relationship is
coupled with the COMSOL numerical simulation software to study the influence of buried
depth on the effective extraction radius.

Figure 15 shows the evolution of extraction parameters with the time for burial depth.
Figure 16 shows the gas isobaric surface shape after 120 days of extraction for the No. 3
seam. When the burial depth is 400 m and the borehole spacing is 6.0 m, there is a blank
zone in the gas extraction area. However, when the gas pressure is 400 m and the borehole
spacing is 5.3 m, the shape of the gas pressure equivalent surface is an in-hexagon.
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Figure 16. The gas isobaric surface shape at different buried depths (t = 120 D).

Table 7 is available from Figures 15 and 16. Table 7 shows the volume of extraction
space, relative gas emission, average cost rate, and gas isobaric surface shape after 120 days
of extraction. Considering all the indexes, when the burial depth is 400 m, 450 m, 500 m,
and 550 m, the reasonable borehole spacing is 5.3, 4.0, 2.8, and 2.3 m, respectively.
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Table 7. Data parameters of gas extraction under different buried depths.

Burial Depth/m Borehole
Spacing/m Space Volume/m3 Relative Gas

Emission/m3/t
Cost Rate

yuan/t
Shape of Isopleth

Surface

400
6.0 510.1 2.76 1.42 blank zone
5.3 501.4 2.77 2.18 -
4.8 463.5 2.84 2.91 -

450
4.8 242.2 5.56 0.77 blank zone
4.0 266.1 5.03 1.45 -
3.3 218.7 5.92 1.98 -

500
3.3 150.1 8.69 0.79 blank zone
2.8 136.1 9.28 1.16 -
2.3 108.4 10.98 1.47 -

550
2.8 84.9 14.96 0.45 blank zone
2.3 85.2 14.06 0.81 -
1.8 64.3 17.57 1.08 -

The effective extraction radius is inversely calculated according to Formula (11).
Table 8 shows the effective extraction radius for different burial depths. The fitted curve
between the gas extraction radius and the burial depth is shown in Figure 17. It can be seen
from Figure 17 that there is a negative exponential relationship between the effective gas
extraction radius and the burial depth, and the effective gas extraction radius decreases
as the burial depth increases. This is due to the fact that the greater the depth of the coal
seam, the higher the gas pressure and the lower the coal seam permeability, which will
cause the effective gas extraction radius to decrease. The response surface of coal seam
burial depth and extraction time has the largest distortion degree, which indicates that the
interaction effect of those two parameters on extraction radius is significant. In the process
of gas extraction, borehole spacing should be arranged reasonably according to the burial
depth to achieve the best gas extraction effect.

Table 8. The effective extraction radius for different burial depths.

Time/D Burial Depth/m Borehole
Spacing/m

Effective Gas
Extraction Radius/m Fitting Relationship Correlation

Coefficient

90

400 4.8 2.77

R = 31.843e−0.00612H 0.994
450 3.5 2.02
500 2.5 1.44
550 2.0 1.15

120

400 5.3 3.06

R = 31.923e−0.00586H 0.991
450 4.0 2.31
500 2.8 1.62
550 2.3 1.33

150

400 6.0 3.46

R = 36.506e−0.00589H 0.999
450 4.5 2.60
500 3.3 1.90
550 2.5 1.44



Sustainability 2023, 15, 12711 19 of 22

Sustainability 2023, 15, x FOR PEER REVIEW 20 of 23 
 

The effective extraction radius is inversely calculated according to Formula (11). Ta-
ble 8 shows the effective extraction radius for different burial depths. The fitted curve be-
tween the gas extraction radius and the burial depth is shown in Figure 17. It can be seen 
from Figure 17 that there is a negative exponential relationship between the effective gas 
extraction radius and the burial depth, and the effective gas extraction radius decreases as 
the burial depth increases. This is due to the fact that the greater the depth of the coal 
seam, the higher the gas pressure and the lower the coal seam permeability, which will 
cause the effective gas extraction radius to decrease. The response surface of coal seam 
burial depth and extraction time has the largest distortion degree, which indicates that the 
interaction effect of those two parameters on extraction radius is significant. In the process 
of gas extraction, borehole spacing should be arranged reasonably according to the burial 
depth to achieve the best gas extraction effect. 

Table 8. The effective extraction radius for different burial depths. 

Time/D Burial Depth/m Borehole Spacing/m 
Effective Gas Extraction 

Radius/m Fitting Relationship 
Correlation 
Coefficient 

90 

400 4.8 2.77 𝑅 = 31.843𝑒ି଴.଴଴଺ଵଶு 0.994 
450 3.5 2.02 
500 2.5 1.44 
550 2.0 1.15 

120 

400 5.3 3.06 𝑅 = 31.923𝑒ି଴.଴଴ହ଼଺ு 0.991 
450 4.0 2.31 
500 2.8 1.62 
550 2.3 1.33 

150 

400 6.0 3.46 𝑅 = 36.506𝑒ି଴.଴଴ହ଼ଽு 0.999 450 4.5 2.60 
500 3.3 1.90 
550 2.5 1.44 

 

 

400 440 480 520 560

1.0

1.5

2.0

2.5

3.0

3.5
 t=90   raw data     t=90   fitting curve
 t=120 raw data     t=120 fitting curve
 t=150 raw data     t=150 fitting curve

Ef
fe

ct
iv

e 
ga

s 
ex

tra
ct

io
n 

ra
di

us
/m

burial depth/m  

Figure 17. The fitted curve between the gas extraction radius and the burial depth. 

4.4. Graded Co-Mining Model for Gas Extraction 
The simulation results show that the geological factors (initial gas pressure, initial 

permeability, and buried depth) have a great influence on the effective extraction radius. 
The parameters of borehole layout should be reasonably selected according to the geolog-
ical conditions and regional characteristics of coal seam gas. According to the quantitative 
relationship between effective extraction radius and geological factors, the time-zoning 
layout is carried out. 

Figure 18 shows the time-partition prediction model of gas extraction under different 
buried depths, which mainly includes the following processes: 

Figure 17. The fitted curve between the gas extraction radius and the burial depth.

4.4. Graded Co-Mining Model for Gas Extraction

The simulation results show that the geological factors (initial gas pressure, initial
permeability, and buried depth) have a great influence on the effective extraction radius.
The parameters of borehole layout should be reasonably selected according to the geological
conditions and regional characteristics of coal seam gas. According to the quantitative
relationship between effective extraction radius and geological factors, the time-zoning
layout is carried out.

Figure 18 shows the time-partition prediction model of gas extraction under different
buried depths, which mainly includes the following processes:

(1) Gas geological exploration. Combined with the characteristics of gas occurrence, the
gas geological units are graded to form different levels of extraction areas.

(2) Preferred parameter selection for the target area borehole layout. Based on four
evaluation indexes of effective extraction space volume, relative gas emission, cost
rate, and gas isobaric surface shape, the relationship between borehole spacing and
initial gas pressure, permeability, and buried depth is quantitatively matched at
different extraction times.

(3) Inversion of effective extraction radius. Based on the reasonable spacing of the in-
hexagon, the functional relationship between the effective extraction radius and the
geological factors at different extraction times is fitted. In addition, the effective
extraction radius prediction model diagram is drawn.

(4) Graded co-mining model for gas extraction. Based on the prediction model diagram of
the effective extraction radius of gas extraction, the graded co-mining model diagram
is designed. Where (120, 2.25, 1.95) means that when the area is expected to extract
120 days, the borehole spacing along the coal seam strike is 2.25 m, and that along the
dip is 1.95 m.
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5. Conclusions

Based on the hexagonal borehole layout model in the circle, the relationship between
gas geology and effective extraction radius was studied by numerical simulation. The main
conclusions are as follows:

(1) Based on the two evaluation indexes of borehole number and area redundancy rate,
the optimal implementation scheme of the in-hexagon borehole layout is selected;
that is, when the effective extraction radius is R, the borehole spacing along the coal
seam strike is

√
3R, and that along the dip is 1.5R.

(2) Based on the four evaluation indexes of effective extraction space volume, relative
gas emission, cost rate, and gas isobaric surface shape, the relationship between
borehole spacing and initial gas pressure, permeability, and burial depth is matched
quantitatively. The smaller the borehole spacing is, the smaller the peak relative gas
emission is and the shorter the time required to reach the peak, but the longer the gas
extraction depletion period is, the higher the gas management cost rate is.

(3) The effective radius of gas extraction decreases with the initial gas pressure and
buried depth and increases with the initial permeability. The effective extraction
radius and initial gas pressure have a linear relationship R = aP + b, the effective
extraction radius and initial permeability have a power function relationship R = akb,
and the effective extraction radius and burial depth have a negative exponential
relationship R = ae−bH.

(4) The response surface interaction model was used to analyze the primary and sec-
ondary order of the three factors based on the simulation results of the effective
extraction radius. It was found that the burial depth had the strongest influence on
the effective radius of gas extraction, followed by the initial gas pressure and the
initial permeability.

(5) Based on the effective extraction radius as a function of gas geology, the precise
borehole layout mode of gas extraction is proposed, which can provide a reference for
the construction design of underground gas drilling in coal mines. This will provide
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a technical guarantee for the efficient mining of gas and promote the sustainable
development of gas resources.

In order to efficiently extract gas resources, the next work will carry out the field
application of the precise layout mode of gas extraction boreholes, which will improve the
utilization of clean energy such as gas.
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