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In order to analyze the influence degree of different factors on gas extraction radius, on the basis of coal seam gas flow theory and
elastic mechanics, considering the influence of coal seepage rate change on gas flow, the COMSOL Multiphysics numerical
simulation software is secondarily developed by using the stress-seepage coupling mathematical model of coal and rock con-
taining gas. Taking coal seam No.2 of Juji Coal Mine as an example, the effective extraction radius under different extraction
negative pressure, extraction borehole diameter, extraction time, and initial permeability of coal seam are simulated, respectively.
,en, the orthogonal test method is used to design different calculation schemes, and the effective extraction radius is used as the
judgment index. ,e simulation software is used to calculate the effective extraction radius corresponding to different influencing
factors. SPSS statistical software is used to analyze the parameters. ,e multivariate linear regression equation of the influencing
factors of the effective extraction radius is obtained, and the multivariate linear regression model is established. ,e results show
that the negative pressure of extraction has little effect on the effective extraction radius; the effective extraction radius gradually
expands with the increase of extraction time and extraction aperture, but it has certain timeliness. ,e initial permeability of the
coal seam has a great influence on the effective extraction radius.,e influence degree of different influencing factors from large to
small is the initial permeability of coal seam, extraction time, borehole diameter, and extraction negative pressure. ,erefore, the
key to improving the effectiveness of gas extraction is to increase the initial permeability of the coal seam before preextraction,
ensure sufficient extraction time, appropriately increase the borehole diameter, and improve the negative pressure of extraction.
Finally, the gas flow rate is used for a field test, and the measured results are basically consistent with the simulation results, which
proves the correctness of themathematical model of gas-containing coal and the feasibility of using numerical simulationmethods
to study the effective extraction radius of coal seams.

1. Introduction

For outburst mines, preextraction of coal seam gas is a very
important outburst prevention measure. In the design of gas
extraction, effective extraction radius is an important pa-
rameter of the measure, which is directly related to the
design of preextraction borehole spacing and affects the
effect of gas extraction. If the distance between the gas
extraction holes is too small, the construction volume of the
gas extraction holes will inevitably increase; if the distance
between the gas extraction holes is too large, it will leave a
blank area for gas extraction, increase the gas extraction
time, and affect the extraction effect and recovery speed. ,e

poor effect of gas extraction may lead to the occurrence of
gas disasters.

Gas migration in a coal seam is a very complex gas-solid
coupling dynamic problem. In the process of mining, with
the decrease of pore pressure, the effective stress of coal
increases, which will inevitably lead to changes in porosity,
permeability, and other parameters of coal. At present, the
research on gas extraction radius mostly adopts numerical
simulation, which is more accurate and saves manpower and
material resources than the field test method. However, most
of these studies focus on gas pressure, gas extraction volume,
and hole layout, and there are few studies on the influencing
factors of effective extraction radius. ,erefore, in the study
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of the influencing factors of effective gas extraction radius by
using numerical simulation software, the establishment of a
gas-solid coupling model and its accuracy are particularly
important [1, 2].

In recent years, many domestic and foreign experts and
scholars have conducted a lot of research on the gas-solid
coupling model of gas-bearing coal and the factors affecting
the effective extraction radius and have achieved rich results.
Liang et al. established a coupled seepage model for gas
extraction based on the comprehensive consideration of the
deformation characteristics of coal rock skeleton and the
adsorption and desorption characteristics of gas in coal
porous media [3]. Zhao et al. derived the gas seepage
equation according to the mass conservation equation and
ideal gas state equation. Darcy’s law simulated the change of
coal seam gas content with time and analyzed the rela-
tionship between gas flow and time [4]. Liu et al. established
a physical field fluid-solid coupling model considering the
Klinkenberg effect, effective stress, and absorption shrinkage
and studied the evolution law of permeability and porosity
around the borehole [5]. Hao et al. established a fluid-solid
coupling model considering the creep effect of coal and
determined the effective extraction radius of boreholes with
different depths [6]. Yin et al. established the compressible
gas-solid coupling model of skeleton deformable gas and
simulated the gas extraction under excavation [7]. Wang
et al. established a dynamic change model of coal seam
permeability considering effective stress change, gas de-
sorption, and coal matrix shrinkage effect [8]. Cheng et al.
established a physical model considering diffusion move-
ment and Darcy flow and studied the change of gas pressure
at the measuring points of two borehole centers [9]. Liu et al.
simulated the distribution of gas pressure under different
adsorption times and the influence of the Klinkenberg effect
on gas extraction [10]. Guo et al. obtained the influence of
negative pressure, extraction time, and borehole radius on
effective extraction radius by using numerical simulation
method and proposed the concept of pressure difference
improvement ratio to compare and analyze the negative
pressure and gas pressure [11]. Wang et al. measured the gas
pressure, gas content, drilling cuttings gas desorption index,
and gas flow rate in the bedding boreholes on-site, using a
combination of direct and indirect measurement methods to
determine the effective drainage radius of the bedding
borehole [12]. According to Cheng et al., based on the gas-
solid coupling model of gas extraction by borehole along the
seam, the influencing factors of effective radius are analyzed
from two aspects of coal seam occurrence parameters and
extraction parameters [13].

In this paper, based on the comprehensive consideration
of coal skeleton deformation, coal pore pressure, and ad-
sorption expansion force during gas extraction, the stress-
seepage gas-solid coupling model during gas extraction is
used, and the drilling model is established in the numerical
software COMSOL Multiphysics to simulate the gas ex-
traction of coal seam No.2 in Juji Coal Mine. ,e effects of
negative pressure, extraction aperture, extraction time, and
initial permeability of coal on the effective extraction radius
are studied. ,en, the orthogonal test analysis was carried

out on multiple factors affecting the effective gas extraction
radius, and the effective gas extraction radius was used as the
judgment index to obtain the influence degree of each factor.
Finally, the multivariate linear regression analysis of each
factor was carried out by using the statistical analysis
software SPSS, and the regression equation of each factor
was obtained. ,e multivariate linear regression equation of
the effective gas extraction radius was established. ,e ef-
fective gas extraction radius of the borehole was measured by
using the gas flow method in the mining area of the lower
drainage roadway of Juji Coal Mine 2616 so as to verify the
correctness of the coupling model of coal rock containing
gas and the feasibility of using COMSOL software to sim-
ulate the effective gas extraction radius of coal seam drilling.

2. Establishment of Gas-Solid Coupling
Mathematical Model of Gas Flow

2.1. Gas Seepage Field Equation. Because the gas flow in
porous media conforms to the law of mass conservation of
gas phase [14], the mass difference between inflow and
outflow of the control volume is equal to the mass change of
control volume in unit time. ,e continuity equation of gas
flow is as follows:

zQ

zt
+▽(ρV) � 0. (1)

In the formula: Q is the gas mass per unit volume of gas-
containing coal, kg/m3; t is time, s; ρ is coal seam gas density,
kg/m3; V is gas seepage velocity, m/s.

Gas in coal seam exists in a free state and adsorption
state. ,e free gas conforms to the ideal gas state equation,
and the adsorbed gas satisfies the Langmuir isothermal
adsorption equation. According to the coal seam gas content
equation and effective stress equation, coal seam gas flow
equation can be obtained:
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In the formula: ß is the compressibility factor of coal
seam gas, kg/(m3·Pa); p is gas pressure, Pa; φ is coal porosity;
a is the limit adsorption capacity per unit mass of coal, m3/
kg; b is coal. ,e adsorption constant, MPa−1;ｃis the mass
of combustibles per unit volume of coal, kg/m3; pn is the gas
pressure under standard conditions, Pa; k is the coal per-
meability, m2; μis the dynamic viscosity of the gas, Pa·s; m is
the Klinkenberg coefficient, Pa.

2.2. Gas Permeability Model. Permeability is an important
index of the difficulty of gas flow in coal seam [15], and it is
also an important parameter of gas drainage. Coal con-
taining gas is a porous medium. In the process of gas ex-
traction, the decrease of pore pressure of coal, the desorption
effect of coal matrix, and the change of effective stress will
affect the change of permeability. ,e porosity equation can
be obtained by considering the influence of gas pressure, gas
desorption, and volumetric strain of coal in the stress field.
According to the Kozeny–Carman equation, the relationship
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between porosity and permeability can be obtained, and
then the coal permeability equation can be obtained:
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In the formula: k0 is initial permeability of coal, m2; εv is
the volumetric strain of coal mass; φ0 is the initial porosity of
coal; Δp is the change of gas pressure, Pa; ks is the bulk
modulus of coal, Pa; ρs is the apparent density of coal, kg/m3;
R is a Prussian gas constant, J/(kg·K); T is the coal tem-
perature, K; Vm is gas molar volume, m3/mol; p0 is the initial
gas pressure, Pa.

2.3. Coal Deformation Control Equation. In the process of
coal seam gas extraction, desorption seepage occurs when
coal adsorbs gas, and the pressure in the pores decreases,
resulting in deformation under the stress of overlying strata.
It is generally believed that the deformation of coal is affected
by the combined action of ground stress, gas pressure, and
expansion stress caused by gas adsorption expansion. Based
on Wu’s calculation formula of coal swelling stress, Guo’s
expression form of coal volumetric strain tensor, effective
stress balance formula of gas-bearing coal, and generalized
Hooke’s law in the online elastic deformation stage of coal
deformation, the control equation of coal deformation can
be deduced.
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In the formula:G is the shear modulus, GPa; ui and uj are
displacement components in horizontal and vertical di-
rections, m; υ is the Poisson’s ratio of gas-containing coal
rock; α is Biot coefficient; p′ is gas pressure component, Pa; F
is body stress, N/m3.

Equations (3) and (4) together constitute the stress-
seepage coupling model of gas-bearing coal rock.

3. Simulation Study on Variation Law of
Effective Extraction Radius

Among all the parameters related to boreholes [14–16], the
controllable factors include extraction time, borehole di-
ameter, and extraction negative pressure. At the same time,
the initial permeability of coal seam can be changed by
pressure relief and permeability enhancement measures.
,ese controllable factors will affect the size of the effective
extraction radius. In this section, with the help of the gas-
solid coupling mathematical model of gas flow established
above, the multiphysical field coupling simulation software
COMSOLMultiphysics is secondarily developed to simulate
the influence of various controllable factors on the effective
extraction radius, determine the change rule of effective
extraction radius, and put forward the corresponding ex-
planation, in order to provide a reference for the selection of
field drilling construction scheme [16–18].

Based on the relevant physical and mechanical param-
eters of coal seam No.2 in Juji Coal Mine (the parameters
needed for calculation are shown in Table 1), a numerical
model with length×width� 40m× 2m is established, and
the borehole is simplified to circles with different diameters,
as shown in Figure 1.

According to the Interim Provisions of Coal Mine Gas
Extraction standard, 0.74MPa can be used to determine
whether the coal seam gas pressure is up to standard. In
addition, it is pointed out in Article 190 of coal Mine Safety
Regulations that after the implementation of predrainage of
coal seam gas, the prominent prevention, and control effect
of predrainage of gas must be tested, and the gas content
after extraction is less than 30% of that before extraction.
,erefore, in this paper, the residual gas pressure of the coal
seam is lower than 0.74MPa or the extraction rate of 30% is
defined as the standard extraction area, and the radius of this
area is called the effective extraction radius.

,e initial condition of the model is set: when T� 0, the
original gas pressure of the coal seam is 1.41MPa. Boundary
conditions: coal seam boundary is set to the second kind of
boundary conditions, namely the gas flux of the coal
boundary is 0; the borehole boundary is set to the first
boundary condition, which is the extraction negative
pressure.

3.1. Influence of Negative Pressure on Effective Gas Extraction
Radius. In order to study the variation of gas drainage
radius of gas drainage borehole under different negative
pressure conditions, the borehole diameter is 94mm, the
initial permeability is 4.4×10−17m2, and the extraction
negative pressure of the hole borehole is set to be 8 kPa,
13 kPa, 18 kPa, 23 kPa, 27 kPa, and 30 kPa. ,e variation of
the pressure relief range of the gas pressure and the effective
gas extraction radius of different extraction negative pres-
sures at the same time are analyzed with the increase of the
extraction negative pressure.

It can be seen from Figure 2 that with the increase of
extraction negative pressure, the range of gas pressure relief
increases, but the increase is small. When the gas extraction
time is 60 days, the distribution of gas pressure is shown in
Figure 3. When the gas pressure is greater than 0.2MPa and
0.1MPa, respectively, the gas pressure distribution curve
changes little with the extraction negative pressure, and
there are only near 1m from the borehole center.

,e variation of effective extraction radius with time
under different extraction negative pressures is shown in
Figure 4, and each curve is almost coincident, indicating that
under different extraction negative pressures, after the same
extraction time, the effective extraction radius has almost no
change. ,e borehole gas drainage mainly uses the pressure
difference between the gas pressure in the coal body and the
negative pressure in the borehole so as to drive the gas in the
coal seam to flow into the borehole. ,e variation range of
the negative pressure is very small compared with the gas
pressure in the coal seam itself. ,erefore, the pressure
difference between the negative pressure in the borehole and
the gas pressure in the coal seam is maintained at a relatively
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Table 1: Physical parameters of the model.

Parameter Numerical value Parameter units
Density of coal, ρs 1.47×103 Kg·m−3

Initial porosity of coal, φ0 5.06 %
Initial gas pressure of coal, P0 1.4 MPa
Temperature, T 293.14 K
Poisson’s ratio of coal, υ 0.37 —
Gas dynamic viscosity, μ 1.21× 105 Pa·s
Maximum adsorption capacity per unit mass of coal, a 28.327 m3·kg−1

Adsorption constant, b 0.793 MPa−1

40 m

2 m

Figure 1: Geometric model.
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Figure 2: Cloud diagram of the influence range of different extraction negative pressure changes.
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after 60d of drainage.
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Figure 4: ,e variation of effective gas extraction radius with time
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stable level. In summary, the change of extraction negative
pressure has little effect on the effective extraction radius of
the borehole.

3.2. Influence of BoreholeDiameter onEffectiveGasExtraction
Radius. In order to study the effect of different borehole
diameters on the effective extraction radius [19–22], the
extraction negative pressure was set to be 18 kPa, and the
initial permeability was 4.4×10−17m2. ,e borehole diam-
eters were selected as 75mm, 94mm, 113mm, 130mm,
150mm, 300mm, and 600mm, respectively.

It can be seen from Figure 5 that when the borehole
diameter is 75mm-150mm, as the borehole diameter in-
creases, the slope of the relationship between the effective
drainage radius and the drainage time becomes larger. ,is
shows that as the borehole diameter increases, the effective
drainage radius increases, and the longer the drainage time,
the greater the increase. For example, when the drainage
time is 30 days, the effective drainage radius of the 94mm
borehole is 0.04m larger than that of the 75mm borehole.
When the time is 180d, the difference increases to 0.08m.
However, when the diameter of the drainage borehole is
larger than 150mm, the increase rate of the effective
drainage radius slows down significantly [23, 24]. As can be
seen from the displacement cloud diagram in Figure 6, as the
borehole diameter increases, the displacement around the
borehole also increases, especially when the borehole di-
ameter reaches 300mm, 600mm; the drainage hole has
already occurred. ,erefore, it is concluded that when the
hole diameter is smaller, the effective extraction radius in-
creases with the increase of the hole diameter, but the hole
diameter is not as large as possible. As the hole diameter
increases, the shape of the hole is prone to deformation,
collapse, and cracking, etc., which leads to very demanding
requirements for the sealing material and sealing technology
of the superlarge borehole, which makes it difficult to ef-
fectively increase the effective extraction radius.

3.3. Influence of Extraction Time on Effective Gas Extraction
Radius. In order to study the relationship between the
extraction time and the effective extraction radius, the fixed
extraction borehole diameter is 94mm, the extraction
negative pressure is 18 kPa, and the initial coal seam per-
meability is 4.4×10−17m2.,e simulation solution calculates
the extraction time of the borehole.,e relationship with the
effective drainage radius of the borehole is shown in
Figure 7.

Taking coal body gas pressure 0.74MPa as the critical gas
pressure drainage standard value, its corresponding drain-
age range is the effective gas drainage range, and its location
is the effective drainage radius. From Figure 7, the effective
drainage radius at different times is shown in Table 2.

Figure 7 shows the distribution of gas pressure at
different extraction times [18]. When the extraction time is
constant, the farther away from the borehole center, the
weaker the increasing trend of gas pressure. In the early
stage of gas drainage, the gas pressure changed signifi-
cantly, and the decreasing trend gradually weakened with

the increase of the drainage time. ,is is because the
amount of gas in the borehole is relatively large at the
beginning of the drainage, but with the increase of the
drainage time, the permeability of the coal body continues
to decrease, and the rate of decrease gradually decreases.
,e gas pressure in the coal seam continues to decrease,
and the coal body is effectively affected. ,e increase in
stress causes the coal body to be compressed, and the pores
in the coal body gradually close, resulting in a gradual
decrease in gas pressure change, and the gas drainage
volume in boreholes also tends to stabilize.

3.4. Influence of Initial Permeability on Effective Gas Ex-
traction Radius. In the process of gas extraction, the de-
crease of pore pressure of coal [25, 27], the desorption effect
of coal matrix, and the change of effective stress will lead to
the continuous change of coal permeability.,e relationship
between the two is a typical grey system, which is difficult to
quantitatively study. ,erefore, this paper studies the in-
fluence of initial permeability on effective drainage radius
from the initial permeability of coal seam before pumping
without drilling. In order to study the effect of initial per-
meability on the effective gas extraction radius, the negative
pressure of extraction was set to 18 kPa and the aperture was
set to 94mm.,e initial permeability of different coal seams
was set to 2.4×10−17m2, 4.4×10−17m2, 6.4×10−17m2,
8.4×10−17m2, and 1.04×10−16m2, respectively. ,e varia-
tion law of effective extraction radius of borehole gas ex-
traction under different initial permeability of coal seams
was studied. ,e variation of effective gas extraction radius
with time under different initial permeability conditions is
shown in Figure 8.

,e effective extraction radius of the five initial coal seam
permeability conditions in Figure 8 is compared. ,e ef-
fective extraction radius of the extraction time of
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Figure 5: ,e variation of effective radius with extraction time
under different apertures.
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20,60,100,140,180 d is 0.21 ∼ 1.05,0.4 ∼ 0.88,0.43 ∼ 1.38,0.54
∼ 1.81,0.62 ∼ 2.2m, respectively. It can be concluded that the
effective extraction radius of borehole gas extraction in-
creases with the increase of the initial permeability of the
coal seam.,e increase of extraction radius with the increase
of permeability will increase with the extension of extraction
time, so the initial permeability of the coal seam has a great
influence on the effective extraction radius. ,e effect of
increasing the initial permeability of coal seam to improve
the effective extraction radius is relatively obvious.

In summary, it can be concluded that the extraction
negative pressure has little effect on the effective gas ex-
traction radius; when the hole diameter is small, the

effective extraction radius increases with the increase of the
hole diameter, but the hole diameter is not the larger the
better [28, 29]. When the hole is too large, the effective
extraction radius changes little, and the displacement
around the hole increases significantly. Under ideal con-
ditions, the longer the extraction time, the larger the ef-
fective extraction radius; the effective extraction radius
increases with the increase of initial permeability of coal
seam, and the increased amplitude and effect are obvious.
After obtaining the qualitative relationship between the
influencing factors and the effective drainage radius, in
order to further study the quantitative relationship between
these influencing factors, this paper conducts orthogonal
experimental analysis on the four factors of negative
pressure of drilling, drainage time, borehole diameter, and
initial permeability of coal seam.

Table 2: Effective extraction radius of different extraction time.

Extraction time (d) 20 60 100 140 180
Effective gas extraction radius (m) 1.24 1.67 2.09 2.48 2.97
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Figure 8: Variation of effective drainage radius with time under
different initial permeability.
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4. Design and Results of Orthogonal
Test Scheme

,e effective gas extraction radius of the borehole is an
important basis for selecting extraction methods and de-
termining borehole layout parameters [30]. ,ere are many
factors affecting the effective gas extraction radius, but the
size of the effective gas extraction radius is mainly related to
the factors such as borehole diameter, extraction time, initial
permeability, and extraction negative pressure. Many
scholars only study the interaction between each factor and
the effective drainage radius alone. In the underground field,
the effective gas extraction radius is affected by the com-
prehensive effect of borehole diameter, permeability, ex-
traction time, gas pressure, and other factors. In order to
analyze the comprehensive effect of multiple factors, an
orthogonal test was designed. Taking the effective extraction
radius as the judgment index, the influence degree of each
factor is obtained.

Orthogonal experimental design is a design method to
arrange and analyze multifactor experiments by orthogonal
table. According to the test purpose, the effective radius of
extraction is determined as the test index. According to the
coal seam situation in the mining area and the actual sit-
uation on-site, the level of each factor is determined. Finally,
the L16(44) orthogonal table is selected for the test. ,e levels
of orthogonal test factors are shown in Table 3, orthogonal
test program and results are shown in Table 4. In Table 4, the
test number is not the test sequence. In order to eliminate the
error interference, the test arrangement can be carried out
randomly.

In general, without considering the interaction between
factors, the greater the change of the level of each influencing
factor is, the greater the influence of this factor is. ,e in-
fluence degree of each factor can be obtained through range
analysis. Rj represents the range of test indexes of each
scheme in Column j. kij represents the effective extraction
radius of the scheme in Column j of row i.

Rj � max k1j, k2j, k3j, k4j, k5j  − min k1j, k2j, k3j, k4j, k5j . (5)

It can be seen from Table 5 that after calculating the
influencing factors of effective gas extraction radius, the
difference in the influence degree of each influencing factor
is very small.,e range analysis of the experimental results is
carried out. In the experimental range, it can be obtained
from the range R value that the order of the influencing
factors of effective gas extraction radius is drainage time-
> initial permeability of coal seam> hole diameter-
> extraction negative pressure. However, there may be an
interaction between factors in orthogonal tests, or other
factors which have important influence on test results may

be ignored. ,erefore, in order to get more accurate and
reasonable conclusions, the method of multiple linear re-
gression analysis is proposed, and the regression coefficients
of each influencing factor are analyzed.

5. Establishment of Multiple Linear Regression
Prediction Model by SPSS Software

5.1. Establishment of Regression Model. ,e multiple linear
regression equation is established to describe the linear
relationship between the dependent variable and multiple
independent variables, and the model is shown in the
equation:

Y � b0 + b1x1 + b2x2 + b3x3 + b4x4 + · · · + bjxj + ε. (6)

In the formula, Y is the dependent variable representing
the effective gas extraction radius; x1,x2,x3,x4. . .,xj are j
controllable and measurable independent variables; b0is the
regression constant; b1,b2,. . ., bj are regression coefficients; ε
is a random variable.

In this study, the multivariate linear regression analysis
method was used to analyze the orthogonal test data and
establish the regression model. ,e multivariate linear re-
gression equation, regression coefficient, and goodness of fit
were tested to determine whether the parameters were
significantly indigenous or not, and the regression diagnosis
was carried out on the premise assumptions of the regression
model, including residual analysis, autocorrelation analysis,
and multiple collinearity analysis. Finally, in the range of
sample data, according to one or several variables, the fitted
mathematical expression is predicted, another variable is
controlled, and the accuracy of prediction and control is
tested.

5.2. Regression Model Analysis. ,e mathematical statistical
analysis software SPSS (Statistical Package for the Social
Science) was used to incorporate the data and results into
SPSS to process and study the effective extraction radius data
and establish a multiple linear regression model. Regression
model test includes three aspects: the multiple linear re-
gression equation, regression coefficient, goodness of fit test.
Table 6 shows the model summary, and the model summary
shows the approximate situation of model fitting.

(1) ,e goodness of fit (R2) refers to the fitting effect of
the regression equation on the sample observation
points, which is usually tested by the sample de-
termination coefficient. R2 is in the closed interval of
0 and 1. ,e closer its value is to 1, the better the
fitting effect; the closer to 0, the worse the fitting
effect. It can be seen from Table 6 that R2 � 0.846; it

Table 3: Level values of each factor.

Level Hole diameter (mm) Extraction negative pressure (MPa) Initial permeability of coal seam (×10−17m2) Extraction time (d)
1 75 8 2.4 20
2 94 13 4.4 60
3 113 18 6.4 100
4 130 23 8.4 140
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indicates that the established multiple regression
model can explain 82.2% of the predicted variables
(effective extraction radius).

(2) Autocorrelation analysis: when constructing the
regression equation, the phenomenon of autocor-
relation of random error terms sometimes occurs,
which will lead to inaccurate prediction and esti-
mation of the regression equation and a decrease in
prediction accuracy. ,is paper uses the D-W test
method to test the autocorrelation of the random
error term. According to the D. W judgment cri-
terion, 1.632 is in the interval of 0–5, so it is im-
possible to judge whether there is autocorrelation
between random error terms.

(3) Analysis of variance: Table 7 above is the test result of
the model significance F between the established
drainage aperture, drainage negative pressure, initial
coal permeability, drainage time, and effective

drainage radius. F� 15.102, the significance value is
0.000192, which is less than 0.005, indicating that the
regression model between drainage aperture, Ex-
traction negative pressure, Initial permeability of
coal seam, Extraction time, and effective drainage
radius is significant, that is, drainage aperture, Ex-
traction negative pressure, initial permeability of coal
seam, and Extraction time are the main factors that
affect the effective gas extraction radius.

(4) Estimation of the regression coefficient: the esti-
mation of the regression coefficient of the model is
shown in Table 8, so the multiple linear regression
equation is as follows:

Y � −0.621 + 0.003x1 + 0.001x2 − 0.096x3 − 0.006x4. (7)

Y is the dependent variable representing the effective
gas extraction radius; x1represents the effect of
borehole diameter on effective drainage radius; x2
represents the influence of negative pressure on
effective extraction radius; x3 represents the effect of
initial permeability on effective drainage radius; x4
represents the effect of extraction time on effective
extraction radius.

(5) Regression coefficient and explicitness test, and t-test
is the explicitness test of a single independent var-
iable. ,e significance column records the

Table 5: Analysis of orthogonal array test results.

Hole diameter (mm) Extraction negative pressure (MPa) Initial permeability of coal seam (×10−17m2) Extraction time (d)
Kj1 2.83 2.89 1.63 1.29
Kj2 2.19 2.57 2.22 2.09
Kj3 2.34 2.3 3 3.09
Kj4 3.43 3.03 3.94 4.32
k1 0.7075 0.9633 0.5433 0.43
k2 0.5475 0.8567 0.74 0.6967
k3 0.585 0.7667 1 1.03
k4 0.8575 1.01 1.3133 1.44
R 0.31 0.2433 0.77 1.01

Table 6: Summary of multivariate analysis modelsb.

Model R R2 Adjusted
R2

Standard estimation
error D-W

1 0.920a 0.846 0.790 0.18461 1.632
aPredictor variable: extraction time, initial permeability of coal seam, ex-
traction negative pressure, and hole diameter. bDependent variable: ef-
fective gas extraction radius.

Table 4: Numerical simulation scheme and results of the orthogonal experiment.

Plan Hole diameter
(mm)

Extraction negative
pressure (MPa)

Initial permeability of coal seam
(×10−17m2)

Extraction time
(d)

,e effective gas extraction radius
(m)

1 75 8 2.4 20 0.2
2 75 13 4.4 60 0.37
3 75 18 6.4 100 0.68
4 75 23 8.4 140 1.58
5 94 8 4.4 140 0.78
6 94 13 2.4 100 0.42
7 94 18 8.4 60 0.67
8 94 23 6.4 20 0.32
9 113 8 6.4 60 0.63
10 113 13 8.4 20 0.41
11 113 18 2.4 140 0.59
12 113 23 4.4 100 0.71
13 130 8 8.4 100 1.28
14 130 13 6.4 140 1.37
15 130 18 4.4 20 0.36
16 130 23 2.4 60 0.42
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significance values corresponding to each influenc-
ing factor of the effective extraction radius. Here, the
significant value of initial permeability and extrac-
tion time is less than 0.05, and the corresponding
significant value of other influencing factors is
greater than 0.05. ,erefore, it can be determined
that the extraction time has the greatest impact on
the effective extraction radius, followed by the initial
permeability.

(6) Variance expansion factor (VIF): this value is the
reciprocal of tolerance. ,e larger the value of VIF,
the more serious the collinearity problem. When
VIF> 10, there is a stronger collinearity problem.
,e VIF from the drainage aperture, drainage neg-
ative pressure, initial permeability, and drainage time
are all 1.000, so there is no collinearity between the
model independent variables.

(7) Residual error analysis: the purpose of the residual
analysis is to test and ensure the quality of the test
data and diagnose the regression effect. In regression
analysis, there will be a type of test values that are
outliers, which are far away from other values and
manifest as large residuals, which affect the effect of
regression equation fitting. It can be seen from
Table 9 that the standard residuals are <3, and the
standard predicted values are <3, indicating that the
observed data are not abnormal values and will not
affect the fitting effect of the regression equation.

(8) Scatter plot of regression residuals: the scatter plot of
the regression standardized residual is shown in
Figure 9. It can be seen from Figure 9 that the fitting
effect of the multiple linear regression equation is
good.

,erefore, the conclusion drawn through the analysis of
the multiple linear regression model is that there are 4 main
factors affecting the effective gas extraction radius of the end,
which are the extraction negative pressure, the hole diam-
eter, initial permeability of coal seam, and the extraction

time. Because the absolute value of the standard regression
coefficient reflects the size of the effective extraction radius,
the greater the absolute value, the greater the impact on
performance. It can be seen from the above table that the
degree of influence from large to small is the Initial per-
meability of coal seam, extraction time, hole diameter, and
extraction negative pressure. It can be considered that the
main influencing factors of the effective drainage radius are
the initial permeability of coal seam and extraction time.
Based on the above analysis, the increase of hole diameter
and extraction negative pressure has no obvious influence on
the effective radius. In practical work, the size of borehole
diameter and extraction negative pressure can be reasonably
selected according to the economic and engineering con-
ditions. With the increase of mining depth, the gas content
and gas pressure gradually increase, and the permeability of
the coal seam gradually decreases. In the same time, the
effective radius of gas extraction is getting smaller and
smaller, and the extraction standard is becoming more and
more difficult. It is necessary to take pressure relief and
permeability enhancement measures, such as mining pro-
tective layer, hydraulic cutting, and hydraulic fracturing, to
improve the permeability of coal seam so as to improve the
extraction effect, reduce the possibility of disasters and
ensure safe production.

6. Field Measurement Investigation of Effective
Extraction Radius

6.1. Field Test Plan. Juji Coal Mine is a coal and gas outburst
mine. At present, the mining coal seam is coal seam No.2,
which is located in the middle of the Shanxi Formation. ,e
thickness of the coal seam is 0.80 ∼ 8.86m, with an average of
2.60m.,e dip angle of the coal seam is near horizontal and
the structure is simple. According to the mining conditions
of the coal seam, the single strike longwall backward
comprehensive mechanized coal mining method is adopted.
All the caving method is used to manage the roof and the
whole mining height is once mined. ,e direct top is mostly

Table 7: Multivariate analysis model significance test tableb.

Model Sum of squares Degree of freedom Mean square F Significance
Return 2.059 4 0.515 15.102 0.000192b
Residual 0.375 11 0.034
Total 2.434 15
aDependent variable: effective gas extraction radius. bPredictor variable: extraction time, initial permeability of coal seam, extraction negative pressure, and
hole diameter.

Table 8: Multiple regression coefficient table.

Model
Nonstandardized

coefficient Standardization factor beta t Significance Tolerance VIF
B Standard error

Constant −0.621 0.302 −2.059 0.064
Hole diameter 0.003 0.002 0.133 1.123 0.286 1.000 1.000
Extraction negative pressure 0.001 0.008 0.011 0.091 0.929 1.000 1.000
Initial permeability of coal seam 0.096 0.021 0.553 4.669 0.001 1.000 1.000
Extraction time 0.006 0.001 0.723 6.111 0.000 1.000 1.000
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mudstone or sandy mudstone and siltstone, and various
sizes of sandstone can be seen locally. Coal seam floor is
mostly mudstone or sandy mudstone, siltstone.

,e test site was selected in 2616 Bottom Roadway, and
the flow test borehole is 20 m away from the drainage
borehole. ,en, according to the geological conditions of the
test site, parameter design is carried out on the drainage
borehole of the bottom drainage lane [31–33]. ,e specific
parameters are shown in Table 10 below. After the drilling is
completed, the diameter of the extraction hole is connected
to the extraction pipeline for extraction, the extraction
negative pressure is 18 kPa, a separate flowmeter is set, and
the concentration of the extraction gas is tested.

6.2. Measured Results of Effective Extraction Radius.
,rough the recording and processing of on-site drainage
data (Figure 10 shows the on-site construction), the borehole
measurement points of the 2616 Bottom Roadway are ob-
tained, and the gas drainage scalar changes with time are
shown in Figure 11.

6.3. Determination of Effective Drainage Radius by Flow
Method. Substituting the gas flow attenuation index equa-
tion qct � qc0e(−βt) into formulas (8)–(10) for the gas flow
rate attenuation index equation of a single borehole through

a cross-layer borehole, the extraction rate is used as an index
to determine the effective gas drainage radius.

,e gas predrainage rate is themain indicator tomeasure
the effect of predraining coal seam gas by drilling holes.
According to the original gas content W of the coal seam
measured, when the influence radius of the drilling hole is r
during the extraction time t, the gas reserves Q within the
control range of the drilling hole can be calculated, and then
calculate the gas predrainage rate in time t, which is the ratio
of gas drainage quantity Qct to Q:

Q � 2r · h · L · c · W, (8)

η �
Qct

Q
�
1440qc0 1 − e

− βt
 

(2r · h · L · c · W)
. (9)

In the formula, Qctis the total amount of gas drainage
from the borehole at any time t, m3, Qis the gas reserves
within the control range of the borehole, m3; η is the gas
predrainage rate within time t, %; r is the drainage radius,m;
h is the thickness of the coal seam, m; Lis the length of the
drainage hole, m; c is the density of the coal, t/m3; W is the
original gas content of the coal seam, m3/t.

r≤
1440qc0 1 − e

− βt
 

(2η · h · L · c · W · β)
. (10)

Table 9: Residual statistics.

Minimum Maximum Average Standard deviation Number of cases
Predictive value −0.0692 1.2770 0.6744 0.37048 16
Residual −0.20068 0.3030 0.00 0.15809 16
Standard forecast −2.007 1.627 0.00 1.000 16
Standard residual −1.087 1.641 0.00 0.856 16
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Figure 9: Scatter plot of regression standardized residuals.
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According to the abovemethod: under the premise of the
drainage rate of 30%, the effective drainage radius is 0.41m
when the drilling time of the 26 mining area is 30 days; when
the drilling time of the 26 mining area is 60 days, the effective
drainage radius is 0.65m; when the drainage time is
120 days, the effective drainage radius is 1.29m; when the
drainage time is 180 days, the effective drainage radius is
1.43m. ,e measured value is slightly different from the
simulated value above, which is in line with the actual sit-
uation. It verifies the correctness of the gas-containing coal
stress-seepage coupling model and the feasibility of using
COMSOL software to simulate and calculate the effective
drainage radius of the coal seam.

7. Conclusions

(1) Based on the gas flow theory and elastic mechanics,
considering the influence of the damage and defor-
mation of coal skeleton and the change of coal per-
meability on gas flow, and based on the actual data and
data of Juji Coal Mine, the gas-solid coupling model of
stress-damage-seepage of coal rock containing gas is
used. According to this model, the COMSOL Multi-
physics numerical simulation software is secondarily
developed to explore various influencing factors.

(2) ,e simulation using COMSOL Multiphysics clearly
shows the influence of the diameter of the drainage

Table 10: Parameters of extraction borehole.

Design
angle (°)

Design
inclination (°)

Drill hole see coal
hole depth (m)

Drilling depth
(m)

Hole diameter
(mm)

,e construction of
the place Height of opening (m)

−90.0 90.0 14.5 Not less than
1m 94 2616 bottom roadway ,e center line is 0.5m

to the right

(a) (b)

Figure 10: Site construction.

0.10

0.08

0.06

0.04

0.02

0.00

0 20 40
Observation time (d)

60 80 100 120 140 160 180

G
as

s e
xt

ra
ct

io
n 

pu
re

 v
ol

um
e (

m
3 /m

in
)

y=0.094e-0.033t

R2=0.9908

Figure 11: Variation law of drilling extraction pure quantity with extraction time in 26 mining areas of Juji Coal Mine.

Advances in Materials Science and Engineering 11



borehole, the negative pressure of the drainage, the
initial gas permeability of the coal seam and the
extraction time on the effective extraction radius in a
qualitative form, and the initial coal permeability and
drainage. ,e extraction time has a significant effect
on the effective gas extraction radius, and the neg-
ative pressure and the extraction diameter have a
limited effect on the effective extraction radius.
,rough field measurement, it can be concluded that
the numerical simulation method based on the gas-
solid coupling model is basically consistent with the
measured results of the pressure method, which
shows the accuracy of the numerical simulation.

(3) ,e SPSS statistical software was used to perform
multiple linear regression analysis on various
influencing factors, and the multiple linear re-
gression equation of the effective drainage radius
was obtained, and the regression model that af-
fected the effective drainage radius of the borehole
was established. ,rough F-test, t-test, and re-
gression diagnosis on the regression model, it is
obtained that there is no collinearity among the
initial coal seam permeability, drainage time,
negative pressure of drainage, and borehole di-
ameter, and it has significant effects on the re-
gression equation and regression coefficients as a
whole. ,e effect of multiple linear regression
equations is good, and the multiple linear regres-
sion analysis models can be used to relatively ac-
curately reflect the impact of influencing factors on
the effective drainage radius. And it is concluded
that in order to improve the effect of gas drainage, it
is necessary to implement various antipermeability
measures such as hydraulic fracturing, hydraulic
slitting, etc., from the two perspectives of increasing
coal seam permeability and extending gas drainage
time as much as possible, easily achieving signifi-
cant results.
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