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Gas disasters have been always a major hidden danger that affects mining safety in coal mines. Gas drainage by drilling is the
fundamental method of gas control in coal mines. In view of the low-permeability coal seam, it is the basis of the safe and efficient
production of the mine to take the measures of enhancing the permeability, improving the gas drainage efficiency, and shortening
the drainage time. ,e 4−2 coal seam of the Jianxin coal mine in Shaanxi Province of China is a low-permeability coal seam. In
order to obtain the reasonable hole spacing and the reasonable extraction time after the penetration enhancement, the pressure
drop method is used to investigate the extraction radius.,e results show that the gas pressure around the test hole decreases with
time as a negative exponential function, and the effective radius of extraction increases with the increase of extraction time as a
logarithmic function. ,rough the comparative analysis and variance analysis of the test data of the two drilling fields, it is proved
that the data of the drainage radius of the two drilling fields are accurate and reliable. It is obtained that the reasonable spacing of
the gas drainage holes is 8.10m and the reasonable drainage time is 180 days after CO2 presplitting and permeability increase in
the 4−2 coal seam of the mine.

1. Introduction

Coal is a basic energy source for industry and consumers [1].
Today, 37% of the world’s electricity and 74% of the world’s
steel are produced with coal [2]. With the continuously
strong demand for coal, the mining depth of mines is be-
coming increasingly deep. ,e mining depth of China’s coal
mines extends at a rate of 10–25m every year [3], the gas
content and gas pressure in the deep coal seams continue to
increase, and the amount of gas emission also increases. Gas
drainage can effectively reduce the gas content in a coal
seam, effectively alleviate gas emissions in the process of coal
mining, and improve the safety of mine production [4–6].
Additionally, gas is a clean and efficient energy source, and
high concentrations of gas can be used to reduce greenhouse
gas emissions and realize green mining in coal mines [7–9].
However, coal seams in China generally have the

characteristics of high metamorphism and low permeability.
In these seams, conventional extraction is difficult, gas
predrainage takes a long time and cannot effectively elim-
inate the threats of gas disasters in mining and excavation
faces, and the replacement of the working faces is often
affected. Improving the permeability of the coal seam is the
key to the successful implementation of gas predrainage and
stimulation technology, such as water jet slotting, hydraulic
fracturing, and CO2 precracking, requiring treatment to
increase the permeability of the coal reservoir [10–12]. For a
low-permeability coal seam, gas predrainage of coal seam gas
is still an important technical means of gas control after
enhancing the permeability, and the reasonable spacing of
boreholes along the coal seam is one of the key parameters of
gas drainage. If the distance between boreholes is too large,
there is a blind area for drainage, which results in hidden
dangers in the working face; if the distance between
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boreholes is too small, the construction boreholes in the
working face are too dense, which increases the cost of gas
drainage in the working face [13–15]. Scholars have per-
formed much research on improving the efficiency of gas
drainage and determining the reasonable spacing of gas
drainage holes. Du and Yufei [16] systematically introduced
equipment and technologies for the use of liquid carbon
dioxide phase-transition explosion in underground mines.
Chen et al. [17] conducted field tests of liquid carbon dioxide
phase-transition explosion and concluded that liquid carbon
dioxide phase technology can effectively improve coal seam
permeability. To improve the sealing performance of gas
drainage holes and promote gas drainage, Zheng et al. [18]
developed a new type of two-phase groutingmaterial and the
related equipment and studied the sealing method of the
two-phase grouting to improve the gas drainage perfor-
mance of horizontal wells. Fan et al. [10] used COMSOL
Multiphysics, the numerical simulation software, to establish
a three-dimensional drilling model for gas drainage, and
determined the equations relating the effective radius R and
influence radius r with the gas drainage. Peng et al. [19]
designed a physical model of gas drainage under different
ground stress levels by using an independently developed
multifield coupling physical simulation test system.
According to the theory of gas flow in coal seams, Ji et al. [20]
studied the distribution characteristics of the gas pressure in
a coal body around a drainage borehole. Wang et al. [21]
established a gas flow equation, taking the gas flow field
around a drainage borehole as the research object.

A calculation formula for the critical residual gas
pressure was established by Wen et al. [22], and it has made
great contributions to the study of the reasonable spacing of
gas drainage boreholes.

However, there are few studies on the variation in the
pressure around extraction boreholes and the reasonable
spacing of extraction boreholes after CO2 presplitting of coal
seams. Based on field tests and theoretical analysis, this
paper obtains the relationship between the extraction radius
and the extraction time after CO2 presplitting in a low-
permeability coal seam of the Jianxin coal mine in Shaanxi
Province of China and obtains the best reasonable hole
spacing and extraction period, providing a theoretical basis
for improving the gas drainage efficiency in a low-perme-
ability coal seam.

2. Materials and Methods

2.1. Principle of CO2 Phase Transformation Cracking. ,e
procedure of liquid CO2 phase-change cracking includes
drilling holes in the target coal body, placing a blasting tube
filled with liquid CO2 into the hole, and connecting the
blasting tube and the detonator after sealing the hole to
continuously increase the temperature of the CO2.When the
temperature reaches the critical point of the gas-liquid phase
change of CO2 (temperature 31°C and pressure 7.4MPa), the
CO2 rapidly transforms from the liquid phase to the gas
phase, and the volume of the generated gas expands 600-
fold. When the high-pressure gas reaches the ultimate
strength of the constant-pressure energy relief plate, it bursts

through the constant-pressure energy relief plate and ejects
from the discharge head. ,e coal body is broken by the
impact force, and the original crack is expanded, resulting in
media rupture [23, 24]. ,e liquid CO2 phase-change
cracking device is composed of a high-strength filling metal
main pipe, a heater, a constant-pressure energy relief plate, a
sealing gasket, a relief head, and other parts, as shown in
Figure 1.

After the phase-change explosion of the liquid CO2, a
strong stress wave and explosive gas are formed around the
explosion vent, providing the main energy for the coal body
to break through, and the energy accumulation pressure
reaches 270MPa. Under the impact of energy-release
cracking, the coal around the borehole experiences radial
compression and tangential tensile effects. When the cir-
cumferential tensile stress exceeds the ultimate tensile
strength, the coal is damaged, and cracks are generated.
When the shock wave decays along the path to lower than
the tensile strength of the coal, cracks are no longer gen-
erated. Additionally, the gas-phase CO2 expands rapidly
after the shock wave and enters the coal body along the
initial guiding fracture. Due to the air wedge effect, the radial
fracture or the primary fracture inside the coal body con-
tinues to expand until the CO2 pressure drops to the point
where the fracture does not expand, and finally, a large
number of conductive fractures centered on the borehole are
formed in the coal body [25], which increases the perme-
ability of low-permeability coal, as shown in Figure 2.

2.2. 0e Basic 0eory of Gas Drainage in Drilling.
Generally speaking, the permeability of the coal seam and
gas supply amount of the borehole are limited, and the gas
flow property of the coal seam is unstable flow, that is, with
the increase of flow time, the gas flow intensity and flow rate
of the borehole will decline. According to the theory of the
coal seam gas flow, the gas flow expression of the gas
drainage borehole is as follows [26, 27]:

q0 �
λ p

2
− p

2
0 

R0pstdln R/R0( 
, (1)

where q0 is the initial strength of gas emission from the
borehole, m3/(min·m2), λ is the permeability coefficient of
the coal seam, m3/(MPa2·d), p is the original gas pressure of
the coal seam, MPa, p0 is the gas pressure in the borehole,
MPa, R0 is the drilling radius, m, pstd is the gas pressure
under the standard state, MPa, and R is the influence radius
of the borehole gas flow field, m. According to the theory of
the coal seam gas flow, the attenuation of borehole gas
emission intensity conforms to the negative exponential
function relationship, as shown in the following equation:

q′ � q0e
−αt

, (2)

where q′ is the gas emission intensity of the borehole at time
t, m3/(min·m2), α is the attenuation coefficient of the gas
flow in the borehole, d−1, and t is the gas flow time in the
borehole, min. ,en, the gas emission amount of the drilling
hole at time t is shown in the following equation:
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q � 2πR0mq′, (3)

where q is the gas emission amount of the drilling hole at
time t, m3/min, and m is the coal seam thickness or coal
penetration length of the borehole, m. By equation (3), the
relationship between total amount of gas drainage and
drainage time in a certain period after borehole drainage is
obtained:
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(4)

According to the law of conservation of mass, it can be
concluded that

Q � 
R1

R0

f(2πRmρwη) dR, (5)

whereR is the drainage radius, m, ρ is the coal density, kg/m3,
w is the coal seam gas content, m3/t, η is the coal seam
predrainage rate, %, R0 is the drilling radius, m, and R1 is the

presplitting permeability increasing drainage radius, m. By
integrating equation (5), we can get the following results:

R
2
1 − R

2
0  �

Q

πRmρwη
. (6)

Because the radius of the effective radius of CO2 pre-
cracking enhancement is much larger than the radius of the
borehole, the combined equation (4) can be obtained:
R1 �

�����������������
(Q/(Q/(πRmρwη)))


. ,e gas drainage radius of

boreholes is mainly related to the gas content, permeability
coefficient, diameter and negative pressure of the drilling
hole, extraction purpose, and time. ,e larger the perme-
ability coefficient of the coal seam, the larger the diameter of
the borehole, the greater the negative pressure of drainage,
and the longer the drainage time, and the greater the
thickness of the coal seam, the greater the amount of gas
drainage by the borehole. Generally, in a specific area, after
the borehole diameter and suction negative pressure are
determined, the coal seam thickness and permeability co-
efficient can be considered as certain values. ,erefore, the
relationship between the gas drainage capacity of the
borehole and the drainage time is (1 − e−αt). According to
the relationship between the drilling drainage capacity and
the drainage radius, the drainage radius corresponding to
the different drainage time of the borehole can be obtained.

According to the current research, the methods for
determining the reasonable spacing of gas drainage bore-
holes mainly include theoretical analyses, numerical simu-
lations, and field measurements. ,e field investigations are
mainly divided into the following: the gas pressure reduction
method, gas content reduction method, tracer gas method,
and borehole gas flow method. As field investigation pro-
vides a reasonable spacing of boreholes that gives the most
accurate and comprehensive reflection of the coal seam
characteristics, the pressure drop method is used to deter-
mine the reasonable spacing of gas drainage boreholes. ,e
2016 edition of China’s Coal Mine Safety Regulations clearly
stipulates that, after predrainage of coal seam gas, the
outburst prevention and control effect of predrainage gas
must be tested. One of the indicators for testing is that the
predrainage of coal seam gas is greater than 30%, that is, the
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(1) Filling valve,
(2) Detonator,
(3) Main pipe of crack maker, 

(4) Gasket,
(5) Constant pressure energy relief plate,
(6) Explosion head.

Figure 1: Schematic diagram of the liquid CO2 crack generator. (1) Filling valve. (2) Detonator. (3)Main pipe of the crackmaker. (4) Gasket.
(5) Constant-pressure energy relief plate. (6) Explosion head.
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Figure 2: Fracture distribution of coal around the borehole caused
by CO2 fragmentation.
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gas content after drainage is less than 30% of that before
drainage. Under the premise that industrial application error
is allowed, there is a parabolic relationship between the gas
pressure P and gas content W. First, a parabolic equation is
proposed to approximately replace the coal seam gas content
curve:

W � a
��
P

√
, (7)

where W is the coal seam gas content, m3/t, a is the coal seam
gas content coefficient, and P is the coal seam gas pressure,
MPa.

,erefore, there is a parabolic relationship between the
ratio of the gas content reduction and the gas pressure
reduction before and after extraction. If the predrainage rate
of the coal seam is 30%, the residual gas content is 70% of the
original gas, i.e., W’� 0.7W. Substituting equation (7),
p′ � 0.49p. ,rough calculation, the residual gas pressure is
49% of the original gas pressure, and the gas pressure drop is
51%. According to the above theoretical basis, the reasonable
hole spacing is determined.

3. Reasonable Spacing Test of CO2 Presplitting
Gas Drilling

3.1. General Conditions of the Mine. ,e terrain of the
Jianxin coal mine in Shaanxi Province is high in the
southwest and low in the northeast, with a general elevation
of +1350–1600m, a general elevation difference of
200–300m, and a maximum elevation difference of 559m.
Coal seam 4−2 is mainly mined from the top of the next stage
cycle in the first section of the Yan’an formation, which is
layered. ,e burial depth of the coal seam is 433–810m, and
most of the seam is at depths in the range of 520–700m.,e
thickness of the coal seam is 0.0–11.74m, with an average
thickness of 5.68m. ,e main part (the center of the ancient
depression) of the coal seam is stable at 4–10m, with an
average of 8.33m. ,e coal seam gradually thins from the
center of the depression to the surrounding area and is the
most stable coal seam in the area. ,e adsorption constant a
value is 17.211m3/t, the b value is 0.593MPa−1, the gas
content value is 5.26–5.90m3/t, the natural gas flow atten-
uation coefficient of the borehole is 0.040–0.048 d−1, and the
permeability coefficient of the coal seam is 0.20–0.33m2/
(MPa2·d). ,is coal seam is a low-permeability coal seam. To
effectively increase the permeability of the coal seam and
improve the gas drainage efficiency, CO2 presplitting-en-
hanced permeability technology is used.

3.2.Test Site. Based on the field survey of the 4−2 coal seam in
the Jianxin coal mine, two gas drainage drilling fields (24 and
25) along the return air chute of the 4203 working face were
selected (see Figure 3). ,e 4203 working face is 220m long
and 2880m long, and the average thickness of the coal seam
is 6.5m. ,e 24 and 25 drilling fields are not drilled, and the
final location of the extraction hole in the 24 drilling field is
90m away from that in the 25 drilling field.,e coal seams in
the two drilling fields are stable, and there is no geological
structural fracture zone; the drilling field construction does

not affect the passage or construction work of personnel and
vehicles in the roadway, meeting the test conditions.

3.3. Test Flow. ,e measurement process of the extraction
radius is shown in Figure 4.

At first, four parallel gas-pressure test holes were con-
structed in the No. 24 and No. 25 drilling field of the 4203
return air chute, with parallel spacings of 1.5m, 4.5m, 2.0m,
and 1.0m (Figure 5). During the drilling construction, we
ensured that the four pressure drilling holes were parallel to
each other and perpendicular to the coal wall, with a drilling
diameter of 94mm, hole depth of 60m, and elevation angle
of 9°. After the formation of the boreholes, the cuttings and
water in the boreholes were blown with compressed air to
make the borehole walls smooth and straight to ensure the
sealing quality of the pressure tap.

,en, after the completion of the pressure measurement
drilling, the hole sealing work shall be carried out, and the
pressure-measuring equipment shall be installed 24 hours
after the completion of the sealing. Before sealing, we
prepared the sealing materials, instruments, tools, etc.
According to the selected sealing method, we checked
whether the pressure pipe was unobstructed and whether its
connection with the pressure gauge was airtight. To effec-
tively ensure a sealing depth of 45m, polyurethane was used
to seal the first 3m, grouting cement was used to seal the
next 42m, and the measuring air chamber was 15m (Fig-
ure 6). After sealing the hole, we observed the gas pressure
until the pressure was stable.

Finally, after the reading from the pressure gauge was
stable, a drilling machine was used to construct gas drainage
holes between the 2# and 3# pressure holes in the 24 and 25
drilling field to ensure that the drainage holes and pressure
holes were in a straight line; the diameter of the drainage
hole was 113mm, the depth of the hole was 60m, and the
elevation angle was 9°. CO2 presplitting blasting: after the
completion of the extraction drilling, the CO2 presplitting
blasting was carried out in the 45–60m section, with all the
presplitting parameters the same as the previous mining
parameters. After presplitting, the gas drainage holes were
sealed at a length of 12–14m. After the completion of hole
sealing, the pipe was connected for pumping, the negative
pressure was 15 kPa, and the pressure gauge of each test hole
was read every day for approximately 30 days.

4. Results

4.1. Coal Seam Gas Pressure. In the Jianxin coal mine, there
were 8 holes in the 24 and 25 drilling field for the gas
pressure field test, which took 54 days. ,e active pressure
measurement method was adopted in No. 1 hole of No. 24
drilling field. Finally, the pressure measurement failed due to
the construction damage of the water sump in the roadway,
and the pressure measurement of the remaining 7 holes was
successful. ,e observation results are plotted on a coor-
dinate chart with time (d) as the abscissa and gas pressure
(MPa) as the ordinate. ,e pressure curve is shown in
Figures 7 and 8.
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It can be seen from Figures 7 and 8 that except for No. 1
hole of No. 24 drilling field, the borehole pressure trend
increased rapidly in the first 10 days of the drainage period,
and the borehole pressure gradually stabilized with the
increase of time. ,e drilling pressure of No. 24 drilling field
No. 2 hole was the largest, reaching about 0.45MPa, and the
drilling pressure of No. 25 drilling field No. 3 was the
smallest, about 0.15MPa during the stable period.

4.2. 0e Reasonable Spacing of Gas Drainage Boreholes.
After the pressure measurement is stable, the continuous
pipe pumping is started according to the test steps.,emore

gas drainage distance is, the slower the gas drainage pressure
decreases. After 30 days, according to the changes in the
extraction time and gas pressure value, the data were ana-
lyzed, the gas pressure curve of each test hole was drawn, and
the data were fitted by functions. Figure 9 shows the fitting
results for the pressure change of the test hole in the No. 24
drilling field.

According to the fitting formula, the gas pressure of test
holes 2–4# decreases as a negative exponential function with
the extraction time. After a certain period of extraction, the
gas pressure drops below the effective radius of extraction, so
the extraction is considered effective. After calculation, holes
2–4# decrease to below the effective extraction radius after
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Figure 3: Location of the 24 and 25 gas drainage drilling field.
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45 d, 32 d, and 100 d, respectively. Due to the pressure relief
of hole 1#, the data of No. 25 drilling field are selected for the
155 d data for hole 1#. Regression analysis is used to fit the
extraction radius data over time for boreholes 1–4#. ,e
fitting curve and formula are shown in Figure 10 and
equation (8).

After the CO2 presplitting of the coal seam in the No. 24
drill field of the 4203 return air channel in the Jianxin coal
mine, the extraction radius increases as a logarithmic
function with increasing extraction time, and the fitting
formula is as follows:

R � 1.14291∗ ln(T) − 1.95979, (8)

where R is the effective radius of extraction in units of m and
T is the extraction time in units of d.

According to the correlation between the extraction
radius R and the extraction time t of the No. 24 drilling field,
the extraction radius of different extraction times after CO2
presplitting of the coal seam can be calculated according to
equation (2), as shown in Table 1.

,rough the test, the readings of the pressure gauges in the
No. 25 drilling field decrease with time; the closer to the ex-
traction hole the gauge is, the faster the gas pressure decreases,

and the farther away, the slower the gas pressure decreases.
After 30 days, according to the changes in the gas pressure
values with the extraction time, the data were analyzed, the gas
pressure curve of each test hole was drawn, and the data were fit
with a function; see Figure 11 for the pressure curves with time.

According to the fitting formula, the gas pressure of the
1–4# test holes decreases as an exponential function with the
extraction time. After a certain period of extraction, the gas
pressure drops below the effective radius of extraction. It took
155d, 46d, 45d, and 92d for the gas pressure in holes 1–4# to
fall below the effective extraction radius, respectively. ,e data
of the extraction radius with the extraction time for holes 1–4#
were fitted by regression analysis. ,e fitting curve and formula
are shown in Figure 12 and equation (9).

For the CO2 presplitting of the coal seam in the No. 25
drill field of the 4203 return air channel in the Jianxin coal
mine, the matching formula of the extraction radius and
extraction time is as follows:

R � 1.37949∗ ln(T) − 3.05697. (9)

In the formula, R is the effective radius of extraction in
units of m and T is the extraction time in units of d.

1.5m 2.0m2.5m 1.0m

#1 piezometric
drilling

#2 piezometric
drilling

#3 piezometric
drilling

#4 piezometric
drilling
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extraction

hole

Figure 5: Layout of the pressure-measuring borehole.
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Figure 6: Schematic diagram of pressure hole sealing.
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According to the correlation between the extraction
radius R and extraction time t expressed by formula (9), the
extraction radius at different extraction times after CO2
presplitting of the coal seam can be obtained in the No. 25
drilling field, as shown in Table 2.

5. Discussion

5.1. Reliability Analysis of Extraction Radius. ,e No. 24 and
No. 25 drilling fields are 50m apart in the 4203 working face of
the Jianxin coal mine. ,ere are no faults, collapse columns, or
other geological structures in the coal seams between the drilling
fields, and the coal seams are gentle. In order to determine the
accuracy and reliability of the two groups of extraction radius
data, the significance of the two groups of data was analyzed by
ANOVA with drilling field factors and time factors.

,e time factor analysis of variance is shown in Table 3;
the analysis of variance is shown in Table 4.

Taking the significance level α� 0.05, the analysis shows
that the time factor FB value is 46.7541, which is far greater than
the critical value of F (f 0.05 (15, 16)� 2.35), indicating that the
extraction time has great influence on the extraction radius.

Taking the significance levelα� 0.05, the analysis shows that
the FA value of the drilling field factor is 0.0003, which is far less
than the critical value f 0.05 (1, 14)� 4.60 of significance level
α� 0.05, which indicates that the influence of different drilling
fields on the gas drainage radius is minimal, which indirectly
proves that the two groups of data are accurate and reliable.

,erefore, to effectively eliminate the error caused by the
test operation and better reflect the extraction radius of different
extraction times, we take the arithmetic average value of the two
groups of data as the final extraction radius, as shown in Table 5.

5.2. Reasonable Spacing and Prepumping Period. ,e effi-
ciency of gas drainage is affected by many factors. ,e study
shows that the flow of gas in the borehole has radial
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instability when the coal seam gas is extracted by drilling.
After gas drainage is carried out for a certain period of time,
with increasing extraction time, the increase of extraction
radius slows significantly.

In the Jianxin coal mine, the coal seam with CO2
presplitting and antireflection has a large fracture devel-
opment area in the coal body. Additionally, due to the effect
of the blasting force, the surrounding coal body is loose,
broken, and creeping, which greatly enhances the per-
meability of the coal body around the borehole. It can be
seen from the fitting curve that the effective radius of

extraction increases with increasing preextraction time
after presplitting of CO2; when the extraction time in-
creases equally with the attenuation of gas pressure after
180 days of extraction, the percentage of the increase in the
effective radius of drilling decreases gradually. Considering
the drilling conditions, the working capacity of the pre-
splitting equipment, and other factors, combined with the
field test results of the 4203 working face, it is suggested
that the reasonable extraction period of the 4−2 coal seam
CO2 presplitting and antireflection coal seam in the 4203
working face is 180 days, the effective extraction radius is
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Figure 10: Fitting curve of the extraction radius with time in No. 24 drilling field.
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Figure 9: Pressure attenuation of test holes 2–4# in No. 24 drilling field.

Table 1: Extraction radius at different extraction times.

Extraction time (d) 30 40 50 60 70 80 90 100
Extraction radius (m) 1.93 2.26 2.51 2.72 2.90 3.05 3.18 3.30
Extraction time (d) 110 120 130 140 150 160 170 180
Extraction radius (m) 3.41 3.51 3.60 3.69 3.77 3.84 3.91 3.98
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Figure 11: Pressure attenuation of test holes 1–4# in No. 25 drilling field.
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4.05m, and the reasonable hole spacing is 8.10m. Con-
sidering that the thickness of 4−2 coal seam in the Jianxin
coal mine changes greatly, when the thickness of the coal
seam is large, gas drainage can be carried out in the form of
double-layer drilling or double-layer staggered drilling.

6. Conclusion

(1) ,rough the field test, the original gas pressure of
No. 24 and No. 25 drilling fields of 4−2 coal seam in
the Jianxin coal mine was measured; then, the gas
drainage borehole was precracked and drained, and
the gas pressure of the test hole around the drainage
hole decreased in varying degrees with time; the
closer the distance to the drainage hole, the faster the
gas pressure decreased, and the farther the distance,
the slower the gas pressure decreased. ,e gas
pressure of each test hole decreases exponentially
with the drainage time.

(2) ,e relationship between the gas drainage radius
and extraction time is obtained after CO2 pre-
splitting in the No. 24 and No. 25 drilling field of the
no. 4−2 coal seam in the Jianxin coal mine. ,e
extraction radius increases in logarithmic function
with increasing extraction time. ,e reasonable
period of extraction in the no. 4−2 coal seam of the
no. 4203 working face is 180 days, the effective
radius of extraction is 4.05m, and the reasonable
spacing of holes is 8.10m.
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