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Gas drainage is an importantmeans of gas control.+e influence of the key position of the sealing hole on gas drainage was studied
by theoretical and numerical simulation combined with field measurement to solve low gas concentration in gas predrainage
boreholes in coal mines of China. By analyzing the distribution of cracks around the boreholes and the law of air leakage and
simulating the drainage effect of different sealing areas (8m, 12m, and 16m), it was proposed that the key position of the sealing
hole should be in the prepeak stress concentration area. According to the actual situation of BaodeMine, the sealing test scheme of
different sealing areas was put forward, and the field test was carried out to obtain the key sealing area of gas predrainage boreholes
in BaodeMine. Research shows that when the sealing area is 8–16m, the average gas concentration is 63.57%, and the average pure
gas flux is 0.408m3/min. +e sealing effect of this area is better, with fewer cracks, than that of the existing sealing area, effectively
preventing gas leakage and increasing the gas concentration and gas scalar.

1. Introduction

Coal, as China’s main energy, is vital for China’s economy.
However, the mining process is faced with production
unsafety, especially coal mine gas disasters [1, 2]. Coal mine
gas drainage is an important measure to reduce mine gas
emission and prevent spontaneous combustion in goaf
[3–6], gas explosion, and gas outburst disasters [7–9]. In
China, coal mine gas drainage efficiency is generally low,
negative pressure is relatively low, the borehole drainage
cycle is short, and the drainage effect is unsatisfying [10]. Gas
supply capacity is insufficient due to the reduction of gas
content in the borehole [11, 12]. During gas drainage, the air
infiltration on one side of the roadway causes a low gas
drainage concentration due to the poor sealing effect of the
borehole [13, 14].

+e sealing section should be compacted and dense to
avoid gas leakage [15]. If the low permeability of the sealing
section cannot be guaranteed, the channel of gas seepage
and external air inhalation will be produced. Damages to
the seal will also cause leakage of the sealing medium. +e

key to borehole sealing is to seal the cracks in the sur-
rounding rock of the borehole. Field practice shows that the
sealing effect is ensured only when the borehole sealing
material enters the pores and microcracks around the
borehole. +erefore, the microscopic characteristics of the
borehole sealing section and its sealing performance to the
surrounding rock fissure zone of the borehole are the main
factors affecting the sealing effect of the borehole, and it is
the concentrated embodiment of the borehole sealing
mechanism [16, 17]. As the borehole will creep due to the in
situ stress, the surface of the borehole seal is in the
micromotion state, which challenges the borehole seal. As
the boreholes are affected by the time effect, the sur-
rounding rock stress caused by coal mining and other
disturbances is repeatedly pressed so that the cracks around
the borehole are continuously generated, crossed, and
connected and the difficulty of borehole sealing lies in
timely sealing of these new cracks [18, 19]. As the porosity
of coal is the main place for gas enrichment, and the
fracture in coal rock is the main channel for gas migration,
the development degree and distribution characteristics of
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porosity and fracture in coal reservoir directly affect the
adsorption, desorption, diffusion, and permeability of gas
in coal rock and then affect the extraction of coal seam gas
[20–23]. Borehole instability deformation also impacts gas
drainage. Most gas drainage boreholes in coal seam can
drill more than 200 meters, and the sealing length is
generally 10–15 meters, and the length of the extraction gas
chamber is more than 185 meters. +e collapse of the
borehole wall in any part of the 100-meter borehole will
cause the limited length of the borehole to decrease, and the
actual utilization rate of gas is low. +e borehole, especially
that in the soft coal seam with high gas content and low
permeability, is often abandoned due to the collapse and
blockage of a certain borehole, which makes the coal seam
have a blank zone of gas extraction, resulting in potential
coal and gas outburst [24, 25]. +e mining depth of coal
mines in China is extending at the speed of 8–12m per year
and is estimated to reach 1000m to 1500m in the next 20
years. +e surrounding rock of the roadway is deforming at
a high speed. More and more serious borehole collapse and
deformation are challenging gas drainage and putting
forward higher requirements [26, 27].

+e reserves of thick-ultrathick coal seams account for
more than 45% of my country’s total coal reserves. In the
future, it will become an important direction for the de-
velopment of Chinese coal industry. From the perspective of
coal mining, the thickness of the mined coal seam can be
divided into 5 thickness levels, of which the thickness of the
coal is greater than 8m, which is called suerthick coal.+e 8#
coal seam of BaodeMine is located above the S3 sandstone at
the bottom of Shanxi Formation (P1S). +e coal thickness
varies from 2.15 to 10.50m, with an average of 7.36m. +e
maximum thickness of pure coal is 9.20m; it belongs to
thick-to-ultrathick coal seams. At Baode Mine, the sealing
length used in the bedding drilling is 0–8m as required by
the state. +e extraction concentration is low, which is not
conducive to the safe production of Baode Mine. In order to
solve the problem of low gas drainage rate in Baode Mine, it
also provides technical support for gas treatment in other
thick-superthick coal seams. We adopted a combination of
theoretical simulation and field experiments to find out the
key positions of the sealing holes in Baode Mine and im-
prove the sealing efficiency. Previous studies have focused on
the impact of borehole spacing [28], borehole length [29],
and borehole time [30] on the drainage effect, and the in-
fluences of sealing hole position on the borehole are rarely
studied. Moreover, the mining conditions of coal seams in
China are quite different. +e sealing area of gas drainage
borehole of a specific coal mine needs to be studied [31]. To
give full play to the drainage effect of the gas drainage
system, this study, based on the coal deposit conditions and
mining conditions of Baode Coal Mine, the concept of key
positions of the hole sealing was put forward, analyzed the
distribution of coal wall fractures and the gas leakage and
seepage law zone around the borehole, and proposed sealing
test plan for different sealing areas. And, the position of the
leaking gas was accurately found to seal the hole. Field tests
were carried out in the 81310 return airway of Baode Coal
Mine, and the variation laws of the extraction concentration

and gas purity of the extraction borehole in different sealing
areas were analyzed. +rough comparative analysis, the
optimal sealing area of the gas predrainage borehole in
Baode Coal Mine was obtained, which not only saves costs
but also improves the concentration of drilling.

2. Project Profile

+e study area is the return airway of 81310 coal mining
panel in the third panel of Baode Coal Mine. No large-scale
faults, folds, and collapse columns have been found. +e 8#
coal seam is located above the S3 sandstone at the bottom of
the Shanxi Formation (P1S), and the coal thickness varies
from 2.15 to 10.50m, with an average of 7.36m. +e
thickness of pure coal is 1.85–9.20m, with an average of
6.02m; they are thick-to-extrathick coal seams, mainly thick
coal seams. +e structure of the coal seam is complex,
containing 0∼8 layers of gangue, and the total thickness of
the gangue is 0∼3.84m, with an average of 1.38m.+e direct
roof of the coal seam is mostly sandy mudstone and
mudstone, and the part is coarse sandstone. +e floor is
mainly mudstone, followed by siltstone. +e thickness
variation coefficient of 8# coal seam is 27.5%. +e main coal
seam includes a thick coal seam and an extrathick coal seam
and gradually becomes thicker from east to west. +e
extrathick coal seam is distributed in the northwest and
southeast of the mining area, and the medium-thick coal
seam is in the northern boundary of the mining area.

3. High-Efficiency SealingPrinciple of Borehole

3.1. FractureFieldDistributionaround theBorehole. A longer
extraction time usually results in reduced gas concentration
and poor tightness as the poor sealing effect allows the air in
the roadway to enter the extraction borehole. In addition to
the nonstandard operation of the sealing process, the broken
coal wall of the roadway and the leakage circle around the
borehole also lead to air entry in the roadway [32]. During
roadway excavation, the coal wall on both sides of the
roadway is affected by mining, which will produce cracks
and form air leakage channels. Under the action of negative
pressure, the air in the roadway enters the borehole. Affected
by the vibration of the drilling process, the coal seam will
also be deformed and destroyed, resulting in cracks and
loose zones, which are called “air leakage circles” because of
the annular shape [33–35], as shown in Figure 1. +e loose
zone results in a poor sealing effect.

3.2. Gas Leakage Law of Borehole. As the borehole of coal
seam is constructed on the side of the roadway, the gas
leakage and seepage characteristics of the borehole are in-
evitably affected by the stress changes around the roadway
[36]. It can be seen from Figure 2 that the three-dimensional
stress (σx, σy, σz) at the wall of the roadway are removed to
varying degrees. With the increase of the distance from the
roadway wall, σx gradually reaches the original stress value
and σyand σz first experience stress concentration and then
gradually return to the original stress value. +e stress
concentration of σz is much higher than that of σy.
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According to different pressure relief states of σx, σy, and σz,
the surrounding of the roadway can be divided into four
different stress regions (I to IV). In region I, σx, σy, and σz

are all relieved, and each stress reaches the minimum. In
regions II and III, σx and σy increase continuously, and σz

experiences a large stress concentration, whose peak value is
1.3 times of the original stress value. In stress region IV, the
three-dimensional stress approaches the original stress.

+e four air leakage areas are shown in Figure 3. In stress
region I, the stress redistribution caused by roadway exca-
vation makes σx, σy, and σz experience a large stress release,
and all the crack openings increase. +e permeability of this
area is the largest, and the air easily flows into the borehole
through the surrounding cracks. Stress area I is the free air
leakage area (FAA). In stress region II, except that the two
concentrated stresses on both sides of σy and σz on the upper
and lower sides lead to the decrease of permeability around
the borehole σx, σy, and σz around the borehole which are
almost effectively released. Stress region II is likely to have
air leakage and can be defined as a semifree air leakage
region (SAA). Due to the high compressive stress in SAA
and the closure of cracks, the severity of air leakage in SAA is
lower than that in FAA. In stress region III, σy and σz

increase after roadway excavation, while σx is slightly re-
leased. +e three stresses around the borehole are generally
large, especially σy on the upper and lower sides of the
borehole and σz on the left and right sides. Stress area III
almost has no air leakage and can be described as a hard-to-
air leakage area (HAA). In stress zone IV, the coal seam is
not affected by roadway excavation. Because of the small
diameter of the borehole, the changes in σx, σy, and σz

caused by the borehole are relatively limited. +e stress
distribution in this area is very close to the original stress,
and the coal permeability is almost at the original state and is
higher than that of HAA. Stress area IV can be called the
original air leakage area (VAA). Since VAA is far from the
ventilation roadway, the air leakage driven by pressure
difference is weaker than that in regions I–III.

As FAA and SAA have higher permeability than the
other two areas and are adjacent to the roadway, gas leakage
is more likely to occur there. +e sealing section should
exceed FAA and SAA (the length is about 8m) to form a
leak-proof area composed of HAA sections (length 8m) to
effectively prevent air leakage. In this case, the leaked air
cannot flow into the borehole through cracks in FAA, SAA,
andHAA sections, and because of the low permeability value
of HAA, only a few air leakages go into the borehole in the
VAA area, as shown by the blue arrow.+erefore, the sealing
position of 8–16m can generally achieve efficient extraction
of gas in Baode Mine.

3.3. Simulation of Different Sealing Position in Borehole

3.3.1. Governing Equation of Gas Transport. +e coal fissures
cut the coal into matrix units, and the adsorbed gas in the
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Figure 1: Air leakage schematic diagram of borehole broken coal rock.

x

z

I
II III IV

Borehole Stress monitoring line

Roadway

24

21

18

15

12

9

6

3

0

–3

St
re

ss
 ar

ou
nd

 ro
ad

w
ay

 (M
Pa

)

18 27 36 45
X coordinate

54 63 73

Original stress

σx
σy
σz

Figure 2: Distribution of stress field induced by roadway
excavation.

Roadway

FAA
SAA

ILAA
Borehole

VAA

Gas leaking into the borehole

Figure 3: Distribution of air leakage areas around the roadway.

Shock and Vibration 3



coal matrix acts as a gas source, constantly replenishing the
gas that is reduced by being pumped out. +is paper sim-
plifies the gas flow into a series process and only considers
the change of fracture permeability:

Qs � aD cm − cf  �
1
τ

cm − cf , (1)

where Qs represents the mass exchange rate per unit volume
of coal matrix and fracture system, a is the matrix form
factor, D denotes the gas diffusion coefficient, cm is the gas
concentration in coal matrix, cf is the gas concentration in
coal fracture system, τ is the adsorption time derived from
the conservation of mass:

zmm

zt
� −

Mg

τRT
pm − pf , (2)

where mm represents the total mass of gas in the coal matrix
per unit volume, Mg is the gas molecular mass, R is the
universal gas constant, and T is the coal seam temperature.
+e total mass of gas in the coal matrix per unit volume is

mm � ϕm

Mg

RT
pm + 1 − ϕm( ρnρc

VLpm

pm + PL

, (3)

where ρn represents the gas density under standard con-
ditions, ρc is the false density of coal, VL is the Langmuir
volume constant, and PL is the Langmuir pressure constant.
+e gas density is

ρn �
Mg

VM

. (4)

Putting formulas (3) and (4) into formula (2), we get

ϕm + 1 − ϕm( 
ρcVLPLRT

VM pm + PL( 
2

⎡⎣ ⎤⎦
zpm

zt
� −

1
τ

pm + pf .

(5)

3.3.2. Initial Conditions and Boundary Conditions. For the
coal deformation equation, the boundary conditions of
displacement and stress can be defined as

ui � ui(t),

σijnj � Fi(t).
(6)

+e initial conditions of gas flow can be expressed as

Pm(0) � Pm0,

Pf(0) � Pf0,
(7)

where Pm0 represents Initial matrix gas pressure and Pf0
represents Initial fracture gas pressure.

+e gas flow process in the process of gas drainage is
calculated, and the coefficient partial differential equation is

ea

z
2
u

zt
2 + da

zu

zt
− Δ · (cΔu + αu − c) + β · Δu + au � f.

(8)

Bring formula (5) into formula (8),

u � pm,

ea � c � α � β � c � a � 0,

da � ϕm + 1 − ϕm( 
ρcRTVLPL

VM pm + PL( 
,

f � −
1
τ

pm − pf .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(9)

Taking the actual situation of the roadway head in the
third panel 81310 of Shenhua Shendong Baode Mine as the
background, a gas drainage model along the bedding long
borehole is established according to onsite parameters
through the Comsol simulation software, as shown in
Figure 4. +e length and width of the model are 260m and
150m, respectively. +e gas pressure of the coal body is
2.5MPa, the suction pressure is 13 kPa, and the permeability
is 3.85md. +e simulation object is a group of 10 parallel
boreholes, which are constructed in the 81310 coal mining
panel along the trough.+e borehole length is 200m, and the
borehole spacing is 10m. Under the same extraction time,
negative pressure, borehole spacing, borehole length, coal
permeability, and gas pressure, the effects of different sealing
lengths on gas extraction are simulated and analyzed.

During the excavation of the coal seam roadway, the
equilibrium state of the gas pressure in the coal seam and the
matrix gas pressure is destroyed. +e fractured gas in the
pressure relief zone gradually gushes out into the roadway,
and the gas pressure in the coal seam is redistributed to form
the natural gas emission zone of the roadway. +e natural
gas emission zone of the coal seam roadway significantly
influences the gas drainage of the coal seam along the
borehole. Figure 5 shows the gas pressure distribution of
three plugging lengths (8m, 12m, and 16m) after 800 days
of drainage. It can be seen that, as the length of the borehole
sealing increases, the scope of influence of drainage grad-
ually increases, and the gas pressure drops fast. +e sealing
length can be determined according to the actual situation,
combined with the extraction effect and cost factors.

4. Field Test

4.1.Test Scheme. Boreholes were constructed in the No. 81310
return airway. Five boreholes were constructed in each group
with a spacing of 5m, and each group borehole spacing is
20m.+e schematic diagram of drilling arrangement layout is
shown in Figure 6. According to the parameters such as
permeability coefficient of the coal seam, the influence of
certain fractures was considered. During gas drainage bore-
hole sealing, “bag type two plugging one injection” sealing
method was used [37]. In the sealing position, the sealing
positions of 0–8m, 0–12m, 8–16m, and 0–16m are adopted,
which correspond to the first group, the second group, the
third group, and the fourth group in Figure 6, respectively.
+e sealing tests were carried out with these combinations,
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and the gas concentration and pure gas flux of each sealing
method were monitored. By analyzing and comparing the
drilling data, the optimal sealing area was determined.

4.2. Test Results and Analysis. According to the test data,
analyze the gas concentration graph (Figure 7) and the curve
of pure gas flux (Figure 8) over time after the four sets of
borehole.

4.2.1. Mixed Gas Concentration. It can be seen from Figure 7
that, during the drainage, the average gas concentration of the
four groups of boreholes is 48.7%, 39.32%, 63.57%, and
58.37%, respectively. +e mixed gas concentration of the third
group is 1.31 times that of the first group, 1.62 times that of the
second group, and 1.09 times of the fourth group. In addition,
the mixed gas concentration of the four groups all shows a
downward trend. It can also be seen that the mixed gas
concentration of the third group drops from 93% to 56.4%, but
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still maintains at a higher concentration. +e concentration of
mixed gas in the other three groups decreases significantly.
During the extraction, the concentration of mixed gas in the
first group, the second group, and the fourth group decreases
by 45.6%, 46.4%, and 63%, respectively.

It is found that the concentration of mixed gas in the first
group and the second group decreases rapidly and fails to
maintain at a high level, indicating that the leakage of
boreholes in the sealing area of 0–8m and 0–12m is very
serious. +e mixed gas concentration of the fourth group is
higher than that of the first group and the second group,
indicating that the porosity in the sealing area of 0–16m is
lower than that in the area of 0–8m and 0–12m.+e 8–16m
sealing area has the highest mixed gas concentration,
proving that the pores are not developed in this interval and
this area is suitable for sealing.

4.2.2. Pure Gas Flux. It can be seen from Figure 8 that,
during the drainage, the pure gas flux of the four groups is
0.2106m3/min, 0.2361m3/min, 0.408m3/min, and
0.226m3/min.+e pure gas flux of the first group, the second
group, and the fourth group is only 51.62%, 57.87%, and
55.39% of the third group and increases in turn, indicating
that the porosity of boreholes in the area of 0–8m to 0–12m
and then to 0–16m decreases gradually.

+rough the analysis of the gas concentration and gas
scalar of four groups of test predrainage boreholes in the 81310
return airway of Baode Mine, it is found that the loose zone
greatly influences the gas flow of predrainage boreholes.
Compared with the national standard and the 0–8m sealing
position used in Baode Mine, the 8–16m sealing position has
higher gas concentration and purity, slower attenuation and
longer borehole life, and is more suitable for sealing.

5. Conclusions

(1) According to the research on the crack distribution
around the boreholes in 81310 working face, the gas
leakage law was studied by COMSOL numerical
simulation. When the sealing depth was within the
pressure relief zone but beyond the “nonpenetrating
zone between fracture and free surface,” the
pumping effect was better and the stability of the
borehole sealing section was better. +e optimal
sealing range of the drainage borehole in the test area
was determined as 8–16m.
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(2) +rough the field test and study on the key position of
hole sealing in Baode Mine, the variation rules of gas
extraction concentration and pure gas flux at different
sealing hole positions were compared. It was found that
when the sealing position of the gas extraction borehole
in the adjacent layer of Baode Mine was 8–16m, the
average pure gas extraction concentration was 63.57%
and the average pure gas flux was 0.408m3/min.
Compared with the existing sealing position of 0–8m,
the degree of decrease in the concentration and scalar
amount of the extracted gas is the lowest, and a better
sealing effect has been achieved. +erefore, it is de-
termined that the best position for the sealing depth of
the coal seam in Baode Mine is 8–16m.

(3) By means of theoretical analysis and numerical
simulation, the influence of different sealing position
on the effect of borehole gas drainage is obtained.
+e field test proves that the sealing range of 8–16m
has played a guiding significance for the sealing of
boreholes in Baode Coal Mine and provides theo-
retical and technical support for determining reliable
drainage parameters.
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