Hindawi

Geofluids

Volume 2022, Article ID 7151851, 9 pages
https://doi.org/10.1155/2022/7151851

Research Article

WILEY | Q@) Hindawi

Mechanism of Coal Seam Permeability Enhancement and Gas
Outburst Prevention under Hydraulic Fracturing Technology

Xinhua Wu(®,' Tao Zhu,' Yufei Liu," Guoyu Zhang,' Guanghui Zheng,'

and Fengnian Wang (5>

"Tiandi Huatai Ming Management Co. Ltd., Beijing 10083, China
2State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining and Technology (Beijing),

Beijing 100083, China

Correspondence should be addressed to Fengnian Wang; wangfn_bj@163.com

Received 15 January 2022; Revised 28 February 2022; Accepted 7 March 2022; Published 22 March 2022

Academic Editor: Zheng Sun

Copyright © 2022 Xinhua Wu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In view of the high gas pressure and low permeability of deep coal seam, it is difficult to control gas, which affects the safety
production of coal mine. The technical scheme of hydraulic fracturing to improve the permeability of coal seam is put forward,
and the gas drainage technology is used to control the gas emission of coal seam. The fracturing effect under different water
pressure, different gradient fracturing times, and in situ stress is analyzed by using 3DEC (3-Dimensional Distinct Element
Code) discrete element software. The simulation analysis and field verification results show that the coal seam gas pressure
increases linearly with the buried depth. In situ stress characteristics and hydraulic strength are the key factors affecting the
effect of hydraulic fracturing. The fracturing radius increases with the increase of flow. When the construction pressure of
hydraulic fracturing test is 18 MPa, the distance between fracturing hole and drainage hole is 8.5 m. The actual measurement
shows that after hydraulic fracturing and gas drainage, the maximum gas emission is reduced by 51%, and the average gas

emission is reduced by 58%.

1. Introduction

China’s coal reserves rank high in the world, and most of the
coal seams are buried underground. As one of the main haz-
ard sources in underground coal face mining, gas seriously
threatens the production safety of fully mechanized coal face
and the personal safety of operators and then restricts the
coal mining efficiency. With the deep mining of coal mines
in China, the in situ stress, gas pressure, and gas content
increase, the coal seam is soft, and the air permeability
decreases, which leads to the difficulty of gas drainage and
the increase of outburst risk.

For coal mine gas control and related rock mechanic
problems, many experts have carried out relevant research.
For example, Li et al. [1] use pulse hydraulic fracturing tech-

nology to prevent coal mine gas disasters. The results show
that the pressure change in the process of pulse hydraulic
fracturing reflects the expansion of fractures and conducive
to the expansion of fractures under the action of pulse
pressure. The initial pressure during pulse hydraulic frac-
turing is negatively correlated with water volume and frac-
turing time. Li et al. [2] proposed the combination of
surface and underground natural gas exploitation methods
to realize joint exploitation; second, joint mining is real-
ized by drilling up and down coal seams and along coal
seams; third, the goal of joint mining of coal and coalbed
methane. Wang et al. [3] established a three-dimensional
gas drainage project and studied and verified the effect
of soft rock protective layer in mining technology practice.
You et al. [4] proposed an innovative and practical coal
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FIGURE 1: Research target location and project overview.

mine gas risk assessment method to provide help for the
prevention and control of coal mine gas accidents. Si
et al. [5] established a constitutive equation of coal consid-
ering the closed pore effect. On this basis, the gas migra-
tion model of closed pore coal seam is established,
including gas diffusion model between closed pore and
open pore and fracture gas seepage model. Jun et al. [6]
used high-pressure water jet slotting to release the gas
pressure in the coal seam, increase the permeability of
the coal body, improve the gas drainage efficiency, and
eliminate the risk of outburst. Aguado and Nicieza [7]
proposed that high-pressure water injection and mining
protective coal seam methods can improve safety.

Song et al. [8] summarized and analyzed the latest
technologies for controlling gas explosion. Guo et al. [9]
analyzed the influence of faults on gas occurrence, and
the research shows that the complexity of faults increases
the difficulty of mine gas prevention and control and seri-
ously threatens mine safety. Gao et al. [10] analyzed the
influence of mining rate on in situ stress, which is also
an important factor affecting gas emission. Lin et al. [11]
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FIGURE 2: Regression trend line between gas content and coal seam
buried depth.

proposed a cross hole hydraulic slotting technology for
preventing and controlling coal and gas outburst disasters
in coal roadway excavation. Zhou et al. [12] combined the
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stress balance equation and gas transport equation and
simulated and calculated the distribution laws of displace-
ment, stress, and gas pressure in solid on the basis of
numerical simulation. Huang et al. [13] proposed mea-
sures to prevent and control gas explosion accidents by
using fault tree analysis method. Mingzhong et al. [14]
evaluated the deep buried in situ stress evaluation method.
Gao et al. [15] studied the spatial propagation law of gas
explosion in goaf of coal mine. Li and Hua [16] consid-
ered that gas release can also release rock mass strain
energy. Cui et al. [17, 18] analyzed the influencing factors
of hydraulic fracturing.

In recent years, gas casualties have occurred frequently.
For example, 44 people died in the gas explosion accident
in Xiaojiawan coal mine; gas outburst accident in Deng-
feng coal mine killed 5 people; gas explosion in Dashan
coal mine killed 12 people. According to the current
research status and the actual engineering geological char-
acteristics of the target mine, this paper plans to use the
method of hydraulic fracturing for gas drainage. Through
numerical simulation, DFN is used to model the fracture
field, and the effects of fracturing time, water pressure,
and in situ stress on the fracturing effect are analyzed.
Finally, the appropriate construction method is selected
for engineering test research.

2. Engineering Background

2.1. Engineering Geology. Donggou coal mine is located in
China, Xinjiang, and 56km south of Hutubi County, as
shown Figure 1. The administrative division is under the
jurisdiction of Shiti Township, Hutubi County. The min-
able coal seams in Donggou coal mine are B;, B,, B,
B,', and B, and the fault structure in the mining area
is relatively developed. Controlled by the regional mono-
clinal structure, the mine field is generally a monoclinal
structure gently inclined to the north, with a dip of 10°-
25° and inclination of 10°-15°. The strata in the mining
area from old to new are Qianxia Formation (c2qx) of
Middle Carboniferous, Xiaoquangou group (T2~3xq) of
Middle Upper Triassic, Badaowan Formation (jlb) and
Sangonghe Formation (jls) of Lower Jurassic, Xishanyao
Formation (J2x) and Toutunhe Formation (j2t) of Middle
Jurassic, Qigu Formation (J3q) and Kalaza Formation
(J3k) of Upper Jurassic, and the first subgroup of Tugulu
Formation of Lower Cretaceous (kltga). Xishanyao Forma-
tion of Middle Jurassic is the main coal bearing formation
in the mining area.

The target working face studied in this paper is located
in B4® coal seam, with buried depth of 136.38~50.24 m,
thickness of 1.67~5.23m, and average of 3.13m. The
recoverable thickness is 1.67~3.77m, the average recover-
able thickness is 2.95m, the standard deviation of thick-
ness is 0.93, and the coefficient of variation is 29%. The
lithology of the roof is fine sandstone, siltstone, argilla-
ceous siltstone, and mudstone, and the lithology of the
floor is coarse sandstone, fine sandstone, siltstone, argilla-
ceous siltstone, and carbonaceous mudstone.
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FIGURE 3: Regression trend line between gas pressure and coal seam
buried depth.
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FIGURE 4: Mechanical model of crack initiation under hydraulic
fracturing.

2.2. Gas Distribution and Emission Characteristics. The
roof and floor of B4 coal seam are mudstone and carbo-
naceous mudstone with poor permeability, which is bene-
ficial to the preservation of coal seam gas. In addition, the
fractures within the mine range are not very developed, so
the gas connectivity of each coal seam is relatively poor.
The measured results show that with the increase of coal
seam burial depth, the proportion of methane increases
and the gas content increases. As shown in Figure 2, it
shows the gas content under different burial depths. The
results show that the gas content is about 1.2 m>/t when the
burial depth is 190 m. Under the burial depth of 270 m, the
gas content is as high as 4m’/t, the burial depth increases
by 1.42 times, and the gas content increases by 3.33 times.

According to the results in Figure 3, the gas pressure gra-
dient of B,* coal seam with buried depth is 0.34 m*/t/km.
Based on the analysis of gas emission law of transportation
roadway, return air roadway, and working face, the mea-
sured value of gas emission from transportation roadway
of working face is 5.9 m’/min. The measured value of gas
emission from transportation roadway is 4.28 m*/min. Dur-
ing the mining of the working face, the gas emission reaches
15 m’/min.
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FiGURE 5: Numerical calculation discrete element model.

TaBLE 1: Basic physical and mechanical parameters of coal and rock.

Compressive strength/ Tensile strength/  Elastic modulus/ Poisson’s  Internal friction angle/ Friction Density/
MPa MPa GPa ratio ©) coefficient (kg/m3)
10.12 2.18 2.49 0.28 35.22 0.734 1289
3. Hydraulic Fracturing Mechanism and of=p, (2)
Numerical Calculation Model
agf =-p. (3)

3.1. Mechanism of Increasing Coal Seam Permeability under
Hydraulic Fracturing. Hydraulic fracturing started from oil
and gas exploitation and is gradually applied to coal seam
gas drainage. There are primary microfractures and pore
structures in the coal body, but these structures are closed
under the action of high ground stress, and the permeabil-
ity channel is not fully open, resulting in internal gas accu-
mulation. After high-pressure water is injected into the
borehole, the stress on the borehole wall is concentrated
and the primary fractures begin to expand and open. With
the continuous fracturing, the fracture further expands
around, thus increasing the permeability of gas flow.
Figure 4 shows the schematic diagram of hydraulic fractur-
ing. Formula (1) represents the stress at any point around
the borehole [19, 20].
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Assuming that the water pressure is p, the stress load will
be caused to the unit body around the hole wall. The stress
caused by the water pressure is shown in

When the stress o4 caused by water pressure is greater
than or equal to oy, cracks will occur around the hole wall.
In conclusion, the characteristics of in situ stress and hydrau-
lic strength are the key factors affecting the effect of hydraulic
fracturing.

3.2. Numerical Calculation Model and Results. The three-
dimensional discrete element numerical simulation soft-
ware 3DEC is used to establish the numerical calculation
model. The size of the model is set as 40 * 40 * 60 m, the
vertical stress is the weight of the overburden, and the lat-
eral pressure coefficient is 1.3. The model uses DFN (dis-
crete fracture network) for initial fracture division [21,
22], as shown in Figure 5. Assuming that the model
medium has elastic brittle mechanical properties, its failure
process belongs to elastic damage theory, and the physical
and mechanical parameters of coal are shown in Table 1.
The damage of the medium element of the model con-
forms to the maximum tensile strength and Mohr Cou-
lomb criterion. In the numerical calculation, the model
block adopts Mohr Coulomb criterion, and the joint
adopts Coulomb slip criterion. Based on the coupling the-
ory of pore and seepage, the coupling equation of stress
joint seepage is introduced.

In the process of seepage flowing in the fracture grid,
the seepage affects the rock mass stress distribution
through the normal seepage force and tangential drag
applied to the fracture wall, and the damage caused by
stress redistribution reacts on the fracture seepage. The effect
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FiGure 6: Continued.



of stress on seepage can be expressed by cubic law, such as

formulas (4)-(5).
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(d) Hydraulic fracturing time 650 s
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FIGURE 6: Characteristics of fracturing radius under different fracturing time (10 m*/h).
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The influence of seepage on stress can be determined by
the equivalent load of seepage force on the fracture surface

at the node, as shown in
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In the formula, y, p represents the unit weight and
dynamic viscosity coefficient of water, respectively. b, is
the initial opening of the crack. Ab is the variable of crack
opening under stress. p, p; is the seepage hydrostatic pres-

sure at both ends of the fracture. [ is fracture aperture. F;,
F; is the normal equivalent nodal force. T}, T; is the tan-

gential equivalent nodal force. Fracturing time is the key
factor affecting the effective radius of hydraulic fracturing,
as shown in Figure 6, which shows that the joint fissure
opening increases with the increase of water injection
time.

Fracturing time is the key factor affecting the effective
radius of hydraulic fracturing, as shown in Figure 6, which
shows that the joint fissure opening increases with the
increase of water injection time. When the grouting flow is
10m’/h, the grouting duration is 250s, 350s, 450s, and
650s, respectively, and the effective radius of fracturing is
6.9m, 10.3m, 11.8m, and 12.7m, respectively.

As shown in Figure 7, it shows the relationship between
effective fracturing radius and fracturing time under differ-
ent flow. According to the data, the fracturing radius
increases with the increase of flow. At the same time, the
fracturing radius is greatly affected by the fracturing time
in the early stage and then slows down.

Initial in situ stress field is also an important factor
affecting hydraulic fracturing. In order to better analyze the
initiation pressure under different stress levels, numerical
calculation is carried out. Fix the maximum horizontal prin-
cipal stress as 11.5MPa and the vertical stress as 11.5 MPa,
13.0MPa, 14.4MPa, and 17.3 MPa. The ratio of vertical
stress to horizontal stress is 1.0, 1.1, 1.25, and 1.5,
respectively.

As shown in Figure 8, when the vertical stress is
11.5MPa, the cracking pressure is 15.8 MPa, and the insta-
bility pressure of tunnel wall is 22.1 MPa. When the vertical
stress is 13 MPa, the cracking pressure is 14.3 MPa, and the
instability pressure of tunnel wall is 19.6 MPa. When the ver-
tical stress is 14.4 MPa, the cracking pressure is 13.2 MPa,
and the instability pressure of tunnel wall is 18.2 MPa.

When the vertical stress is 17.3 MPa, the cracking pres-
sure is 9.9 MPa, and the instability pressure of tunnel wall
is 17.7MPa. The increase of vertical stress leads to the
increase of tensile stress at the top of the borehole, which
makes the crack easier to expand.

4. Application of Hydraulic
Fracturing Technology

The technical equipment of hydraulic fracturing is mainly
composed of power supply system, water supply system,
and fracturing system. The fracturing system is mainly com-
posed of high-pressure water injection pump, water tank,
high-pressure fracturing pipe, special hole sealer for hydrau-
lic fracturing, and monitoring system. XRB2B emulsion
pump is selected as the core equipment water injection
pump, with rated pressure of 20 MPa and flow of 80 L/min.
The hole sealer is selected, with applicable hole diameter of
40~50 mm, maximum expansion diameter of 70 mm, and
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FiGurk 8: Effect of vertical stress on hydraulic fracturing.

pressure resistance of 30 MPa under working state. The gas
extraction pump station is equipped with two sets of high
and low negative pressure systems. The model of high nega-
tive pressure extraction pump is 2BE4620-2BY4. The model
of low negative pressure extraction pump is 2BE4520-2BY4,
one for use and one for standby.

According to the gas occurrence of the coal seam and the
roadway layout of the working face, hydraulic fracturing
boreholes and gas drainage boreholes are, respectively,
arranged in the return air roadway. The spacing between
the fracturing hole and the pumping hole is 8.5m. The
pumping hole is 18 m longer than the fracturing hole. It
takes 65min from the start of water injection to the maxi-
mum water pressure, and the total water injection time is
about 260 min. The construction pressure of this hydraulic
fracturing test is determined to be 18 MPa. The drilling
arrangement is shown in Figure 9.

After 12 hours of fracturing, drain water from each frac-
turing hole and extraction hole. When the water flow is
small and there is high concentration gas, connect the
extraction hole and fracturing hole into the underground
gas extraction system at the same time. In order to record
the gas emission parameters of the hydraulic fracturing
effect, the gas emission of adjacent working faces without
fracturing is compared.

Figure 10 shows the change trend of gas emission in the
roadway with time during the mining process of the working
face after gas drainage. The black curve indicates that gas
drainage is carried out directly without hydraulic fracturing
and the gas emission characteristics in the mining process
of the working face.

The red curve indicates the gas emission characteristics
in the mining process of the working face after hydraulic
fracturing and gas drainage. Without hydraulic fracturing,
the maximum gas emission is 10.5m?/min, and the average
value is 9.2m’/min. After hydraulic fracturing, the maxi-
mum gas emission is 5.1 m>/min, and the average value is
3.8 m’/min. The maximum value is reduced by 51%, and
the average value is reduced by 58%.
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FIGURE 9: Layout of pumping and pressure relief boreholes in working face.
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5. Conclusion

Based on the severe situation of coal mine gas outburst,
this paper carried out the research on hydraulic fracturing
gas discharge. Through engineering investigation, numeri-
cal calculation, and field application, the influence of key
parameters such as in situ stress, liquid injection pressure,
and pressure injection time on fracture effect is analyzed,
which is finally applied to engineering practice.

(1) The variation gradient of gas pressure in B, coal seam
with buried depth is 0.34 m*/t/km. The characteristics
of in situ stress and hydraulic strength are the key fac-
tors affecting the effect of hydraulic fracturing

(2) Use DFN (discrete fracture network) for initial

fracture division; based on the pore seepage cou-
pling theory, the stress joint seepage coupling
equation is introduced. The results show that
under the working condition of 10 m*/h, the grout-
ing duration is 250s, 3505, 450, and 650, respec-
tively, and the effective fracturing radius is 6.9m,
10.3m, 11.8m, and 12.7m, respectively. The frac-
turing radius is greatly affected by the fracturing
time in the early stage, which varies with the frac-
turing time slow down after. The increase of verti-
cal stress leads to the increase of tensile stress at
the top of the borehole, which makes the crack
easier to expand
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(3) According to the field measurement, the construc-
tion pressure of hydraulic fracturing test is 18 MPa,
the spacing between fracturing hole and extraction
hole is 8.5m, and the extraction hole is 18 m longer
than the fracturing hole, which can meet the needs
of field engineering. After hydraulic fracturing and
gas drainage, the maximum gas emission is reduced
by 51% and the average value is reduced by 58%.
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