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In order to achieve high-efficiency extraction of coal seams with large-diameter borehole and large flow rates, and to rapidly
reduce coal seam gas content and pressure, a large-diameter borehole coal seam pressure relief and permeability enhancement
technology is proposed. In this paper, numerical simulation is used to study the mechanism of pressure relief and permeability
enhancement in coal seams with large-diameter boreholes, and the evolution of stress, cracks, gas, and permeability of coal
bodies around boreholes with different diameters is discussed. The research results show that the stress changes in the coal
body around the borehole are symmetrically distributed around the borehole. The stress evolution controls the evolution of the
coal body’s cracks. Firstly, damage occurs around the borehole and then extends to the upper left and right corners, like a
butterfly spreading its wings. The crushing zone increases with the increase of the hole diameter, and the impact radius of the
100-mm, 200-mm, 300-mm, and 350-mm diameter borehole rupture is 0.375m, 0.65m, 1.0m, and 1.25m, respectively. The
rupture radius of the double 350-mm diameter borehole can reach 2.4m. The larger the diameter of the borehole, the more
fissures will be produced, and the air permeability of the coal body in the affected coal seam area will obviously increase. The
research results provide theoretical support for gas drainage in soft, low-permeability, high-gas coal seams.

1. Introduction

Coal seam permeability restricts the efficiency of gas drain-
age. Most of the world’s coal and gas outburst mines gener-
ally have coal seam permeability between 10-4 and 10-3mD
[1–3]. With the gradual increase in the depth of coal min-
ing, the in situ stress gradually increased, and the perme-
ability of the coal began to gradually decrease [4–8]. This
is also the reason for the difficulty of gas drainage. Espe-
cially in the structural coal seam, it has the characteristics
of poor permeability, high gas content in the coal body,
and low strength, which makes it very difficult to extract
gas in the coal seam [9–12].

The current conventional antireflection technologies for
solving high-gas and low-permeability coal seams include
mining pressure relief, hydraulic fracturing, hydraulic slit-
ting, drilling and cavitation, explosive blasting, and carbon
dioxide blasting. Mining pressure relief and permeability

enhancement technology changes the gas flow rate in the
coal body and the permeability coefficient of the coal body
itself, and the gas emission increases, which leads to gas
analysis and diffusion in the pores, providing a basis for
gas drainage [13–20]. The high-energy liquid disturbance-
induced fracturing and antireflection technology uses special
liquids to influence the coal body, readjust the stress field,
increase the length and number of pores and cracks in the
coal body, expand the opening degree, and increase the
interconnection area between the coal seams [21–25]. The
air permeability coefficient can be brought to the pressure
relief requirement [26]. It mainly includes two categories:
high-pressure hydraulic fracturing and high-pressure water
jet [27–33]. The mechanism of the drilling technology and
method is to form a cavity at a specific location in the coal
and rock mass, thereby changing the stress of the coal mass,
redistributing the pores and gaps in the coal mass, and form-
ing new gaps suitable for the desired state, thereby venting
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the coal mass [34–36]. To ensure the safe and efficient min-
ing of high gas and low gas permeability coal seams, the key
issue is how to continuously and quickly desorb and release
a large amount of adsorbed gas in low gas permeability coal
[37–39]. At present, the soft and low-permeability coal
seams have the characteristics of small drainage volume,
low drainage concentration, and rapid flow attenuation dur-
ing predrainage, which seriously affects the predrainage
effect [40–42].

Studying the mechanism of drilling in soft and low-
permeability coal seams to intensify gas drainage; realizing
large-aperture, large-flow, and high-efficiency extraction of
coal seams; and quickly reducing coal seam gas content
and pressure are important issues that need to be resolved
urgently. Large-diameter boreholes are used by drilling
disturbances. The evolution mechanism of the fissure field,
permeability, and seepage field of the coal around the bore-
hole is the prerequisite for revealing the gas migration mech-
anism and formulating gas drainage technology. Numerical
simulation and theoretical analysis of gas migration mecha-
nism in coal seams under different drilling combinations
provide theoretical support for gas drainage in soft, low-per-
meability, high-gas coal seams.

2. Principles of Pressure Relief and
Permeability Enhancement of Large-
Diameter Boreholes in Coal Seams

The gas content equation can be expressed as follows
according to the gas content coefficient method:

x = A
ffiffiffi

p
p , ð1Þ

where x is the gas content in coal and rock mass, m3/m3; A is
the coefficient of coal seam gas content; p is the gas pressure
of coal seam, MPa.

The main difference between the gas-solid coupling
equation and the liquid-solid coupling equation is that the
compressibility of the gas and the mass change of the
adsorption and analysis of the gas are considered.

When the element’s stress state or strain state will meet a
given damage threshold, the element begins to be damaged,
and the elastic modulus of the damaged element is

E = 1 −Dð ÞE0, ð2Þ

where D is the damage variable; E and E0 are the elastic
modulus of damaged and undamaged elements; these
parameters are assumed to be scalar.

For uniaxial compression, the breaking criterion of the
unit adopts the Mohr Coulomb criterion, namely

F = σ1 − σ3
1 + sin φ

1 − sin φ
≥ f c, ð3Þ

where F is the uniaxial force of the unit, σ1 and σ3 are the
maximum and minimum principal stresses of the unit,

respectively, φ is the internal friction angle, and f c is the uni-
axial compressive strength.

When the shear stress reaches the Mohr-Coulomb dam-
age threshold, the damage variable D is expressed as follows:

D =
0 ε < εc0,

1 − f cr
E0ε

ε ≤ εc0:
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where f cr is the uniaxial compressive residual strength; εc0is
the maximum compressive strain; εris the residual strain.
The experiment shows that the damage will cause the air
permeability coefficient of time to increase by a few sen-
tences, and the change of the unit air permeability coefficient
can be described by the following formula:

λ =
λ0e

−β σ1−αpð Þ D = 0,
ξλ0e

−β σ1−αpð Þ D > 0:

(

ð5Þ

where λ0 is the initial permeability coefficient; P is the void
pressure; ξ, α, β is the air permeability coefficient that has
increased the magnification, pore pressure coefficient, and
coupling coefficient.

3. Numerical Analysis of Pressure Relief and
Permeability Enhancement of Coal Body
Surrounding a Single Hole

The research is carried out on the 3# coal seam of Shiquan
Coal Mine. The entire model is composed of coal seams
and roof and floor rocks. The borehole diameters are
100mm, 200mm, 300mm, and 350mm, respectively, to
simulate the fracturing and permeability enhancement of
the coal around the borehole.

A single-layer coal body is used to establish a model. The
length of the coal seam model along the strike is 9m, the
height is 6m, and the strengthened boreholes are set at a
height of 1.2m. According to the average total thickness of
the stratum 178.50m, the vertical ground pressure is set to
4.0MPa, and the model is divided into 360 × 240, a total of
86,400 units.

The boundary conditions are as follows: the two ends are
horizontally restrained, the upper end is movable, the bot-
tom end is fixed and restrained, and the air is separated on
all sides. The calculation parameters are shown in Table 1.

3.1. The Law of Pressure Relief and Permeability Enhancement
around 100-mm Diameter Borehole. The simulated maximum
principal stress evolution cloud diagram of the coal body
around the 100-mm borehole is demonstrated in Figures 1
and 2. It can be seen that during the drilling process, the prin-
cipal stress is redistributed around the borehole, which has a
significant impact on the stability of the coal seam around
the borehole. After drilling, the principal stress around the
borehole increases sharply, and the distribution is more obvi-
ous on both sides of the borehole. The increase in stress
around the borehole causes the coal body around the borehole
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to break, and the stress releases and decreases, forming a pres-
sure relief zone; adjacent coal body stress suddenly increases,
followed by destruction, so it continues to extend around the
borehole.

After an elliptical fracture zone is formed around the
borehole, the main stress increases toward the upper left,
upper right, lower left, and lower right of the borehole.
The range of the fracture zone further increases, and the
final damage zone takes a butterfly shape. Figure 2 shows
the stress distribution curve after the coal body is broken
(the height is 1.4m). It can be seen that the coal body stress
around the borehole is symmetrically distributed on both
sides of the borehole with the borehole as the center.

The process of coal body damage and fracture can be
characterized by acoustic emission. Figure 3 is a cloud dia-
gram of the evolution of the acoustic emission process of a
100-mm diameter borehole. It can be seen that when the
coal body begins to be damaged, the damage first appears
in the horizontal position; then the acoustic emission phe-
nomenon on both sides of the borehole gradually increases,
which means that damage continues to form around the
borehole, and the damage area is elliptical; the upper left,
upper right, lower left, and lower right of the borehole con-
tinue to evolve, and the damage becomes more and more

Table 1: Model parameters.

Coal seam
Parameter Numerical value

Homogeneity (m) 10

Elastic modulus E0 (GPa) 15

Poisson’s ratio ν 0.3

Compressive strength f c (MPa) 30

Tensile strength f t (MPa) 4

Coal seam permeability k (m2·MPa
-2·d-1) 0.28

Gas pressure σ (MPa) 0.56

Coupling coefficient 0.1

9 m

6 
m

Hole Ф 100 mmm

Figure 1: 100-mm maximum principal stress for boreholes.
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Figure 2: Distribution of principal stress.

Figure 3: 100-mm borehole acoustic emission damage cloud map.
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Figure 4: Coordinates (175,190) unit gas flow change curve.
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Figure 5: 200-mm maximum principal stress for boreholes.
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intense, forming a fissure network around the borehole. The
process of coal damage and destruction around the borehole
is symmetrically distributed around the borehole. The final
damage area around the borehole is butterfly-shaped, and
the damage radius of the collapsed hole is about 0.375m.

After drilling, because the drilling creates cracks and col-
lapses in the surrounding coal body, the stress on the coal
body is effectively attenuated, and the air permeability
increases, so that the gas originally adsorbed inside the coal
body can be released, so that the gas in the borehole can
be released. The concentration increased sharply. Figure 4
shows the gas velocity variation diagram of the numerical
simulation. It can be seen that the gas emission velocity is
very high in the initial stage, and then there is a sudden drop.
Gradually slow down, after calculating 50 strides, the gas
emission volume has increased volatility. This is because
new local damage occurs at the upper left and upper right
of the borehole, causing the gas to gush out again in a con-
centrated manner. Therefore, it is worth pointing out that
in the process of coal crushing around the borehole, there
may be a phenomenon of gas injection holes due to the accu-
mulation of crushed coal.

3.2. The Law of Pressure Relief and Permeability Enhancement
around 200-mm Diameter Borehole. Figure 5 explains the
evolution cloud diagram of the maximum principal stress
caused by the occurrence and expansion of the surrounding
coal cracks after a 200-mm diameter hole is drilled. It can be
seen that the coal stress around the borehole is symmetrically
distributed with the borehole as the center. After the borehole,
the surrounding coal stress increases, and the area of change in
the horizontal direction is larger. Damage is formed in the
stress-concentrated area and continues to expand to the
surroundings, and finally the broken area near the borehole

is elliptical; then the stress on the upper left and upper right
of the borehole increases, and at the same time, it extends
upward at a certain angle to form the main fracture. From
Figure 6, it can be seen that the final damage area as a whole
presents a “V” shape with an opening angle of about 80°.
The process of weakening the stress around the borehole and
forming a broken zone is like the process of “butterfly spread-
ing its wings.”

The 200-mm borehole acoustic emission cloud image is
shown in Figure 7. It can be seen that the coal body began
to undergo obvious damage in step 49-1. Because the stress
on both sides is relatively concentrated, the acoustic emis-
sion first appeared in the horizontal position, and the dam-
age continued to proceed around the borehole, forming an
elliptical damage area; then damage occurred at the upper
left and upper right of the borehole, and the damage
occurred at a certain level. The angle continued to extend
to the upper part of the coal seam; during the extension
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Figure 6: 100mm and 200mm distribution of principal stress in boreholes.

Figure 7: 200-mm borehole acoustic emission destruction cloud
map.
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process, the fissures developed more and formed the main
fissures, and microfissures continued to appear near the
main fissures, and the damage and destruction of the coal
body increased; The damage area formed around the hole
is “butterfly-shaped” with a damage radius of about 0.65m.

Compared with the failure evolution process of a 100-
mm diameter borehole, the location where the damage
begins and the process of damage expansion are roughly
the same, and they all show a “butterfly shape” in the end.
However, due to the increase in the diameter of the
200mm borehole, the shear principal stress change area after
the borehole is larger, resulting in a wider area of damage to
the surrounding coal body, and the process of “butterfly
spreading” becomes more obvious.

Figure 8 indicates the comparison curve of the flow
change process of 100-mm and 200-mm diameter boreholes.
It can be seen that the curves of the gas flow change process
of the two are roughly the same, and both have experienced
a sharp decrease in gas emission, then the change tends to be
flat, and finally the fluctuation increases. Due to the large
damage area formed by the 200-mm borehole, the amount

of newly added gas is large, and the gas attenuation trend
is small.

3.3. The Law of Pressure Relief and Permeability
Enhancement around 300-mm Diameter Borehole. The cloud
diagram of the evolution of the maximum principal stress is
presented in Figure 9 when the coal cracks around the 300-
mm diameter borehole expand. It can be seen that the
increase and attenuation of the coal body stress around the
borehole is similar to that of 100-mm and 200-mm diameter
boreholes; however, the stress attenuation of 300-mm bore-
holes changes faster, and the number of steps at which
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Figure 8: 100mm and 200mm variation of gas flow in borehole.
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Figure 9: 300mm maximum principal stress for boreholes.

−5

0

5

10

15

20

25

30

35

Pr
in

ci
pa

l s
tr

es
s σ

 (M
Pa

) 

−50 0 50 100 150 200 250 300 350 400

Number

r = 200 mm
r = 300 mm

Figure 10: Principal stress distribution of 200-mm and 300-mm
boreholes.

5Geofluids



failure begins and the number of steps to complete failure
are both higher than those of 100mm. There are fewer holes
with a diameter of 200mm, and the opening angle of the
final “V”-shaped crushing zone is larger, with an angle of
about 90°.

Figure 10 is the main stress distribution curve of 200-
mm and 300-mm diameter boreholes. It can be seen that
the main stress distribution trends formed by the failure of
the two are roughly the same, and they are distributed sym-
metrically with the borehole as the center. However, the

stress of the 300-mm borehole is lower, because the range
of the broken zone formed by the 300-mm borehole is wider,
the range of stress attenuation is greater, and the radius of
the pressure relief zone formed near the borehole is also
larger.

The 300-mm borehole acoustic emission evolution cloud
diagram is presented in Figure 11. It can be seen that the coal
body acoustic emission evolution around the borehole is
symmetrically distributed with the borehole as the center;
in the same way, they all show the process of “butterfly
spreading their wings.” However, the initial number of
acoustic emission steps and the final number of steps after
failure of the 300-mm borehole are faster than those of the
100-mm and 200-mm boreholes; the damage area formed
around the borehole, the main cracks extending from the
upper left and upper right, and the derived fracture network
has a wider range, and the damage radius is about 1.0m.

Figure 12 is a comparison curve of gas flow rate changes
for 200-mm and 300-mm diameter boreholes. It can be seen
that the gas emission velocity of the two has roughly the
same trend; because the area of the 300mm borehole is
larger, the initial emission velocity is lower. In the process
of fracture evolution, the number of steps for the gas flow
fluctuation phenomenon in the 300-mm diameter borehole
due to failure is earlier than that of the 200-mm diameter
borehole.

3.4. The Law of Pressure Relief and Permeability
Enhancement around 350-mm Diameter Borehole. The cloud
diagram of the evolution of the maximum principal stress
caused by coal cracks around a 350mm diameter borehole
is shown as Figure 13. The stress changes are symmetrically
distributed around the borehole. The process of stress
increase and attenuation is similar to that of 100-300-mm
diameter boreholes, but the 350-mm boreholes produced
change faster, the number of steps that start to fail and the
number of steps that finally complete failure all are

Figure 11: 300-mm borehole acoustic emission damage cloud map.
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Figure 13: Maximum principal stress for 350-mm holes.
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Figure 14: Distribution curves of principal stresses for 4 holes.
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advanced, and the opening angle of the final “V”-shaped
crushing zone is larger, about 110°.

Figure 14 demonstrates the principal stress distribution
curves of 4 different diameter boreholes. It can be seen that
the coal stresses around the borehole are all symmetrically
distributed around the borehole, and the main stress distri-
bution trend is roughly the same. Due to the different radii,
the four types of boreholes have different ranges of crushing
zones in the surrounding coal body. The larger the borehole,
the larger the crushing zone, the larger the stress influence
range, the smoother the stress change trend, and the unload-
ing formed near the borehole, the larger the nip area is.

Figure 15 is a cloud diagram of the evolution of the
acoustic emission process of a 350-mm diameter borehole.
Like the failures caused by the previous drill holes, the
acoustic emission evolution is symmetrically distributed
with the drill hole as the center. Starting from the calculation
step 44-1, damage occurred on both sides of the coal body
and continued to form collapsed holes. Then new acoustic
emission damage appeared on the upper left and upper right
sides of the borehole and continued to move at a certain
angle. The upper part of the coal seam stretches to form a
macroscopic main fissure. At the same time, microfissures

are derived from the main fissures to form a fissure network,
which aggravates the damage and destruction of the coal
body, showing a “butterfly-shaped” damage.

Comparing 100-mm, 200-mm, 300-mm, and 350-mm
borehole acoustic emission process evolution cloud diagram,
it is not difficult to see that coal body damage is symmetri-
cally distributed with the borehole as the center, and the
damage start position, damage change, and expansion pro-
cess are roughly the same, and the damage process perfor-
mance is “butterfly spreading wings”; however, as the hole
diameter of the drill hole becomes larger, the area of coal
shear principal stress change around the drill hole is also
increasing, and the damage area caused is also increasing.
Both the main fissure and the fissure network are enlarged,
and the number of steps to form the fissure network is
reduced.

Figure 16 explains the change curve of gas flow rate of 4
types of boreholes. It can be seen that the gas emission
trends of the 4 types of boreholes are roughly the same.
The ruptures formed in the upper left and upper right of
the borehole caused the gas flow to suddenly increase and
fluctuate.

4. Numerical Analysis of Pressure Relief and
Permeability Enhancement around 350-mm
Diameter Double Borehole

The model is set to be 9m long and 6m high, with a 350-
mm double drill hole set at a height of 1.2m. The model is
shown in Figure 17. The number of calculation steps is set
to 100 steps, and the calculation is stopped until large cracks
are gradually formed around the borehole. The model
parameter table is shown in Table 1 above.

The cloud diagram of the maximum principal stress evo-
lution caused by the expansion of coal cracks around 350-
mm double boreholes is presented in Figure 18. The stress
change process of double boreholes is roughly the same as
that of single boreholes: the stress of the surrounding coal
body suddenly increases after the borehole is initially drilled,
and then the coal body around the borehole is broken to
form an elliptical pressure relief zone, as shown in the calcu-
lation step 50-1, and then the stress at the upper left and
upper right of the borehole starts to increase, extending
upwards at a certain angle. When calculating to the last step
57-31, it is obvious that the stress attenuation zone and the

Figure 15: Acoustic emission damage of 350-mm hole cloud map.
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attenuation area formed by the stress change in the upper
left and upper right are clearly seen. The overall appearance
is a large “V shape” with an angle of approximately 140°. The
attenuation process of the stress change of the coal body
around the double holes is also like the process of “butterfly
spreading its wings.”

Figure 19 is the main stress distribution curve of 350-
mm single hole and double hole at 3.5m height. It can be
found that the stress distribution of the two is symmetrically
distributed around the center position, and the failure and
the final failure time of the 350-mm double hole are earlier

than the 350-mm single hole, and the stress attenuation
change area is larger; in the upper left and upper right of
the drill hole, the number of main cracks generated by the
square, the distance of expansion, and the range of the for-
mation of the crack network are much larger than that of a
single hole, and even the speed of crack expansion is faster
than that of a single hole. The final crushing zone of both
shows a “V” shape, and the opening angle of the double hole
is also larger, about 140°.

Figure 20 is a cloud diagram of the evolution of the
acoustic emission process with a 350-mm diameter double
hole. The process of borehole acoustic emission damage evo-
lution is symmetrically distributed with the midpoint of the
two boreholes as the center. The acoustic emission failure
process starts from the 30-1 calculation step, first appears
between the two holes, and then appears on both sides of
the coal body and continues to evolve. As the destruction
progresses, the acoustic emission continues to the upper left
and upper right sides of the borehole, forming main fissures.
With the main fissures, microfissures are derived to form a
fissure network, so that the coal body fissures are fully devel-
oped, and the final damage area appears as “butterfly shape”;

Step 1

(a) Step 1

Step 50

(b) Step 50

Step 57

(c) Step 57

Figure 18: Maximum principal stress evolution 350-mm double boreholes.
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Figure 20: Acoustic emission damage cloud of 350-mm double
hole.
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as shown in calculation steps 57-31, the damage radius is
about 2.4m.

Comparing the single-hole and double-hole acoustic
emission evolution cloud map of 350mm diameter, the
damage and destruction of the coal body around the bore-
hole are distributed symmetrically, and the damage and
expansion process are roughly the same, and the damage
and expansion form is “butterfly.” The double holes are
damaged at the position between the two holes first, the
main cracks are derived farther, the damage area is wider,
and the fracture network formed is larger, and then expands
on both sides, and the final formation time is shorter.

Figure 21 is a comparison diagram of gas flow between
350-mm single hole and double hole. The gas emission
change process of 350-mm single hole and double hole is
roughly the same, and both have experienced a process from
a sharp drop from the initial position to a gradual change
and finally a fluctuation phenomenon with the destruction
of the coal body.

5. Conclusions

(1) The stress changes in the coal body around the bore-
hole are symmetrically distributed around the bore-
hole, extending from the vicinity of the borehole to
the upper left and upper right at a certain angle, such
as a butterfly spreading its wings. The final shape is a
“V” shape with an open angle. As it becomes larger
and larger, the range of stress influence becomes
wider and wider. The failure and the final failure
time of the 350-mm double hole are earlier than
the 350-mm single hole, and the stress attenuation
change area is larger, and the opening angle of the
“V”-shaped is also larger

(2) Stress evolution controls the evolution of coal cracks.
First, damage occurs around the borehole and then
extends to the upper left and right corners, like a
butterfly spreading its wings. The crushing zone
increases with the increase of the hole diameter,
and the impact radius of the 100-mm, 200-mm,
300-mm, 350-mm diameter borehole rupture is

0.375m, 0.65m, 1.0m, and 1.25m, respectively.
The damage and expansion process of 350-mm dou-
ble hole is roughly the same as that of 350-mm single
hole, but the damage occurs first between the two
holes, the final formation time is shorter, and the
rupture radius can reach 2.4m

(3) Under different diameters, the law of gas emission
from coal bodies is roughly the same. As the drilling
radius increases, the initial gas emission rate gradu-
ally decreases. The larger the diameter of the bore-
hole, the more fissures will be produced, and the
air permeability of the coal body in the affected coal
seam area will obviously increase. The gas emission
change process of 350-mm single hole and double
hole is roughly the same
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