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In order to improve the accuracy of coal and gas outburst risk prediction for an excavation face, an outburst equilibrium equation
for the excavation face was established based on the Mohr–Coulomb criterion to predict the coal and gas outburst risk for the
excavation face. The numerical model was established using the COMSOL Multiphysics simulation software to explore the
relationship between the initial gas emissions from the borehole and the gas pressure. Using a ZTL20/1000-Z mine flameproof
prediction device, taking excavation face 9301 in the Anshun Coal Mine in Guizhou Province, China, as the research object,
and taking the detailed regulations for prevention and control of coal and gas outburst promulgated by the China Coal Mine
Safety Supervision Bureau in 2019 as the prediction standard for coal and gas outbursts, an experiment on the outburst risk
prediction for the excavation face was conducted. The results show that the gas pressure measured in the borehole is positively
correlated with the initial gas emissions, and the initial gas flow can be used as a sensitive index to predict the outburst risk of
the excavation face. The initial gas flow increases as the borehole depth increases, and it tends to be stable in the later stage.
The initial borehole gas flow can not only reflect the outburst risk but also reveal the possible location of the outburst, which
has obvious advantages over other outburst prediction indexes.

1. Introduction

Coal and gas outbursts are a dynamic phenomenon related
to the combined action of gas pressure and ground stress
on a coal and rock mass containing gas. They are mainly
manifested as a large amount of coal and gas rushing to
the excavation face in a very short period of time [1].
Numerous studies have shown that the occurrence of a coal
and gas outburst requires the destruction of the coal and
rock mass under the action of the ground stress to produce
a large number of pores and cracks, and then, a large
amount of energy is released to the excavation face under
the action of the high-pressure gas. Such disasters can result
in a large number of casualties and property losses. In short,
coal and gas outbursts are a process of energy release [2, 3].
In recent years, with the increase in the coal mining depth in
China, the amount of mine gas emission has increased,
resulting in occasional coal and gas outburst accidents [4,

5]. Beamish and Crosdale, Liu et al., and Hu and Zhao
[6–8] analyzed the mechanism and current situation of coal
and gas outburst accidents in mines.

Based on the coal and gas outburst accident mechanism,
Lama and Bodziony and Wang et al. [9, 10] proposed a series
of effective preventive measures, including a mining protective
layer, advanced drilling, and hydraulic punching. However,
coal mines defined as outburst mines are not all working areas
with outburst risks. On the contrary, coal and gas outbursts
often occur only in local areas in the mine [11–13]. Therefore,
it is of great importance to accurately predict whether their
excavation face is at risk of a coal and gas outburst. Gas emis-
sions have long been considered to be a complex engineering
system. It is difficult to effectively, comprehensively, and accu-
rately predict the risk of coal seam gas outbursts using a single
index, and then, the reliability is not guaranteed, which has
certain limitations. Dynamic prediction can comprehensively
reflect the risk of coal seam outbursts near a coal body, and
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it has a higher accuracy for the prediction of gas emissions
from a coal mining face.

Cheng et al. [14] established the relationship between the
gas desorption index for drill cutting Dh2 and the gas pres-
sure in the coal seams. Gui et al. [15–17] discussed the
influencing factors, including the quantity of drilling cut-
tings and the gas desorption index of the drilling cuttings,
in predicting the risk of coal and gas outbursts. Tan et al.
[18] analyzed the problem of how to reflect the stress of a
coal body using drilling cuttings according to the Mohr–
Coulomb criterion.

Cao and Wang [19] proposed the incremental change
index for drilling cuttings under a stress gradient by consid-
ering factors such as the expansion factor and obtained the
relationship between the drilling cuttings and coal stress.
At present, the indicators used to identify whether an exca-
vation face has a prominent risk generally include the dril-
ling cutting bit index, the temperature index, and the
composite index [20–22]. However, the above prediction
indexes are all static prediction indexes, and the dynamic
prediction indexes for predicting the outburst risk for an
excavation face have rarely been studied [23].

Based on this, in this study, a numerical model was
developed based on theoretical analysis, and the conditions
of coal and gas outbursts from an excavation face and the
relationship between the borehole gas emissions and gas
pressure were investigated. Using a ZTL20/1000-Z type min-
ing flameproof outburst prediction device and taking exca-
vation face 9303 in the Anshun Coal Mine in Guizhou
Province as the experimental object, field research on out-
burst prediction was carried out in order to develop a new
method for predicting the risk of coal and gas outburst from
an excavation face.

2. Engineering Background and
Experimental Equipment

2.1. Engineering Background. Excavation face 9303 is located
in coal seam #9 in a three-panel area, which is the main coal
seam in the Anshun Coal Mine in Guizhou Province, China.
The average thickness of the coal seam is 1.6m, and the coal
seam is relatively stable. There is no false roof in the coal
seam roof. The immediate roof is composed of silty mud-
stone, with a thickness of 5.27m. The old roof is composed
of limestone, with a thickness of 4.79m. The immediate roof
is composed of argillaceous siltstone, with a thickness of
3.78m. The old floor is composed of silty mudstone, with a
thickness of 8.12m. The coal seam’s geographical location
and a mining histogram are shown in Figure 1.

In 2018, the basic parameters of the gas in coal seam
#9 in the Anshun Coal Mine in Guizhou Province were
measured by the Safety Production Testing and Inspection
Center of the China University of Mining and Technology.
The maximum gas content of the coal seam was 9.2m3/t,
the maximum gas pressure was 0.77MPa, the permeability
coefficient was 0.0932-0.1458m/MPa·d, the initial velocity
of the gas released was 25–32m/s, and the firmness coeffi-
cient was 0.81–0.85.

2.2. Experimental Equipment. A ZTL20/1000-Z type mining
flameproof flow method coal seam outburst prediction
device was used in the experiments. The device is mainly
composed of an air drill, drill bit, twist drill pipe, capsule,
manual pressure pump, filtering device, velocity sensor, coal
bunker, displacement sensor, and intrinsically safe acquisi-
tion host. A schematic diagram of the device is shown in
Figure 2.

2.3. Experimental Procedure. The sealing effect of the device
is needed to meet the industrial demand under laboratory
conditions. The experiment procedures were as follows.

(1) A 42mm diameter borehole was drilled in the mid-
dle of the excavation face

(2) A manual pressure experiment pump was used to
inject water into the capsule to seal the hole, and
the pressure applied was 3.5MPa

(3) The sensor was placed in a reserved position, and
then, the host was opened, and the data acquisition
process was run

(4) The drill bits were placed in the predetermined posi-
tion in front of the excavation face

(5) The data processing program was run, and the
results were output

2.4. Data Processing Method. According to the experimental
procedure, the computer program automatically converted
the current value of the sensor into the corresponding data
curve. The principle of the data processing program is
shown in Equations (1) and (2).

Si =
ðx2
x1

qidxX = ∑n
i=1 Si ⋅ xið Þ
∑n

i=1Si
, ð1Þ

M = S ⋅ L = S K2 − Xð Þ: ð2Þ

Si is the area for a point in a bore hole (L·m/min). x1 and
x2 are the distances from both ends of the flow segment at
point i to the excavation face (m). qi is the instantaneous
gas flow corresponding to i point (L/min). R is the center
of the face of the flow area of the microsegment correspond-
ing to point i. X is the length of the excavation face (m). M
is the maximum flow peak area (L·m2/min). S is the area of
the maximum displacement flow curve per unit length
(L·m/min). L is the center of gravity distance of the maxi-
mum displacement flow curve per unit length and is used
to predict the distance to the bottom of the borehole (m).
K2 is the total length of the borehole (m).

It can be seen from Equation (2) that the maximum flow
peak area is proportional to the flow area per unit borehole
length, and it is inversely proportional to the distance from
the center of the surface to the excavation face of the flow
area per unit borehole length, that is, the larger the maxi-
mum flow peak area of the excavation face is, the more likely
it is that a coal and gas outburst will occur.

2 Geofluids



2.5. Initial Gas Emission Law

2.5.1. Construction of Numerical Simulation. In the excava-
tion of a coal roadway, outbursts often occur when the soft
layer is exposed near hard coal. This is because the existence
of a soft layer not only reduces the tensile strength of the
coal, but the ground stress also tends to compress the soft
layer, resulting in a decrease in the coal’s permeability [24].
The smaller coal permeability causes a large amount of gas
to accumulate and form a high-pressure gas source. When
the soft layer is suddenly exposed, due to the existence of a
pressure difference, a large amount of gas is released into
the excavation space in a short period of time, thus creating
the conditions of a coal and gas outburst [25–28].

The drilling of a coal mine excavation face is very similar
to that of coal mine roadway excavation. When the borehole
advances to a soft layer containing a high-pressure gas
source, the gas emissions in the borehole increase sharply
due to the release of a large amount of gas. The gas emission
is shown in Figure 3.

In order to study the relationship between the gas emis-
sion from the borehole and the gas pressure, a mathematical
model of the source of the borehole gas was established. In
this model, the initial drilling gas flow of the gas emission
is mainly divided into three parts: the gas flow emitted near
the bit, the gas flow emitted from the borehole wall during
the drilling process, and the gas flow emitted from the coal
dust during the drilling process. Gas emission during drilling
is a very complex process [29–33]. Therefore, the following

assumptions were made in the model to take into account
the main factors [34–40].

(1) The gas in the coal seams is sealed in the coal seams

(2) There are no cracks in the coal seams

(3) The gas in the coal is an ideal gas and obeys Darcy’ s
law

(4) The coal seam is homogeneous, and the temperature
of the coal mass remains constant

(5) The gas permeability of the coal seam does not
change with gas pressure

(6) The gas flow around the borehole is spherical unsta-
ble flow

When the drill bit begins to drill into the coal seam, the
gas flow channel forms near the drill bit first, and the gas
near the drill bit obeys spherical seepage under a high gas
pressure gradient. The spherical seepage of the gas in the
borehole is as follows:

∂p0
∂t

= a1
∂2p
∂r2

+ 2∂p
r∂r

" #
: ð3Þ

Initial conditions are as follows: t = 0时, and p = p0 = p20.

Beijing

Anshun coal mine
52

Columnar LithologyThickness
(m)

Limestone

53 Silty clay rock

54 M9 coal seam

55 Fine grained
sandstone

Guizhou

Figure 1: Geographical location of the experimental coal seam and the geographic conditions of the coal seam.

Figure 2: Experimental device. 1—press machine; 2—pressure pole; 3—cylindrical block; 4—drill pipe; 5—coal seam; 6—stopper; 7—large
flow sensor; 8—small flow sensor; 9—coal bunker; 10—electric coal drill; 11—displacement sensor; 12—flow tube.
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Boundary conditions are as follows:

0 ≤ t<∞,r = R1, P = P1 = p21,

0 ≤ t<∞,r⟶∞,P = P0 = p20,
∂P
∂r

= 0:

8<
: ð4Þ

According to the Laplace transform, Equation (5) can be
obtained as follows:

rT r, Sð Þ − rP0
s

= Ac + Bsð Þ S
a1

rh: ð5Þ

The initial conditions and boundary conditions are
substituted into Equation (5) to obtain Equation (6):

E0 =
P − P1
P0 − P1

= 1 − R1
r

erf r − R1
2 ffiffiffiffiffiffi

a1t
p

� �
: ð6Þ

The gas emission equation for the coal wall based on
Darcy’s Law is as follows:

q = −λ
∂P
∂r

����
r=R1

: ð7Þ

Substituting Equation (6) into Equation (7) gives

q = p0 − p1ð Þ r
R1

+
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λa

4πp1:50 t

s" #
: ð8Þ

Because the bore hole radius is small relative to the
thickness of the coal seam, the borehole can be regarded as
an infinitely small hole, and the gas flow around the drilling
hole is radial unstable flow. The radial seepage of the gas in
the borehole can be described as follows:

∂P
∂t

= a1
∂2P
∂r2

+ 1
r
∂P
∂r

" #
: ð9Þ

Initial conditions are as follows: t = 0, and P = P0 = P0
2.

Boundary conditions are as follows:

0 < t<∞,r = R1, P = P1 = p21,

0 < t<∞,r⟶∞,P = P0 = p20,
∂P
∂r

= 0:

8<
: ð10Þ

According to the Laplace transform,

rT ′′ r, Sð Þ + T ′ r, Sð Þ + s
a1

r T ′ r, Sð Þ − p0
S

h i
= 0: ð11Þ

The initial conditions and boundary conditions can be
substituted into Equation (11) to obtain Equation (12):

P0
s

− T r, Sð Þ = P0 − P1
s

r
rt
: ð12Þ

By applying a dimensionless transform to Equation (9),
we obtain

q = λY P0 − P1ð Þ
R1

: ð13Þ

During the drilling of the borehole, the coal body gradu-
ally forms coal cuttings after continuous destruction, and the
gas flow from the coal cuttings gradually increases. Assum-
ing that the coal cuttings are spherical, isotropic, and homo-
geneous, the diameter of the coal cuttings remains
unchanged during the drilling and conforms to the law of
mass conservation during the drilling. Based on the above
assumptions, the gas flow from the coal cuttings in the bore-
hole is as follows:

∂P
∂t

= a1
∂2P
∂r2

+ 2
r
∂p
∂r

 !
: ð14Þ

Initial conditions are as follows: t = 0, and P = P0 = P0
2.

Boundary conditions as follows:

r = R1 t > 0ð Þ, P = P1 = p21,

r = 0 t > 0ð Þ, ∂p∂r = 0:

8><
>: ð15Þ

The initial conditions and boundary conditions can be

Figure 3: Schematic diagram of gas emission from a borehole.
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substituted into Equation (14), and dimensionless changes
are made to obtain Equation (16):

E0 = 1 − R1
r

erf 1 − r/R1
2 ffiffiffiffiffi

F0
p

� �
− erf 1 + r/R1

2 ffiffiffiffiffi
F0

p
� �� �

: ð16Þ

According to Darcy’s law, the gas flow from the drilling
cuttings in the borehole can be obtained by changing Equa-
tion (16) into Equation (17):

q = λ

2R1
ffiffiffiffiffi
F0

p P0 − P1ð Þ exp −F0ð Þ + 1½ �: ð17Þ

F0 is the dimensionless time. Y is a dimensionless num-
ber. q is the initial gas emission per unit area (m3/(m2·d)). λ
is the permeability coefficient of the coal seam (MPa). p is
the gas pressure of the coal seam (MPa). p0 is the initial
gas pressure of the coal seam (MPa). p1 is the gas pressure
of the borehole (MPa). t is the time (s). R1 is the radius of
the borehole (m). P is the square of p (MPa2). P0 is the
square of p0 (MPa2). P0 is the square of p1 (MPa2).

2.6. Research Based on Numerical Simulation. The boundary
conditions of the experimental model indicate that the lower
boundary is simplified as a fixed boundary; and the left,
right, and rear sides are normal displacement constraint
boundaries. The front part is free space, and the upper part
is loaded with a stress boundary, namely, the self-weight of
the overlying strata. The permeability of the coal seam is a
function of the effective stress [41–45]. The specific parame-
ters of the model and the simulation results are presented in
Table 1 and Figure 4.

In order to study the gas emission characteristics dur-
ing the drilling of the excavation face under different pres-
sures, simulations were conducted under the following
conditions: a coal seam burial depth of 800m, a drilling
length of 1m, a drilling time of 4min, a coal water con-
tent of 5.63%, and gas pressures of 0.5MPa, 1.0MPa,
1.5MPa, 2.0MPa, 2.5MPa, and 3.0MPa. The relationship
between the gas emission from the borehole and the gas
pressure is shown in Figure 5.

It can be seen from Figure 5 that under the different gas
pressures, the initial gas emission increased rapidly as the
drilling progressed. During the entire drilling process, the
gas emission was positively correlated with the gas pressure.
Therefore, the gas emission from the borehole can represent
the gas pressure, and it can be used as a sensitivity index to
determine whether the excavation face has a risk of outburst.
Gao et al. [46–49] reported that the total gas emission from a
borehole can be used to characterize the initial gas flow from

the borehole, and the initial gas emission from the borehole
is dynamically measurable as the depth of the borehole
drilled in the coal. Therefore, in order to determine if the
index of the initial borehole gas flow can be used to predict
whether the coal body in front of the excavation face has a
risk of outburst, a field experiment was carried out.

3. Analysis and Discussion of
Experimental Results

In order to ensure sufficient safety distance, the drilling
length was 8m. A total of 12 groups of experimental data
were collected. Due to the similarity of the data, one group
of experimental data was randomly selected for analysis.
The results of the 11 groups are presented in Table 2.

The relationship between the borehole displacement
and gas flow is shown in Figure 6. As can be seen from
Figure 6, in the early stage of the drilling of the excavation
face, the gas flow from the borehole was small and the
emission was stable. As the borehole depth increased, the
initial gas flow from the borehole began to increase signif-
icantly, and then, it became stable. When the drill bit
drilled to 3–6m, the initial gas flow gradually increased,
and it reached the maximum value of 13.12 L·m2 at 5–
6m, indicating that there was a large amount of gas
adsorbed in the coal seam. When the coal seam was
destroyed by the drilling, a large amount of gas was
released from the coal seam into the borehole. The maxi-
mum flow peak area was 91.63 L·m2/min. Coal samples
were collected between 5m and 6m. In addition, the maxi-
mum drilling cutting bit index and themaximum initial veloc-
ity index of the borehole gas emission were used to test and

Table 1: Model parameters.

Borehole
diameter
(mm)

Length
(m)

Elasticity
modulus
(MPa)

Cohesion
(MPa)

Internal
friction
angle (°)

Poisson
ratio

Coal body’s
tensile strength

(MPa)

Coal
density
(kg·m-3)

Dynamic
viscosity of
gas (Pa·s)

Density
of gas
(kg·m-3)

Temperature
(K)

40 1.5 677 2.2 35 0.3 2.2 1300 1.85e-5 0.726 305

F

Figure 4: Three-dimensional numerical model.
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judge whether there was a risk of outburst. The measured
values of these indexes were 2.34kg/m and 2.21L/min, respec-
tively. Both were below the critical values of 6.0 kg/m and
4.0L/min for these indexes, respectively, according to the coal
and gas outburst prevention rules. Finally, the prediction sec-
tion was excavated, and the results show that there was no out-
standing phenomenon, that is, when the maximum flow peak
area was 91.63L·m2/min, there was no outburst risk for the
excavated coal face.

The experimental results of the other groups are pre-
sented in Table 2. The trends of the test results of the max-
imum flow peak area index, the maximum drilling cutting
bit index, and the maximum gas emission initial velocity

index of the borehole are basically the same, and the range
of the maximum flow peak area for the index is relatively
wide. Although there was no outburst from the coal seam
during the tunneling process, when the maximum flow peak
area was 142.94 L·m2/min, the maximum drilling cutting
was 4.5 kg/m and the maximum initial gas emission velocity
was 3.2 L/min, which was very close to the critical values of
6.0 kg/m and 4.0 L/min, respectively, as stated in the Coal
and Gas Outburst Prevention and Control Regulations. In
addition, the drill was stuck. Therefore, the maximum flow
peak area of 142.94 L·m2/min can be used as a critical value
to judge whether there is a risk of outburst in the tunneling
of the coal roadway.

0 50 100 150 200
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

Q
 (L

/S
)

T (S)

3.0 MPa
2.5 MPa
2.0 MPa

1.5 MPa
1.0 MPa
0.5 MPa

Figure 5: Relationship between the gas emission and gas pressure in the borehole.

Table 2: Experimental results.

Experimental
dataset

Maximum drilling
cutting bit index (kg·m-1)

Maximum gas emission initial
velocity index (L·min-1)

Maximum flow peak area
index (L·m2·min-1)

With and without coal
and gas outburst

Drill
became
stuck

1 4.5 3.2 142.94 Without Yes

2 2.6 2.2 13.96 Without No

3 2.5 2.0 27.87 Without No

4 2.3 1.7 22.65 Without No

5 2.4 2.1 94.84 Without No

6 1.8 3.1 16.68 Without No

7 2.2 1.7 30.46 Without No

8 1.8 1.9 9.71 Without No

9 2.0 2.1 12.15 Without No

10 1.5 1.2 3.85 Without No

11 2.2 1.8 20.17 Without No

6 Geofluids



4. Conclusions

(1) There is a significant linear relationship between the
gas pressure in the borehole and the initial gas flow
from the excavation face, so the initial gas flow from
the borehole can be used as a sensitive index to pre-
dict the outburst risk of the excavation face

(2) The initial gas flow increases as the drilling length
increases, and it tends to be stable in the later stage.
When the coal seam is exposed and destroyed
instantaneously, a large amount of gas will be
released. Therefore, the peak area of the gas flow
can not only reflect the risk of a coal and gas out-
burst but also be used to effectively predict the areas
where coal and gas outbursts may occur, which has
obvious advantages compared with other outburst
prediction indexes

(3) The trends of the maximum flow peak area index,
the maximum drilling cutting bit index, and the
maximum gas emission initial velocity index
obtained from the experiments are basically the
same, and the range of the maximum flow peak
area index is wide. A maximum flow peak area
of 142.94 L·m2/min can be used as the critical
threshold for outburst prediction for an excavation
face in the Anshun Coal Mine, Guizhou Province,
China
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The data used to support the findings of this study are
included within the article.
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