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In this paper, the inerting effect and migration law of inert N2 and CO2 in large inclined goaf are studied using a physical
simulation model. The differences in oxygen reduction and inert gas migration are analyzed and compared. The results show
that as N2 and CO2 injection increased, the oxidation zone’s range and width shrunk, and the end of the loose and oxidation
zones moved closer to the working face. The migration profile of CO2 and N2 resembled a trumpet and an L shape,
respectively, and under the same inerting flow rate, the effect of CO2 inerting on oxygen reduction was much less significant
than that of N2.

1. Introduction

Steeply dipping coal seams with dip angles of 35° to 55° are
considered challenging to mine internationally. Currently,
coal reserves of steeply dipping coal seams account for about
20% of the total coal reserves in China [1], and its annual
production accounts for about 10% of total coal production.
With continuous mining, coal seams with good occurrence
conditions in the eastern region are gradually exhausted.
As a result, the coal mining center shifts to the western
region, and the proportion of mined steeply dipping coal
seams continues to increase [2]. However, spontaneous
combustion, one of the major disasters in coal mine produc-
tion, has become a major hindering factor of green, efficient,
high-yield, and safe coal production in China. Spontaneous
combustion causes secondary disasters such as gas explo-
sions, coal dust explosions, and the release of toxic gases that
seriously threaten the safety of miners and the profit of the
mines. It is reported that over half of the coal mines in China
are at risk of spontaneous combustion, 60% of which are

caused by fires in goafs [3]. However, mining large dip angle
coal seams is easier to spontaneously combust than mining
near horizontal coal seams. The mining methods of large
dip angle coal seams mainly include horizontal slicing min-
ing, roadway caving mining method, segmentalized horizon-
tal slicing or oblique cutting slicing mining, pseudoinclined
strike long wall caving mining, and so on [4]. The particular-
ities of the coal mining methods could cause severe floating
coal accumulation and asymmetric distribution in goafs,
which increases the risk of spontaneous combustion [5].
Therefore, preventing floating coal spontaneous combustion
in the goaf of steeply dipping working face is crucial for safe
coal mine production.

Among the many fire prevention technologies reported,
inert gas fire prevention technology has significant advan-
tages due to its rapid oxygen, temperature, and air leakage
reduction in goafs [6]. The inert gases adopted are mainly
N2 and CO2. Inert gas fire prevention and fire extinguishing
technologies in slightly inclined coal seams have been
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systematically studied. Chen and Wang [7] studied the law
of spontaneous combustion in the goaf of comprehensive
caving working face and the nitrogen injection technology
to prevent and extinguish fires, concluding that the risk of
spontaneous combustion in the goaf of comprehensive cav-
ing working face at a certain height could be eliminated with
nitrogen injection. Zhuang et al. [8] investigated the mecha-
nism of spontaneous combustion in the goaf of working face
during the layered mining of thick coal seams and put for-
ward the isolation nitrogen injection technology with opti-
mal nitrogen injection parameters. Zheng [9] studied the
mechanism and parameters of nitrogen injection to prevent
and extinguish fires in goafs under different mining
conditions.

Domestic and foreign scholars have carried out a lot
of research work on the migration of N2 and CO2 in
goaf. Cao et al. [10] analyzed the influence of nitrogen
injection flow rate in the goaf on the nitrogen migration
radius based on field measured data, concluding that
increasing the nitrogen injection flow rate could increase
the nitrogen migration radius in a nearly linear logarith-
mic form. But with the increase of nitrogen injection flow
rate, the oxygen suppression efficiency of nitrogen injec-
tion to the oxidation zone in the goaf decreases gradually,
so simply increasing nitrogen injection flow rate will not
have an ideal effect. Cao et al. [11] studied the range of
changes in the three spontaneous combustion zones
before and after nitrogen injection through on-site moni-
toring and determined the optimal position and flow rate
of nitrogen injection for the optimal inerting effect. Shao
et al. [12, 13] studied the flow characteristics of CO2 in
the goaf through numerical simulation and concluded
that injecting CO2 into the goaf is more effective than
injecting nitrogen. Wang et al. [14] adopted numerical
test methods to study the distribution law of the three
spontaneous combustion zones in the goaf of a fully
mechanized working face with different positions and
flow rates of carbon dioxide injection. Their results
showed that the optimal carbon dioxide injection position
is the inlet groove about 20m from the working face, and
the maximum width of the oxidation heating zone after
carbon dioxide injection moves from the inlet side to
the middle of the working face.

According to the literature review, scholars have con-
ducted relatively little research on the migration law of
inert gas in the goaf of the high-inclination working face,
especially the goaf with complex coal and rock distribution
under slicing mining in high-inclination thick coal seams.
Therefore, effectively predicting the inert gas flow in the

goaf of the high-inclination thick coal seam under slicing
mining and accurately implementing the fire prevention
technology is of top priority in preventing and controlling
spontaneous combustion in the goaf. This paper takes the
Dongxia coal mine as the research object and conducts
physical similarity simulation experiments to study the
O2 distribution and inert gas migration law in the goaf
after inert gas injection. This study could guide fire pre-
vention in mines and have important practical significance
for preventing and controlling spontaneous combustion in
goafs of large inclined coal seams.

2. Materials and Methods

2.1. Overview of 37121-1 Working Face. The 37121-1 work-
ing face with a large dip angle in the Dongxia coal mine is
located in the 940-875 stage of the Dongxia coal mine. The
average thickness of the coal seam in this face is 7.0m, and
the average dip angle of the working face is 45°. This coal
seam has a high risk of spontaneous combustion with the
smallest spontaneous combustion duration of 37 days. The
working face’s strike length is 1021m, and the inclination
length is 126m. The comprehensive mechanized top coal
caving mining method is adopted for mining, with a mining
height of 2.7m and a caving height of 4.3m. The working
face is set up at a level between +940m and +875m. The
design air supply of the working face is 490m3/min, whereas
the actual air supply is 750m3/min.

2.2. Experimental Platform

2.2.1. Experimental Platform Design. To investigate the
effects of inert gas injection settings on O2 distribution in
large inclined goaf, a similarity simulation experiment plat-
form based on working face 37121-1 in the Dongxia coal
mine (similar ratio, 1 : 60) was established. The basic param-
eters of the similarity simulation experiment platform are
shown in Table 1.

The similarity simulation experiment follows three sim-
ilarity criteria: geometric similarity, kinematic similarity,
and dynamic similarity, as shown below [15–17].

(i) Geometric similarity: the similarity simulation
experiment platform for goafs of high inclined
working faces is proportional to the geometric
parameters of the real goafs. The foam used to fill
the goaf in the simulation is proportional to the size
of the gravel in the real goaf

(ii) Kinematic similarity: the time for the air to flow
through the working face in the similarity

Table 1: Basic parameters of the similar simulation experiment platform for goaf of high inclined working face.

Element Conventional value Simulated value Element Conventional value Simulated value

The working face length (m) 126 2 The caving zone height (m) 12~21 0.2~0.33
The gob model length (m) 180 3 The fracture zone height (m) 39~48 0.67

The gob model height (m) 60 1 Inclination angle (°) 45 45

2 Geofluids
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Figure 1: Schematic diagram of the experimental platform.

Figure 2: The negative pressure vacuum pump and rotameter.
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Table 2: The similarity simulation experiment scheme.

Inert Inclination angle (°)
Depth of

buried pipe (m)
Ventilation
rate (L/min)

N2/CO2 45° 0.67
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Figure 5: O2 concentrations at x = 0:2, 0.5, 0.8, and 1.4m and y = 0:3 and 1.5m with N2 injection rate of 3.4 L/min, 0°.
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Figure 6: Cloud distribution of O2 concentration at different heights with the N2 injection rate of 3.4 L/min, 0°.
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Figure 7: O2 concentrations at x = 0:2, 0.5, 0.8, and 1.4m and y = 0:3 and 1.5m with CO2 injection rate of 3.4 L/min, 0°.
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Figure 8: Cloud distribution of O2 concentration at different heights with the CO2 injection rate of 3.4 L/min, 0°.
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simulation model is the same as that in the real goaf.
The volume proportion of inert gas to air injected in
the model is also the same as in the real goaf

(iii) Dynamic similarity: the force of the airflow in the
similarity simulation experiment platform of large
inclined goaf is the same as that in the real goaf,

and force direction is also the same if secondary fac-
tors are not considered [18]

2.2.2. Platform Construction. The experimental platform
simulated the O2 distribution and inert gas migration law
under different flow rates after injecting N2 and CO2 into
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Figure 9: O2 concentrations at x = 0:2, 0.5, 0.8, and 1.4m and y = 0:3 and 1.5m with N2 injection rate of 1.1 L/min, 45°.
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Figure 10: O2 concentrations at x = 0:2, 0.5, 0.8, and 1.4m and y = 0:3 and 1.5m with N2 injection rate of 2.3 L/min, 45°.

6 Geofluids



0

0.5
Working face

Air intake

Air return

1

1.5

2

2.5

3 0
0.2

0.4
0.6

0.8
1

1.2
1.4

1.6
1.8

0

0.5

1

x
z

y

0

2

4

6

8

10

12

14

16

18

20

0.5
Working fac

1

1.5

2

2.5

3

0.6
0.8

1
1.2

1.4
1.6

0

0.5

1

0

2

4

6

8

10

12

14

16

18

20

Gob

Figure 11: O2 concentrations at x = 0:2, 0.5, 0.8, and 1.4m and y = 0:3 and 1.5m with N2 injection rate of 3.4 L/min, 45°.
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Figure 12: Cloud distribution of O2 concentration at different heights with the N2 injection rate of 1.1 L/min, 45°.
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the large inclined goafs. The experimental platform includes
the box, ventilation, data collection, and inert gas injection
systems. The schematic diagram of the experimental plat-
form is shown in Figure 1.

(1) The Box System. The box simulating a large inclined
goaf is the main part of the experimental platform. It
includes the box body and two long roadways. The box
is made of a 50mm angle steel frame and a 2mm thick
stainless steel bottom plate welded to the frame. The
dimension of the main box is 3m × 2m × 1m. The goaf
and roadway are constructed with transparent PMMA

acrylic plate to simulate the supporting coal wall. Two
rotating supports are welded between the bottom plate
and the frame. By synchronously rotating the two nuts,
the whole platform can be tilted to the left in the range
of 0° to 55°.

According to the coal and rock distribution law in large
inclined goaf, the coal caving and the distribution of the
remaining coal are very irregular. Thus, organic foams of
different diameters are used to fill up the box and approxi-
mate the spatial characteristics of the porous medium in
large inclined goafs. A layer of broken coal blocks is laid
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Figure 13: Cloud distribution of O2 concentration at different heights with the N2 injection rate of 2.3 L/min, 45°.
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on the bottom of the box to simulate the residual coal in the
goaf.

(2) The Ventilation System. The ventilation system is
designed to adjust the ventilation parameters of the similar-
ity simulation experiments. It includes a negative pressure
vacuum pump and a rotameter. The vacuum pump is con-
nected to the left air return roadway to simulate the extrac-
tion downward ventilation mode of the working face. The
rotameter is used to measure and help control the air volume
of the working face, as shown in Figure 2.

(3) The Data Collection System. The data collection system
records the monitoring data in real time. Figure 3 shows a
detailed layout of the oxygen measurement points. A total
of 60 oxygen sensors were arranged in the goaf box to mea-
sure the spatial distribution of O2 in the goaf and indirectly
reflect the migration law of N2/CO2 in the goaf.

(4) The Inert Gas Injection System. The inert gas injection
system simulates the inert gas injection into the goaf. The
system includes the N2 or CO2 gas cylinders, gas pressure
reducing valves, gas buffer tanks, air rotor flow meters, and
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Figure 14: Cloud distribution of O2 concentration at different heights with the N2 injection rate of 3.4 L/min, 45°.
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transparent PU pipes with a diameter of 14mm, as shown in
Figure 4. The N2 or CO2 cylinders simulate the source of
inert gas injected into the goaf. The two cylinders are con-
nected with a three-way joint to ensure a sufficient inert
gas source during the experiment. The gas pressure-
reducing valve is connected to the gas cylinder to maintain
an absolute pressure so that the outflow of inert gas is

smooth and continuous. Gas buffer tanks are used to buffer
the airflow and a certain amount of inert gas and ensure the
continuity of inert gas injection during the experiment.

2.3. Experimental Methods. The purpose of this experi-
ment is to qualitatively analyze the inert gas migration
law in the large inclination goaf under different flow
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Figure 15: O2 concentrations at x = 0:2, 0.5, 0.8, and 1.4m and y = 0:3 and 1.5m with the CO2 injection rate of 1.1 L/min, 45°.
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conditions and the change law of the three spontaneous
combustion zones in the goaf. Since the experiment indi-
rectly analyzes the migration process of N2 or CO2 by
monitoring the spatial distribution of O2, and the central
area of N2 or CO2 inerting is the oxidation zone, it is
assumed that the gas composition in the goaf is all air
at the beginning of the experiment. The experiment
includes two parts:

(1) A simulation experiment with similar migration law
of N2 in the goaf

(2) A simulation experiment with similar migration law
of CO2 in the goaf

The actual ventilation rate of working face 37121-1 in
the Dongxia coal mine is 880m3/min. According to the
similarity criteria, the ventilation rate of the working face
in the experiment is set to 5.0 L/min, and the flow rate of
N2 or CO2 is set to 1.1 L/min, 2.3 L/min, and 3.4 L/min,
corresponding to the actual N2 or CO2 injection flow
rates of 200m3/min, 400m3/min, and 600m3/min. The
depth of the N2 or CO2 injection pipeline in the experi-
ment is 0.67m, corresponding to the actual depth of
40m. Since the maximum inclination angle of working
face 37121-1 is 45°, the rotation angle of the platform is
set to 45° in the experiment. Table 2 shows the experi-
mental scheme. The ventilation mode of the simulated
working face is downward ventilation, and the position
of N2 or CO2 injection is located in the high-level air
intake side.

Before the experiment, the inclination angle of the exper-
iment platform was set to 45°, and the negative pressure vac-

uum pump was connected to the air return side. At the same
time, the gas injection pipeline was connected to the N2/CO2
perfusion system. The vacuum pump was turned on to pres-
surize the similarity model for at least 3 h to fill it with air
and adjust the readings of the 60 oxygen sensors to
20.95%. After that, the ventilation system was turned on,
and the negative pressure and the exhaust airflow were
adjusted. The air rotor flowmeter read 5.0 L/min, indicating
continuous and stable ventilation. Therefore, the typical ven-
tilation environment of the working face was simulated. The
N2/CO2 cylinder valve was opened, and the flow rate of N2/
CO2 was adjusted through the rotameter to continuously
and stably pass N2/CO2 into the similarity model. The data
collection system recorded the data in real time. When the
concentration was stable, the readings of each O2 sensor
were saved, and the experiment concluded.

3. Results and Discussions

3.1. Inclination Angle of 0°. To verify the feasibility of study-
ing the dangerous area in the goaf and the inert gas migra-
tion law with a similarity model, we conducted N2 and
CO2 injection experiments at the 0° inclination angle with
a flow rate of 3.4 L/min. The oxygen concentration distribu-
tion in the six sections at x = 0:2, x = 0:5, x = 0:8, x = 1:4, y
= 0:3, and y = 1:5m and the cloud distribution of O2 con-
centration at h = 0, h = 0:1, h = 0:2, h = 0:3, and h = 0:4m
are shown in the following figures.

As shown in Figures 5 and 6, the N2 injection exerts
inerting effects on the upper side of the goaf but no signifi-
cant inerting effect on the lower side. The inerting effect of
N2 improves with the increase of the distance from the floor.
The N2 injection can reduce the oxygen concentration to

0

0.5
Working face

Air intake

Air return

1

1.5

2

2.5

3 0
0.2

0.4
0.6

0.8
1

1.2
1.4

1.6
1.8

0

0.5

1

x
z

y

0

2

4

6

8

10

12

14

16

18

20

Gob

0.5
Working fac

1

1.5

2

2.5

3

0.6
0.8

1
1.2

1.4
1.6

0

0.5

1

0

2

4

6

8

10

12

14

16

18

20

Gob
Gobb

Figure 17: O2 concentrations at x = 0:2, 0.5, 0.8, and 1.4m and y = 0:3 and 1.5m with the CO2 injection rate of 3.4 L/min, 45°.
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below 10% at h = 0:2m, 0.3m, and 0.4m and keep the coal
entirely within the range of the suffocation zone. As shown
in Figures 7 and 8, the CO2 injection exerts apparent inert-
ing effects on the lower side of the goaf but has poor inerting
effects on the upper side. CO2 only keeps the coal within the
range of suffocation zone at h = 0m, while the oxygen con-
centration at other heights is high, indicating that the CO2
migration is much worse than that of N2.

3.2. Inclination Angle of 45°

3.2.1. N2 Injection.When the N2 injection rate is 1.1, 2.3, and
3.4 L/min, the oxygen concentration distributions at x = 0:2,

0.5, 0.8, and 1.4m and y = 0:3 and 1.5m are shown in
Figures 9–11, respectively.

The deeper blue color in the high area indicates low oxy-
gen concentration. With the increase of the injection rate, N2
diffuses to a larger area. When the N2 flow rate is 1.1 L/min,
the areas on the upper side of the goaf have a low N2 inerting
effect, but most areas have no inerting effect and high oxy-
gen concentration. When the N2 injection rate increases to
2.3 L/min, the N2 inerting range is larger with decreased oxy-
gen concentration on the lower side of the goaf. When the
N2 injection rate increases to 3.4 L/min, the N2 inerting
effect on the lower side of the goaf is more significant, and
the color of other areas is dark blue, indicating decreased
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Figure 18: Cloud distribution of O2 concentration at different heights with the CO2 injection rate of 1.1 L/min, 45°.
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oxygen concentration with the increased N2 injection rate.
Thus, a higher N2 injection rate has a better inerting effect
on the large inclined goaf.

As shown in Figures 12–14, the oxygen concentration
distribution at different heights of the goaf is basically the
same under different N2 injection rates, and N2 is mainly
distributed at the air inlet side of the goaf. When the N2
injection rate is 1.1 L/min, the oxygen concentration near
the goaf floor is above 10% (h = 0:1m and h = 0:2m), and
the oxidation zone of the goaf is large (10% < cO2

< 18%).
At 0.3m and 0.4m from the floor, the suffocation zone
appears. When the N2 injection rate is 2.3 L/min, the oxida-

tion zone decreases with the distance from the bottom plate.
As the N2 injection rate increases to 3.4 L/min, the whole
goaf is basically within the range of the suffocation zone,
and the residual coal in the goaf is not prone to spontaneous
combustion.

3.2.2. CO2 Injection. As shown in Figures 15–17, the inerting
area of CO2 is utterly different from that of N2. The inert-
ing area is mainly reflected by CO2 injection. The CO2
reaches the side of the low-level air return side at first
and gradually diffuses from the low-level air return side
to the high-level air intake side with the increase of the
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Figure 19: Cloud distribution of O2 concentration at different heights with the CO2 injection rate of 2.3 L/min, 45°.
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CO2 injection rate. When the CO2 injection flow is 1.1 L/
min, the inerting area is mainly located on the lower side
of the goaf. The range of blue area is very limited, indicat-
ing that the injection flow is not enough to keep the goaf
inert. As the CO2 injection rate increases to 2.3 L/min, the
CO2 inerting area becomes larger, and the oxygen concen-
tration on the lower side of the goaf decreases signifi-
cantly. When the CO2 injection rate increases to 3.4 L/
min, the oxygen concentration on the lower side of the
goaf decreases further, but that in the goaf cannot be
reduced to a lower level.

As shown in Figures 18–20, the oxygen concentration
distribution law is basically the same at different heights of
the goaf under different CO2 injection rates. CO2 is mainly
distributed on the return side of the goaf. When the CO2
injection rate is 1.1 L/min, the oxygen concentration at each
height from the goaf floor is above 10%. The oxygen concen-
tration increases with the distance from the goaf floor, and
the 18% oxygen concentration line at h = 0:1, 0.2, and
0.3m presents an S-type distribution. Even with the CO2
injection rate increasing to 2.3 and 3.4 L/min, the oxygen
concentration in the goaf is still high above 10%. Most of
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Figure 20: Cloud distribution of O2 concentration at different heights with the CO2 injection rate of 3.4 L/min, 45°.
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the goaf is in the oxidation zone, and the residual coal is
prone to spontaneous combustion.

3.3. The N2 and CO2 Injection Migration Mechanisms
and Laws

3.3.1. The N2 and CO2 Injection Migration Mechanisms.
When injected into goafs with large inclinations, N2 accu-
mulates in the upper space of the air intake side due to grav-
ity and then spreads downward and toward the air return
side. The N2 injection flow is crucial to the spontaneous
combustion zone distribution in the goaf. With increased
N2 injection, the range and width of the oxidation zone
decreased, and the end of the loose zone and oxidation zone
moved forward to the working face, where the end of the
oxidation zone moved further than that of the loose zone.

When injected into goafs with large inclinations, CO2
diffuses along the goaf bottom to the side of the low-level
air return side due to gravity and then slowly diffuses
upward. The inerting effect of CO2 on the floor area of goafs
with large inclinations was less significant than that of hori-
zontal goafs because CO2 was denser than air. With large
inclinations, CO2 flows along the air intake side to the low-
level air return side of the goaf. Part of CO2 dissipates along
with the airflow of the working face, which reduces CO2
accumulation in the air return side, resulting in poor inert-
ing effects.

3.3.2. The N2 and CO2 Injection Migration Laws. The N2 and
CO2 inerting effects and migration laws in the goaf area with
large inclinations are shown in Figures 21 and 22, respec-
tively. When N2 is injected into the goaf area with large incli-
nations, N2 accumulates in the upper area of the lower part
of the inlet side since N2 is lighter than air and gradually dif-

fuses toward the low-level high oxygen area. The migration
profile of N2 approximates an L shape. When injected,
CO2 accumulates to the low-level air return side and gradu-
ally diffuses toward the high oxygen area in the deep part of
the high-level air intake side since CO2 is denser than air.
There is also a high oxygen area near the working face due
to ventilation. The migration profile of CO2 resembles a
trumpet shape, in which the bell mouthing is located in the
CO2 filling port of the air intake side.

4. Conclusion

In this paper, the inerting effects and migration laws of N2
and CO2 injections into the goaf with large inclinations were
studied with a similarity simulation model. The results
showed that with the increase of N2 and CO2 injection, the
range and width of the oxidation zone decreased, and the
end of the loose zone and the oxidation zone moved forward
to the working face. When injected at the same flow rate,
CO2 flew to the air return side and dissipated with the air-
flow of the working face due to its higher density than air,
and the inerting effects were far less significant than that of
N2. The migration profile of N2 in the goaf approximated
an L shape, and that of CO2 approximated a trumpet shape.
Therefore, the inerting effects of N2 were superior in terms
of fire prevention and extinguishment in large inclined
goafs.

Data Availability

The data used to support the findings of this study are
included within the article.

Additional Points

Coal Mining Terminology. Working face: the first production
site of coal, with narrow working space, mechanical equip-
ment, poor visual environment, high temperature character-
istics. Goaf: the cavity or cavity left after the underground
coal or coal gangue is mined in the process of coal mining.
Air intake: the fresh air flow for the working face. Air return:
the turbid wind after fresh air passing through the working
face and goaf.
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Recent years have seen the widespread use of a new gob-side entry retaining technology, namely, automatic roadway forming
based on roof cutting and pressure relief. However, because of the complex geological conditions, stability control methods for the
surrounding rock remain unexplored. In this paper, through theoretical analysis, field measurement, and numerical simulation,
the stability control of a roadway surrounding rock under roof-cutting and pressure-relief conditions is studied. -e key stage in
the steady-state control of this type of rock is determined by establishing a mechanical model of the hard roof in the process of
automatic roadway formation.-e results show that the roof-cutting and pressure-relief technology outperforms the conventional
mining technology in terms of surface crack development and subsidence. -e roadway roof movement can be divided into three
stages: a direct roof-caving activity period, a basic roof-breaking activity period, and a roof-stabilizing period.-e stress above the
original roadway is gradually transferred to the adjacent working face, and a stress concentration is formed on the working face
6m away from the roadway retaining section. In this scenario, the roadway is in a stress-reducing area, which ensures its safety.
Based on the research results, we suggest adding a constant resistance and large deformation anchor cable near the cutting seam
side for active support. A single-hydraulic prop + I-beam+ steel mesh can support the working face, and a grouting bolt support
can help reinforce the broken and loose surrounding rocks at the gangue-retaining side of the roadway.-us, the movement of the
surrounding rock can be effectively controlled. An industrial test shows that the effect of retaining roadway is evidently improved.

1. Introduction

-rough nearly 60 years of exploration and practice, the gob-
side entry retaining (GER) technology has achieved good re-
sults in applications, is now a relatively complete coal-pillar-
free mining technology [1–5], and has promoted the devel-
opment of coal-pillar-free mining. However, more attention
should be paid to the stress concentration of the filling body
and the poor matching between filling material and roof.

In the study of GER supports, various safety factors,
support principles, and support methods have been proposed

depending on the geological conditions through theoretical
derivation, physical simulation, numerical simulation, and field
monitoring [6, 7].-rough a computer simulation analysis of a
roadway bolt support design, a sensitivity analysis method for
the roadway support safety factor has been proposed [8,9]. -e
bolt strength, bolt shotcrete thickness, and lithology signifi-
cantly influence the GER effect [10]. A constitution model was
analyzed using linear elasticity, nonlinear elastoplastic, and
elastoplastic theories. -e post deformation and failure be-
havior of the rock mass has an important impact on the
displacement and stress distribution of roadway surrounding
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rocks. With the analysis results of a bolt support experiment
[11], corresponding support countermeasures have been
proposed [12, 13]. In the GER approach, the roadway-side
support controls the basic roof of the roadway, and the control
of the roof inclination serves as a theoretical basis for designing
the working resistance and shrinkage of the roadside support
[14, 15]. -e roof activity law in different periods has a varying
influence on retaining the roadway, and the mechanism of
roadway-side reinforcement support can be explained through
mechanical derivation. Accordingly, a roadway-side support
principle has been proposed [16–19]. -e interaction angle
between roof movement and roadway-side support under
mining action has a certain influence on the strength of the
filling body for roadway protection, and the corresponding
theoretical calculation method has been proposed [20, 21]. In
recent years, the “soft rock large deformation theory” coupling
support principle has been applied to fully mobilize the
strength of deep stable rock strata and realize support inte-
gration and load uniformity. -e theory has been verified by
conducting several field experiments [22–25].

Significant research has been made on the behavior law
of underground pressure distribution during GER. Studies
have shown that rocks surrounding a roadway move vio-
lently because of the primary weighting and periodic
weighting of the basic roof, resulting in support deforma-
tion, damage to GER roadway, and roof cracks or broken
rocks [26–28]. -e violent deformation of the roadway has a
synchronous effect with the mining face weighting [29], and
the roof subsidence increases in direct proportion with the
increase in the roadway width and the hanging roof distance
[30]. With the increase in the cutting height of the roadway-
side support body with a high resistance along the GER
section, the height of the roadway-side support of the caving
rock increases. -e roadside support body and surrounding
rock can be made to reach a new balanced state as soon as
possible by fully utilizing the bearing capacity of the caving
gangue, thereby reducing roadway deformation [31, 32].
Moreover, a GER support cannot easily prevent any changes
in the upper stratum balance. Nevertheless, a sufficient
support resistance can help avoid serious fractures on the
direct roof, prevent the formation of a large separation layer
between the upper layers, and directly realize basic roof
cutting at the goaf side [33]. -erefore, improving the
support strength has a positive effect on controlling the
surrounding rock for retaining roadways [34–36].

Automatic roadway formation through roof cutting and
pressure relief is a new pillar-free mining technology [37,38].
In this approach, the stress transfer of the overlying strata is
cut off via bidirectional energy accumulation blasting at the
cutting seam [39], and the roof rock mass collapses to form a
roadway side, thus realizing an automatic roadway forma-
tion in working face mining. Self-formed roadways without
coal pillars have been realized through the roof cutting and
pressure relief of medium-thick coal seams [40–42]. Results
have shown that the stress condition of roadway sur-
rounding rocks during this process can be improved, and a
support technology has been established to adapt to the
deformation of roadway surrounding rocks and to control
their stability. Currently, there is little research on the

stability control of the surrounding rocks of shallow-buried
and deep-coal-bearing composite roadways under roof-
cutting and pressure-relief conditions. Moreover, research
on roof-cutting and pressure-relief technology under the
condition of a shallow coal seam hard roof is insufficient.

-erefore, based on the rock mechanics during roof
cutting and pressure relief, this study establishes a me-
chanical model of a hard roof in the process of roof cutting
and pressure relief, analyzes the key stages in the stable
control of a roadway, and obtains the surrounding of
shallow-buried and deep-coal-bearing roadways. Finally,
field verification was carried out to validate the results.

2. Geological Conditions of the 12201
Working Face

-e 12201 fully mechanized face of Halagou Coal Mine was
the first working face of the second panel of a coal mine 12#,
with an inclined face 320m in width and 747m in length
(from the cutting hole to the stopping line).-e GER section
was 580m in length. As for the face, the coal seam thickness
ranged from 0.8m to 2.2m. -e average mining height was
2m. -e workable reserve reaches 61Mt. -e coal seam was
relatively stable, with the 12202 face on the northwest, which
was the only face nearby. Figure 1 shows the layout of the
12201 fully mechanized face.

In terms of the lithology of this face, the thickness of the
overlying bedrock ranged from 55m to 70m, whereas the
thickness and depth ranges of the unconsolidated layers
were 0–33.48m and 60–100m, respectively. -e immediate
roof of the coal seam was composed of siltstone, which had
an average thickness of 1.84m. -e No. 12 upper coal seam
was laid above the immediate roof, and its average thickness
was 1.56m.-e top of the coal seam contains mudstone with
an average thickness of 1.35m. -e main roof of the coal
seam was made of fine-sandstone and siltstone; the average
thicknesses of which were 3.34m and 4.05m, respectively.
-e immediate floor of the face was made of siltstone with an
average thickness of 3.67m. At the bottom of the immediate
floor was fine-sandstone with an average thickness of 4.23m.
Figure 2 shows the lithology of the 12201 fully mechanized
face.

3. RCPR Gob-Side Entry Retaining
Parameter Design

An adequate height is required for roof cutting to ensure that
the movement of the rock beam on the main roof of the
overlying strata in the goaf is supported by the caving
gangue. Based on previous research and based on the
analysis of key parameters of automatic roadway with RCPR,
the influence of height and angle of roof cutting on the strata
behaviors had been simulated and studied with the FLAC3D

numerical simulation software, which confirmed that the
optimal roof cutting height and splitting angle of the 12201
working face of Halagou Coal mine were 6m, respectively.
-e effect of automatic roadway with RCPR had been
well implemented through conducting the bidirectional
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cumulative blasting test on-site [43–45]. -e height could be
determined using the following equation:

Hm �
Hcoal − ΔH1 − ΔH2( 

0.3
. (1)

Since the coal seam of the 12201 fully mechanized face
had a composite roof, the roof-cutting height was set as 6m.
Considering the significant angle effect on the fracture, the
cutting angle should be measured carefully to optimize the
roof caving in the goaf and realize a reasonable stress dis-
tribution by adjusting the stress concentration area. In the
present study, the cutting angle was set to 20° [46].

-e bilateral cumulative tensile explosion was employed
for directional roof cutting. In this approach, two shaped
charges were placed in a gathering device with two preset
blasting directions. After detonation, pressure from direc-
tions other than the preset ones was uniformly applied to the
surrounding rock around the blasting boreholes, which were
in tension in the preset directions simultaneously. In this
study, the optimal charge quantity was set as 3 + 2+0 + 1.-e
distance between the boreholes was 0.6m. -e thickness of
the boreholes was 6.0m. -e optimal luting length was
0.5m. Ten boreholes were generated in each explosion.
Figure 3 shows the borehole layout [47].

4. Ground Pressure Behavior Law of Roof-
Cutting and Pressure-Relief Stope with Three
Shallow-Buried Composite Roofs

4.1. Analysis of the Ground Pressure Behavior Law in Stope
Area. -e stope was mainly divided into three stratum
pressure areas: a roof-cutting influence area, a nonaffected
area in the middle, and a noncutting area, as shown in
Figure 4.

Based on the division of the roadway under roof
unloading, seven hydraulic supports, denoted by 5#, 10#,
20#, 90#, 100#, 125#, and 165#, were selected for ore-
pressure monitoring, among which 5#, 10#, and 20# were
located in the affected area of the roadway under roof
unloading, 90# and 100# were located in the middle unaf-
fected area, and 125# and 165# were located in the unroofed
area. Figure 5 shows the pillar loads in the areas affected by
roof cutting, pressure relief, and roadway retention.

4.1.1. Periodic Pressure Step Distance. -e supports 5#, 10#,
and 20# were in the conventional coal mining process area at
the beginning of the mining stage of the working face. When
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Figure 1: Diagram of the 12201 work surface layout.

Stratum No. Depth of stratum/ m Histogram Rock name

Yan’an
group

1 4.05
4.63~0.03 Siltstone

2 3.34
4.18~2.50 Fine sandstone

3 1.35
2.14~0.55 Mudstone

4 1.56
2.75~0.00 No. 12 uppercoal

5 1.84
3.90~0.52 Siltstone

6
1.92

2.30~0.80 No. 12 coal

7
3.67

10.40~0.15 Siltstone

8
4.23

7.75~2.40 Fine sandstone

Figure 2: Comprehensive histogram of the 12201 fully mechanized
mining face.
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pushed to 173m, the three supports enter the influence areas
of roof cutting, pressure relief, and roadway retention. Ta-
ble 1 lists the periodic pressure step distances of the 5#, 10#,
and 20# brackets in the above two stages.

Compared with the conventional coal mining process
area, the periodic pressure step distance in the area affected
by the cutting of the roof unloading and retaining roadway
increases by a range of 18–22m, i.e., by approximately
twofold. -e periodic pressure step increased under the
influence of roof cutting pressure relief shows large direct
jacking height and small lumpiness at the end of the working

face (large coefficient of breaking expansion), the filling
effect of goaf was good, the gangue formed into a burst could
usually fill the goaf, and the base roof had less room for
rotation. -e smaller the rotation angle, the smaller the
rotary deformation. As a result, the basic roof was not easy to
break; the fracturing step was increased.

4.1.2. Support Resistance. In the process of advancing with
the stope, the three supports passed through the conven-
tional coal mining process area and the cutting roof
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Figure 3: Slot hole layout plan.
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Figure 4: Division of the roof-cutting and pressure-relief roadway retaining project.
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influenced areas of the roof unloading and retaining
roadway. Table 2 provides the load statistics of the supports
in the two stages.

-e chart shows that, compared with the conventional
coal mining process, the maximum pressure during the
periods of roof cutting, pressure relief, and roadway re-
tention was reduced by a range of 10–12MPa or by ap-
proximately 20%. -e basic roof fracture interval increased.
However, the support working resistance decreased. -e
fracture step of the basic tip increased, but the working
resistance of the support decreased. It showed that when the
direct roof breaks down and falls behind, the broken and
swollen gangue could basically fill the goaf under the in-
fluence of cutting head blasting. -e base roof had less room
to rotate. -erefore, the rotary deformation was also small,
and the direct roof of the goaf retention lane was also small.

4.1.3. Unaffected Area and Uncut Top Area in the Middle.
Figure 6 shows the load curves of the 95#, 100#, 125#, and
165# supports.

-e maximum and average periodic pressures of the
support in the middle of the working face were 60 and

44MPa, and the step distance of the periodic pressure was in
the range of 10–20m. -e maximum periodic pressure was
55MPa, and the average value was 37MPa.-e step distance
of the periodic pressure was in the range of 8–12m. Based on
the load curves of the support pillars in the middle unaf-
fected area (95#, 100#) and uncut top area (125#, 165#), the
values of the periodic pressure step and the support load are
listed in Table 3.

4.2. Analysis of the Variation Law of Force Expansion and
Contraction of theAnchorCablewithConstant Resistance and
Large Deformation. Based on the advance of the working
face and the arrangement of the anchor cable stress meter,
we selected stress monitoring points 11# and 12# on the
anchor cable, located 331m away from the open-cut hole of
the 12201 working face.

-e analysis shows the following:

(1) -e advance concentrated stress generated by the
advance of the working face had an impact on the
stress of the anchor cable, and the advance influence
range was generally up to 30m, such as at the
measuring points 15#, 14#, and 13#
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Figure 5: Load curves of support pillars in areas affected by roof cutting in the roof-unloading, retaining roadway: (a) No. 5, (b) No. 10, and
(c) No. 20.

Table 1: Pressure cycle steps and pressure in areas affected by roof cutting in the roadway.

Hydraulic support Conventional coal mining area (m) Influence areas of cutting roof reserved for cutting-roof pressure relief (m)
No. 5 10 32
No. 10 10 28
No. 20 12 33
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(2) When the strike length of the goaf was equal to the
trend length, the stress was concentrated, there was
evident ore-pressure formation, the deformation of
the roof and floor was large, and roof caving occurs
easily

When the working face was pushed 319m, a large stress
concentration occurred, leading to an increase in the anchor
stress value at the measuring points 11# and 12# in front of
the working face. Figure 7 shows the change curve of the
anchor stress value.

Table 4 presents the key position and maximum tensile
stress on the stress curve of the anchor cable.

4.3. Analysis of the Variation Law of Roof Separation.
Based on the advance of the working face and the ar-
rangement of the roof separator, five monitoring points 1#,
2#, 4#, 5#, and 6# were selected, positioned 260, 280, 330,
430, and 480m away from the open-cut eye of 12201
working face.
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Figure 6: Pillar load curves of supports in themiddle unaffected area and uncut top area: (a) No. 95, (b) No. 100, (c) No. 125, and (d) No. 165.

Table 3: Support load and periodic pressure step in the middle of the unaffected area and uncut top area.

Area Hydraulic support
Hydraulic support load (MPa)

Periodic pressure step (m)
Maximum Minimum Average

Middle unaffected area No. 95 60 32.5 44.2 10–20
No. 100 60 34 45 10–20

Uncut top area No. 125 55 32 38.5 8–12
No. 165 54 31.5 37.5 8–12

Table 2: Support load (MPa) in areas affected by roof cutting in the roof-unloading and retaining roadway.

Hydraulic support
Conventional coal mining area Influence area of cutting roof is reserved for

cutting-roof pressure relief
Maximum Minimum Average Maximum Minimum Average

No. 5 55.5 33 37.5 44 32 35
No. 10 56 31 37.5 44 30 38
No. 20 56 35 42.5 44 32 37.5
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-e analysis shows the following:

(1) -e advance of the working face had an impact on
the roof separation of the roadway, which was
generally within ±50m. When the roadway roof
condition was poor, it was mainly affected by the
advance concentrated stress of the working face,
such as at measuring points 1# and 2#. When the
roadway roof condition was good, it is mainly af-
fected by the stress of the short-wall beam formed
after mining, such as at measuring points 5# and 6#.

(2) Based on the stable position of the curve at the
monitoring points 4, 5, and 6, after the stoping of the
working face, when the roof separation value tended
to stabilize, the distances of the lagging working face
were 81, 81, and 94m, respectively.

In other words, when the distance of the lagging working
face was greater than 95m, the roadway roof separation
tended to be stable. Figure 8 shows the variation curve of the
roof separation value at the roof separation monitoring
point. Table 5 shows the key position and maximum value of
the roof separation change curve.

4.4. Analysis of the Variation Laws of the Abutment Pressure
and Shrinkage under Lagging Single Pillar. Four monitoring
points for the supporting pressure and shrinkage under

lagging single pillars (2#, 7#, 12#, and 13#) were selected,
located 26, 73, 176, and 205m away from the open-cut hole
of the 12202 working face, respectively.

-e analysis shows the following. (1) -e abutment
pressure of the lagging single pillar was mainly manifested in
two ways.① It quickly reaches the rated support force and

Table 4: Key positions and maximum tensile stress of the anchor cable stress change curve.

Anchor cable stress
monitoring point

Distance from opening to 12201
sides (m)

Curve increases its starting position (lag face
distance) (m)

Maximum tensile stress
of the

anchor cable (kN)
No. 15 241 −31 124.1
No. 14 261 −26 232.6
No. 13 281 −41 286.7
No. 12 331 −13 (fully mechanized face stopped to 319m) 225.2
No. 11 381 −63 (fully mechanized face stopped to 319m) 221.3
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Figure 7: Variation curve of anchor cable stress obtained using a stress meter.
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Figure 8: Variation curve of roof separation.
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fluctuates in a certain range, such as at the pillar mea-
surement points 7 and 12. ② After the working surface
advances a certain distance, it gradually reached the rated
support force and fluctuates within a certain range, such as at
2# and 13# pillar measuring points.

(2) From the stable position of the curve at the moni-
toring points 2, 7, 12, and 13, we found that after the stoping
of the working face, when themaximum shrinkage under the
active column tended to be stable, the distances of the
lagging working face were 90, 92, 98, and 102m, respectively.

When the distance of the hysteresis working face was
greater than 100m, the subsidence of the roadway roof tends
to stabilize.-is was consistent with the previous conclusion
that “roadway roof separation tended to be stable only when
the hysteresis working face distance was greater than 95m.”

Figure 9 shows the curves of the abutment pressure and
shrinkage under the active columns at the monitoring points
on the single pillar. Table 6 shows the key positions and
maximum value of the accumulated shrinkage of the active
columns.

4.5. Analysis of the Variation Law of Roadway Lateral
Pressure. Two side-pressure monitoring points were
arranged at the side of the goaf of the roadway, 240m and
302m away from the open-cut hole of the 12202 working
face. -e maximum lateral pressure value at the monitoring
point 1# is 2.0MPa, and the average value was 1.7MPa after
stabilization, i.e., 30m behind the working face. -e max-
imum lateral pressure value at the monitoring point 2# is
0.8MPa, and the average was 0.7MPa after stabilization, i.e.,
39m from the lagging working face. Figure 10 shows the
monitored lateral pressure values and their variation curves
at the two lateral pressure monitoring points.

4.6. Comparative Analysis of Surface Deformation. A field
observation showed that the surface deformation of the roof-
cutting and the pressure-relief-retaining roadway was sig-
nificantly lower than that under the conventional long-wall
mining condition.-e crack width was small, in the range of
1–3mm. Table 7 compares the surface subsidence and
damage. Figures 11 and 12 show a comparison of the surface
fracture development zones and actual conditions.

Based on the above analysis, the roof movement along
the goaf roadway could be divided into three stages: an active
stage of direct roof caving, an active stage of basic roof
breaking, and a stable roof stage.

4.6.1. Direct Jacking Falls Active Period. With the advance of
the working face, the support constantly moved forward,
and the roof strata at the rear of the working face lost
support from the supports. -e direct roof of the goaf side
of the retention lane was under the action of cutting force
generated by dead weight. -e edge of the backfill near the
direct roof roadway was broken. It is like an upside-down
step in the state of the cantilever beam. At this stage, under
the drive of the direct roof caving and the basic roof
sinking, the deformation of the goaf roadway roof was
mainly rotational deformation. -e roof activity in this
stage also was the direct roof-caving activity period. When
the direct roof collapse could fill the goaf, the basic roof
strata break and collapse. -e basic roof could form a
masonry structure to achieve stability in the balance
process.

4.6.2. Active Period of Basic Roof Rupture. When the direct
roof strata were not enough to fill the goat, the basic roof
strata would also collapse the flexure fracture, filling goaf
forms masonry structure, and in the process of motion
balance, because the stiffness of the coal body was greater
than that of caved gangue in goaf. -erefore, the weight of
the overburden on the basic roof was gradually transferred
to the depth of the coal beside the roadway through the
direct roof; stress concentration occurred in the deep part
of the coal body and rotates with the basic roof block. -e
basic roof rock gradually stabilized under the support of
falling gangue at the bottom, so that the surrounding rock
stress along the goaf was lower than the original rock
stress.

4.6.3. Roof Stabilization Period. -e deformation is still
largely driven by rotation, characterized by a high speed and
magnitude. In this period, the deformation of the roof ac-
counts for 60–70% of the total rotation-induced deforma-
tion of the roadway. With the gradual compaction of the
gangue, the stable upper strata would also break, deform,
and sink, thereby damaging the coal wall and even the direct
roof. -e abutment pressure range would increase, the peak
value would continue to move inward, and the roof above
the retaining roadway would sink in parallel. Because of the
influence of the stratified collapse of the basic roof, the roof
of the roadway would sink in a fluctuating manner. -e roof
movement was mainly parallel subsidence. However, the
subsidence speed is low.

Table 5: Key positions and maximum value on the roof separation variation curve.

Roof separation
monitoring point

Distance from opening
to 12201 sides (m)

Curve increases its starting
position (lag face distance) (m)

Curve starts at a smooth
position (lag face distance) (m)

Maximum
ceiling

separation (mm)
No. 6 260 33 81 17.9
No. 5 280 31 82 22.0
No. 4 330 −2 94 17.8
No. 2 430 −48 8 33.4
No. 1 480 −34 −29 58.4
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5. Numerical Simulation of Mine Pressure
Development in Shallow-Buried, Composite
Roof-Cutting, Unloading Stope

To better study the mining pressure distribution rules of
the automatic roadway formation working face under
roof-cutting and pressure-relief conditions without coal
pillar mining, we should analyze the movement mode of
the stope roof and upper rock strata, understand the

movement mechanism and stress distribution of the
surrounding rock more clearly, and effectively guide the
selection of the support and corresponding equipment in
the future.

Based on the actual situation on-site, a step-by-step
numerical simulation of the mining process was carried out
for a distance of 15m each time, with the simulated stoping
length being 60m. -e initial stresses imposed in the x-
direction, y-direction, and z-direction are 10MPa, 10MPa,
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Figure 9: Data recorded at each monitoring point in the section along the hollow lane: (a) No. 2, (b) No. 7, (c) No. 12, and (d) No. 13.
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and 15MPa, respectively. -e burial depth is set to 200m.
-e working face width is 300m.

As shown in Figure 13, when the working face was
excavated for 15m, the pressures on the tail and middle sides
were relatively high. -e vertical stress on the working face
near the cutting seam alignment slot was 2.4MPa and that
on the end side was 3MPa.

-e horizontal stress on the working face close to the
slotting groove was 0.9MPa and that on the end side was
1.2MPa. -e pressure of the slotting groove was reduced by
25% compared with that on the end side.

As shown in Figure 14, after 30m excavation of the
working face, it experienced the initial pressure of the basic
roof, and the initial pressure step distance was about 40m.
-e overall pressure of the working face was small after the
basic roof pressure at this time. -e vertical stress of the
working face close to the slotted groove was 2.09MPa, the
end side was 2.6MPa, and the side pressure of the slotted
groove was reduced by 20% compared with that of the end
side. -e horizontal stress on the working face close to the

slotted groove was 1.092MPa and that on the end side was
1.4MPa. -e pressure on the slotted groove side was 22%
less than that on the end side.

As shown in Figure 15, after 45m of excavation, the
vertical stress of the working face near the slotting groove
was 1.8MPa, whereas that on the tail side was 3.0MPa. -e
side pressure of the slotting groove was reduced by 40%
compared with that at the end. -e horizontal stress on the
working face close to the slotting groove was 0.9MPa and
that on the end side was 1.2MPa. -e pressure on the
slotting groove side was reduced by 25% compared with that
on the end side.

As shown in Figure 16, after 60m of excavation,
the working face experienced a periodic pressure, and the
pressure step distance was 30m. -e vertical stress on the
working face close to the slotted groove is 2.6MPa, whereas
that on the tail side was 3.12MPa.-e pressure on the slotted
groove side was reduced by 30% compared with that at the
end. -e horizontal stress on the working face close to the
slotting groove was 0.9MPa and that on the end side was

Table 6: Key positions and maximum value of the accumulated lower shrinkage of active columns on the change curve.

Measure point Curve starts at a smooth position (lag face distance) (m) Maximum shrinkage under the active column (mm)
No. 2 92 217
No. 7 90 120
No. 12 98 29
No. 13 106 102
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Figure 10: Variation curve of lateral pressure at the monitoring points.

Table 7: Comparison of surface subsidence and damage.

Classification Cut off the roof pressure to leave the
roadway area

Conventional coal mining
area Contrasting condition

Steps to sink
(mm) <5mm 400–750mm

Retaining roadway for roof-cutting
pressure relief basically eliminate the step

sinking
Crack width
(mm) 1–3mm 10–20mm Crack width reduction 75%

Crack interval (m) 30–40m 8–10m Fracture density reduction 70%
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(a)

(b)

Figure 11: Comparison of surface fractures. (a) Surface fractures in the conventional coal mining process. (b) Surface cracks in the roadway
retained by roof cutting and pressure relief.

9#Roadway

12
20

1 
C

ut

12
20

2 
C

ut

7#Roadway5#Roadway3#Roadway1#Roadway

Figure 12: Surface fracture development zone comparison.
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Figure 13: Stress distributions while excavating a face for 15m. (a) Vertical stress. (b) Horizontal stress.
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1.2MPa. -e pressure on the slotting groove side was re-
duced by 25% compared with that on the end side.

To sum up, in the cut after unloading without the coal
pillar mining technology, the original stope stress distri-
bution was changed, particularly on the cutting seam
gateway side. After the mining face overburden formation of
the cantilever beam structure, a protective space was formed
along the trough; the safety of the tunnel was ensured. -e
original side pressure of the coal pillar along the trough was
transferred to the depth of the adjacent working face.
Moreover, the simulation results show that stress concen-
tration was formed at 6m away from the adjacent working
face to the roadway, and the stress distribution of the
original working face also changed.

By comparing the actual situation on-site with the nu-
merical simulation, the following can be concluded:

(1) -e pressure on the working face of the slotting side
was low, the vertical stress was reduced by ap-
proximately 27.5%, and the horizontal stress was
reduced by 24.25%. -e same numerical simulation
shows that the influence range of the roadway on the
mining pressure of the working face was 25m,
consistent with the actual measured data on-site.

(2) -e periodic pressure step of the working face was
30m, and the actual on-site periodic pressure step was
approximately 30m, an increase of approximately 1m
compared with the original periodic pressure step.
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Figure 15: Stress distributions while excavating a face for 45m. (a) Vertical stress. (b) Horizontal stress.
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Figure 16: Stress distribution while excavating a face for 60m. (a) Vertical stress. (b) Horizontal stress.
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Figure 14: Stress distributions while excavating a face for 30m. (a) Vertical stress. (b) Horizontal stress.
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(3) After the application of roof-cutting and pressure-
relief technology, the stress above the original
roadway was gradually transferred to the adjacent
working face, forming a stress concentration inside
the working face 6m away from the retained
roadway. Nevertheless, the retained roadway was in
the stress-reduction zone, thus ensuring its safety.

6. Steady-State Control of the Surrounding
Rock under Roof Pressure Relief

Based on the analysis results of field monitoring and numerical
simulation, we optimized the relevant parameters of the coal-
pillar-freemining technology for automatic roadway formation
under the condition of a shallow-buried deep coal-bearing
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Figure 17: Design section of trough support.
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Figure 18: Sectional drawing of a single support in the lane.
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composite roof, to avoid repeated investment on support. -e
specific optimization parameters are as follows.

6.1. Support Parameters of the Chute

① -e roof is supported by an ordinary anchor cable
and large deformation anchor cable with constant
resistance. Make a row of anchor and large defor-
mation along the roadway strike at the reserved slit
side. Anchor rod adopts rebar bolt; anchor cable was
connected with type steel belt and spread 6.5 rigid
mesh in the roof rock face.

② -e upper part used a 20 mm × 2000 mm fiber-
glass bolt, the spacing between the rows was
1050 mm × 1500 mm, and the plastic mesh grid is
40 mm × 40 mm.

③ Roof anchor cable (common anchor cable and
constant resistance large deformation anchor) used
22mm× 8300mm steel strand, with the row spacing
of 2000× 2000. Among them, the distance between
the constant resistance and large deformation anchor
cable was 600mm, the rebar anchor rod was
18mm× 1800mm, and the spacing between rows
was 900mm× 1000mm.-e rock bolt near the side of
the side and the vertical line were arranged at an angle
of 15°. -e steel belt was 8mm× 140mm× 4600mm,
the steel mesh was 6.6mm in diameter, and the mesh
size was 100mm× 100mm. Figure 17 shows the op-
timized supporting section along the groove.

6.2. Single Support in the Roadway. Based on the analysis of
the practical application on-site, the influence of supporting
pressure on the roadway was reduced after roof cutting,
pressure relief, and roadway retention. -e supporting form
of the roadway could be “one beam and three columns,” as
shown in Figure 18. Figure 19 shows the field application
effect.

7. Conclusion

In this paper, through theoretical analysis, field measure-
ment, and numerical simulation, the stability control of a
roadway surrounding rock under roof-cutting and pressure-

relief conditions is studied. -e main conclusions are as
follows.

(1) A stress model of a hard roof in an automatic
roadway formation was established under roof-
cutting and unloading conditions. A mechanical
analysis was carried out on the deformation of the
hard roof during roof cutting and unloading. When
the working face was pushed past the cutting seam,
the goaf roof was in a state of motion.

(2) Based on a remote ore-pressure monitoring system,
surface rock movement, and fracture observation,
surface cracks and subsidence were significantly
alleviated after roof cutting and pressure relief.
Roadway roof movement could be divided into three
stages: an active stage of direct roof caving, an active
stage of basic roof breaking, and a stable roof stage.
-rough ore-pressure monitoring, compared with
the conventional coal mining area, the affected area
of roof-cutting pressure relief increased by 18–22m,
i.e., by approximately twice, a reduction of 20%. It
could be known from the observation of drift sep-
aration, roof and floor displacement, anchor cable
and pillar forced, and shrinkage of live columns. -e
deformation of the constant resistance anchor cable
was less than the subsidence of the roof, which was
mainly affected by the bending subsidence of the
upper rock layer. However, in the control range of
constant resistance anchor cable, the stratum sepa-
ration value was small, which effectively improved
the bearing function of the stratum. -e influence
range of face propulsion on cable stress was about
30m and generally ±50m from the coal of the
working face. When the distance of the lagging
working face was more than 100m, the roadway roof
separation and roof subsidence tended to be stable,
and the maximum shrinkage under active columns
was 217mm. After the pillar was withdrawn for a
week, the roof of the roadway tended to be stable.
-e accumulated subsidence was approximately
9mm during the period.

(3) A comparison between numerical simulation and
actual working conditions showed that the working
face pressure at the slotted side of the mining face

(a) (b)

Figure 19: Effect diagram of the roadway (a) before and (b) after optimization.
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was low and that the vertical stress was reduced by
approximately 27.5% and the horizontal stress by
24.25%. -e influence range of the roadway on the
working face’s ore pressure was 25m, and the
working face’s periodic pressure step distance was
30m, consistent with the field measured data. After
the application of roof-cutting and pressure-relief
technology, the stress above the original roadway was
gradually transferred to the adjacent working face,
forming a stress concentration inside the working
face 6m away from the retained roadway. Never-
theless, the retained roadway was in the stress-re-
duction zone, thus ensuring the safety of the
roadway.

(4) Based on theoretical analysis, field measurement,
and numerical simulation, we developed an integral
control method for the surrounding rock of the
roadway formed by the automatic roof cutting and
pressure relief of the 12201 fully mechanized mining
face, Halagou Coal Mine. A constant resistance and
large deformation anchor cable was added to the side
near the cut joint for active support, and a single-
hydraulic prop +11# I-steel + steel mesh was used for
a combined support at the back of the working face
support. A grouting bolt support was used to rein-
force the broken loose surrounding rocks at the
gangue-retaining side of the tunnel. -rough the
optimization of the support design, the surrounding
rock control effect was found to be remarkable.
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The rock burst proneness of coal is closely related to the coal mass structure. Therefore, the initial crack distribution of high burst
proneness coal, its fracture development, and failure process under loading conditions are of great significance for the prediction
of rock burst. In this study, high burst proneness coal is used to prepare experiment samples. The surface cracks of the samples are
identified and recorded. The internal crack of the sample is detected by nuclear magnetic resonance (NMR) technology to
determine the crack ratio of each sample. Then, 3D-CAD technology is used to restore the initial crack of the samples.
Uniaxial compression test is carried out, and AE properties are recorded in the test. The stress-strain curve, the distribution of
the fractural points within the sample at different stress states, and the relationship between ring count and stress are obtained.
Results show that the stress-strain curves of high burst proneness coal are almost linear, to which the stress-ring count curves
are similar. The distributions of fractural points in different bearing states show that the fracture points emerge in the later
load stage and finally penetrate to form macrofracture, resulting in sample failure. This study reveals the initial crack
distribution of coal with high burst proneness and the fracture development under bearing conditions, which provides a
theoretical basis for the prediction technology of rock burst and technical support for the research of coal structure.

1. Introduction

Coal bump, or coal burst, is a type of violent geological
disaster that is described by sudden and rapid destruction
of coal mass around the roadway or a coal pillar, causing
casualties and significant economic loss. Along with deep
underground mining, coal bump has become a major disas-
ter for major coal-producing countries. For example, as the
biggest producer and consumer of coal in the world, China
currently has 132 burst proneness coal mines with an aver-
age mining depth of 653m [1].

There are many factors related to rock burst. Firstly, geo-
logical conditions, such as buried depth, faults, and folds, are
closely related to rock burst [2, 3]. Horizontal tectonic stress
is identified as the force source of rock burst [4–6]. Rock
burst may also be related to gas and water contents and their
migration [7–9]. Mining-related disturbances are also an
important factor to inducing rock burst [10–13]. In addition,

the property of coal and rock mass itself, that is, the so-called
burst proneness, is another important factor in the occur-
rence of rock burst [14–17].

Coal is composed by matrix material and joints. There-
fore, the impact tendency of coal is related to the structure
of coal [18–20]. Regarding the research on the relationship
between coal macrofracture and rock burst, Yin et al. [21]
used CT technology to carry out uniaxial compressive test
to analysis the CT of coal in each deformational stage from
microcrack initiation, bifurcation, development, fracture,
and failure. Pan et al. [22] analysed the energy storage and
consumption of coal from the perspective of microstructure
and constructed a quantitative relationship between the lith-
ologic fabric of the coal and its impact tendency. Zhao et al.
[23] used X-ray diffraction, SEM, and microphotometer to
analyse the strength of coal burst proneness and obtained
the relationship between coal internal mesostructural
parameters and burst proneness. Jiang et al. [24] used
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XRD, paramagnetic resonance, and SEM to obtain the struc-
ture of coal samples before and after rock burst and explored
the characteristics of energy dissipation in the process of
rock burst. Wu and Liu [25] studied the relationship
between the pore development and the burst proneness of
coal in the SEM image through the fractal method and pro-
posed that the larger the fractal dimension is, the smaller the
burst proneness is.

These studies show that the coal burst proneness is
closely related to the coal structure. However, there are few
methods to identify the initial cracks in coal body and to
examine the fracture development under loading conditions,
resulting in difficulties in the study of rock burst. In this
study, the initial cracks of coal were identified by nuclear
magnetic resonance (NMR) technology and represented by
3D-CAD technology. Acoustic emission (AE) technology is
used to monitor the internal fracture point of coal under
uniaxial compression, which is used to analyse the fracture
development of the coal sample. This study provides a basis
for the study of the relationship between coal structure and
coal burst proneness and provides a technical support for
coal burst prediction.

2. Materials and Methods

2.1. Sample Preparation. The coal samples studied in this
paper were taken from Xinzhouyao Coal Mine, Datong,
China. The average compressive strength of the coal samples
is approximate 30MPa with high bump proneness. Standard
rock mechanics testing was conducted to measure the phys-
ical and mechanical parameters of the coals, including com-
pressive, Brazilian tensile, varying angle shearing tests. The
testing results of the samples are shown in Table 1.

For sample preparation, the coal blocks were cut by a
cutting machine and then taken the core by a coring
machine. Coal samples were finally processed into standard
cylindrical specimens with dimensions of 50mm ðin
diameterÞ × 100mm ðin lengthÞ, as shown in Figure 1. Sam-
ple preparation was in accordance with the International
Rock Mechanics Test Recommendation (IRTM) that the
error of the parallelism depth between the upper and lower
surfaces was within 0.02mm. To assure the accuracy of the
experiment, 9 coal specimens were prepared.

After sample preparation, the cracks in the sample sur-
face were measured. The main cracks of each sample before
testing are listed in Table 2.

2.2. Experiment Equipment

2.2.1. NMR. The NMR equipment is shown in Figure 2. The
applied intensity of the magnetic field is 0.3-0.5T, and the
main frequency of the instrument is 12MHz. To ensure that

the sample is in the middle of the magnetic field, the coil
diameter of the magnetic field was selected as 60mm. The
analysis equipment is a nuclear magnetic imaging software
and a gradient pulse instrument. The imaging software can
set the slice width, number of slices, and slice gap of the sam-
ple. After positioning, prescanning, formal scanning, and
imaging of the sample, the crack structure inside the sample
is displayed in the form of slices.

2.2.2. Loading Machine and AE Devices. WAW-600C
computer-aided electrohydraulic servo universal testing
machine is used to conduct the compressive test. AE moni-
toring device is simultaneously instrumented to observe
the dynamic response of the specimen structure under uni-
axial loading. The maximum loading capability is 600 kN,
the measuring amplitude ranges from 2% to 100% of the
maximum loads, the maximum piston rising velocity is
70mm/min, the lifting velocity of the loading plate is
150mm/min, the maximum piston stroke is 250mm, and
the maximum distance between the compression plates is
500mm.

The AE technology is an effective method to detect the
dynamic change of the material structure under the action
of external loading through instrumentation. Each channel
of the data acquisition system consists of measuring instru-
ment, digital signal processor, computation program, and
other peripheral apparatus, which are finally connected to
a computer. The components of each channel include an
AE sensor, a preamplifier, and a data acquisition card, as
shown in Figure 3.

Table 1: Average physical and mechanical parameters of the coals.

Density
(kg/m3)

Compressive strength
(MPa)

Tensile strength
(MPa)

Cohesion
(MPa)

Internal friction angle
(°)

Elastic modulus
(GPa)

Poisson
ratio

1350 30.00 3.89 5.16 29.27 4.62 0.32

Figure 1: Prepared coal samples.
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Figure 2: NMR instrument.

(a) AE sensor (b) Signal amplifier (c) Signal acquisition instrument (d) Signal analysis terminal

Figure 3: Acoustic emission signal transmission process.

Table 2: The initial surface crack of each coal sample.

Crack no. Position (mm) Direction Length (mm) Width (mm) Thickness (mm)

1 1 Top 5.2 Horizontal 23.8 13.2 0.25

2 1 Bottom 12.3 Horizontal 30° 25.8 9.5 0.96

3
1 Bottom 38 Horizontal 45° 27.6 13.8 0.62

2 Inclined Vertical 25.3 19.3 0.78

4 1 Bottom 5 Horizontal 19.2 17 0.36

5
1 Top 45 Horizontal 33.1 16.4 0.40

2 Top Vertical 24.3 13.2 0.42

6

1 Top 55 Horizontal 19.5 17.9 1.00

2 Top 50 Horizontal 27.4 16.3 0.3

3 Top 10 Vertical 21.3 10.1 0.22

7 1 Top-middle Vertical 38.3 15.3 0.1

8
1 Top-middle Vertical 48.3 9.3 0.3

2 Middle Horizontal 80° 30.1 18.2 0.25

9

1 Bottom 10 Horizontal 26.3 16.1 0.5

2 Bottom 20 Horizontal 28.4 15.0 0.5

3 Bottom 35 Horizontal 23.4 21.5 0.52

2 Bottom Vertical 51.3 22.4 0.28

3 Top 15 Horizontal 18.4 16.7 0.4

4 Top 17 Vertical 23.4 8.4 0.23
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2.3. Experimental Procedure

2.3.1. Initial Crack Identification Using NMR. The internal
crack distribution of the sample can be obtained by process-
ing the 3D slice map using NMR 3D reconstruction soft-
ware. The NMR 3D reconstruction map of typical samples
is shown in Figure 4, in which the white areas indicate the
crack.

2.3.2. Uniaxial Compressive Test. The uniaxial compression
testing system and the AE monitoring system are used to
dynamically monitor the experimental data. The uniaxial
compression testing machine is controlled by displacement
with a loading rate of 0.5mm/min. For parameters of the
AE instrument, the threshold of the AE monitoring is set
as 45 dB to minimize the effect of surrounding noises. The
peak definition time (PDT), the hit definition time (HDT),

and the hit locking time (HLT) are selected as 300, 600,
and 1000μs, respectively. The sound velocity is set to be
1.8 km/s.

After parameter setting was completed, fusing test was
conducted on the specimen to verify the sensitivity of each

(a) (b) (c)

Figure 4: NMR reconstruction of coal samples: (a) main view, (b) top view, and (c) side view.

Figure 5: Testing procedure.

Table 3: Dimension and crack ratio of coal sample.

Sample no. Diameter (mm) Height (mm) Crack ratio (%)

1 50.14 100.84 0.04

2 50.21 100.10 0.12

3 50.11 100.03 0.32

4 50.17 100.05 0.06

5 50.12 100.63 0.18

6 50.08 100.42 0.27

7 50.04 100.04 0.03

8 50.17 100.84 0.14

9 50.02 100.45 0.35

Figure 6: 3D-CAD sample reconstruction diagram.

4 Geofluids



sensor to guarantee the reliability of the experiment. Cou-
pling agent needs be evenly pasted on the interface between
the sensor and the testing sample for high-quality acquisi-
tion data. A piece of paper was placed between the testing
machine and the specimen to eliminate friction. After the
parameter setting and fusing testing are completed, uniaxial
compression tests are carried out. The stress loading system
and the AE monitoring system were turned on simulta-
neously. The experimental arrangement is shown in
Figure 5.

3. Results and Discussion

3.1. Initial Crack Ratio. According to the NMR data, the ini-
tial crack ratio can be calculated. As the internal crack of the
sample is an irregular body, to simplify the calculation, the
internal crack of the sample is regarded as a regular cuboid,
and the parameter index is length, width, and height. The
crack ratio of each coal sample is shown in Table 3.

3.2. 3D-CAD Reconstruction of Initial Cracks. By import the
3D slice diagram of the sample into CAD software, the 3D-
CAD reconstruction diagram of the initial cracks can be
obtained. It provides a digital description for crack and frac-
ture parameters, which can be used for fractural mechanism
study and mesa-data analysis. Typical 3D-CAD crack recon-
struction diagram of coal sample before testing is shown in
Figure 6.

3.3. Results of Uniaxial Compression Tests. Figure 7 shows
stress-strain curves of the testing samples. The deforma-
tional behaviour of hard coal shows a brittle property. After
the compaction stage, the compressive stiffness of the coal is
nearly uniform until sample failure.

3.4. AE Fracturing Point Distribution. The AE monitoring
device identifies the locations of the fractured points in the
coal specimen through sound waves released in the failing
process of the specimen. Figure 8 shows the distributions
of the wave sources at the stress levels of 15%, 70%, and
80% of peak stress of three testing samples.

Result shows that, along with increasing of axial load, the
AE activities in the specimen increase, and the AE events are
distributed nearly symmetrically along the central axis of the
specimen. The AE events of the hard coal specimens are
mainly concentrated near the central axis of the specimen,
indicating there is a strong energy accumulation around
the central axis. The AE events of the soft coal specimens
are more sparsely distributed in the coal specimens and
slightly concentrated near the middle part of the specimens.

3.5. AE Counts under Different Loading Conditions. AE
count, also called ring count or ringdown count, refers to
the number of times that the wave signals formed in AE
beyond the threshold value. In this experiment, each wave
signal exceeding the threshold is recorded as one AE count,
which is regarded as one crack damage in the specimen. The
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Figure 7: Stress-strain curves of testing sample.
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Figure 8: Distributions of the fractured sources of specimens 1-3.
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more AE counts suggest the more damage in the specimen at
that moment. The number of the AE counts changes with
time, as illustrated in Figure 9.

Result shows that the AE counts of the specimen appear
in the early stage, and the maximum number is from 3:8 ×
106 to 8:2 × 106 with average about 6:0 × 106. It suggests that
the coal specimens with higher strength have a slow growth
of the AE events at the early stage of the loading process. At
the middle elastic stage, the fractured sources increase grad-
ually, and at the end of the linear stage, the AE fractured
points increase sharply.

4. Discussion

Traditionally, the deformation of coal under uniaxial com-
pression is divided into the following five stages: compac-
tion, elastic, elasto-plastic, strain-softening, and residual

[26, 27]. In the compaction stage, the pore space and pri-
mary microcracks are compressed along with stress increas-
ing. Elastic and elastoplastic stages are featured by linear
relationship between the stress and strain. The specimen is
compressed more tightly, and microcracks begin to develop
within the specimen. In the strain softening stage, cracks
propagate rapidly to form macrofracture. The peak stress is
a point indicating failure of the coal sample along the main
fracture. After peak, the deformation of the sample enters
residual stage, in which the stress is residual strength of the
coal.

For coal with high bump proneness, the testing result of
this study suggests that, from the compaction to strain soft-
ening stage, the stress-strain curve is nearly linear, and the
residual strength of the hard coal is close to zero rapidly. It
suggests that such deformational behaviour is a feature for
coal mass with high burst proneness.
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Figure 9: AE count results of specimens 1-6.
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AE event is often appeared in cluster model [28]. By
comparing the fractured source locations at different stress
levels, the testing result shows that, for hard coal, it has less
AE events and when the loading stress is within the range of
10% to 20% of the peak stress. When the stress increases to
70%-80% of the peak value, the AE events became more
active, suggesting rapid crack propagation in the coal speci-
men. After the stress reaches more than 80% of the peak
stress, macrocracks propagate and expand rapidly and
merge with each other, leading sudden failure of the speci-
men. It indicates that the AE events of hard coal increase
slightly at the early stage of the compression. Then, it
increases steadily in the linear elastic stage and increases
sharply after linear elastic stage. Accordingly, the specimen
undergoes primary crack coalescence, expansion, stable
propagation, and ultimate macroscopic failure.

Combining the AE events with the deformational behav-
iour in the testing process, it suggests that, for hard coal, the
cracks are developed in the later linear stage; that is, the AE
counts comply with the growth of semiexponential function.
The peak AE account of the coal specimen with high burst
proneness takes place prepeak stress as the failure mode of
the specimen is brittle; i.e., there is nearly no energy that dis-
sipates after the peak stress.

5. Conclusions

To study the structure of high burst proneness coal, NMR,
3D-CAD, and AE technology were used to identify the initial
cracks and fracture development of coal samples under uni-
axial compression condition. The following conclusions can
be drawn.

(1) The initial crack in the sample is detected by NMR,
and the crack ratio of each sample is obtained, which
is a dominant factor on the bearing performance and
deformation characteristics of the coal sample. By
observing the surface cracks of the sample, the initial
cracks can be restored by 3D-CAD

(2) The uniaxial compression test results show that the
stress-strain curve of the sample has a remarkably
high linearity, indicating that the coal with high
burst proneness has the characteristic of brittleness

(3) In the process of uniaxial compression, the relation-
ship between ring count and stress is obtained by
using AE technology. The results show that the
increase of ring count is consistent with the change
of stress. Therefore, for coal with high burst prone-
ness, the monitoring of ring counts is an effective
means of stress analysis

(4) Through the analysis of fracture point distribution in
different loading stages, it is considered that the frac-
ture development of coal with high burst proneness
is mainly concentrated in the later loading stage

This study reveals the initial crack distribution of coal
with high burst proneness and the fracture development

under bearing conditions, which provides a theoretical basis
for the prediction technology of rock burst and technical
support for the research of coal structure.
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Gas extraction is most commonly used to control gas disasters in coal mines. The distribution of the plastic zone around a
borehole and the sealing quality are key factors affecting gas extraction. In this paper, the plastic zone was simulated by
COMSOL, and a theoretical equation of the plastic zone radius was derived. In addition, an antispray hole equipment and the
“two plugging and one injection” sealing technology were proposed. The results show that a larger borehole pore size
corresponds to a larger plastic zone and larger range of pressure relief of the borehole. The error between the calculated and
simulated plastic zone radii is within 1%, and the modified equation is applicable to Puxi mine. The loss and harm caused by
borehole spraying are reduced by applying antispray hole equipment. By applying the “two plugging and one injection” sealing
technology and phosphogypsum-based self-produced gas expansion paste material to block the borehole, the sealing quality is
improved and an accurate gas mixing flow, pure flow, and concentration were obtained. As the plastic zone enlarges, the gas
extraction flow gradually increases with, but the relative variation of flow first increases and subsequently decreases.
Considering the safety and economy of construction, the optimal radius of the plastic zone is 64.9mm.

1. Introduction

Coal is a type of energy used throughout the world, and it is
widely used in the power, fuel, and oil industries [1–4]. How-
ever, with the continuous depletion of shallow coal reserves
and the increasing demand for coal, coal mine disasters grad-
ually increase with the increase of the mining depth [5–8].
Among coal mine disasters, gas disasters are considered the
most serious threat to the safety of China’s coal industry
[9–13]. Over the past 70 years, there have been 25 cata-
strophic coal mine accidents, which have killed more than
100 people in China, and 18 of these accidents were gas disas-
ters [14, 15]. Therefore, to prevent coal and gas outburst in
the coal mining process, gas drainage, high-pressure water
injection hydraulic fracturing, mine ventilation dilution gas,
protective coal mining, and other technical measures are usu-
ally adopted in coal mines, among which gas drainage is the
most commonly used method [16–19]. In some high-gas-

content mines in South China, drilling through the layer is
often performed to control gas disasters [20–22].

One of the main factors affecting the effect of gas drain-
age is the borehole diameter [23–25]. Once a borehole is
formed, the coal body around the borehole undergoes pres-
sure relief and plastic damage, forming plastic zone for gas
migration [26–29]. At present, based on the elastic-plastic
theory, Guo et al. [30] studied the stress distribution charac-
teristics and pressure relief range of coal around the bore-
hole by analysing the borehole stress and air leakage form.
Cheng et al. [31] established the mechanical model of bore-
hole softening and expansion based on the Hoek Brown cri-
terion and deduced the elastic area, plastic softening area,
and fracture around the borehole. Su [32] used theoretical
analysis and numerical simulation to analyse the failure
mechanism of the coal body in a bedding hole, which
formed the elastic deformation area around the hole. The
stress distribution and displacement equation of the coal
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body in the plastic softening zone and the pressure relief
fracture zone were analysed.

Another main factor that affects the effect of gas drain-
age is the sealing quality of the borehole [33, 34]. In recent
years, many new sealing methods and sealing materials have
been proposed by a number of scholars. Zhang et al. [35, 36]
developed the “strong-weak-strong” borehole sealing tech-
nology, which can improve the CMM drainage efficiency
of a single high-gas low-permeability coal seam. Liu et al.
[37] tested 10 groups of sealing materials and presented a
new sealing method and an appropriate sealing equipment,
including an automatic grout pump and two types of rubber
bottom subs, which were used to improve the sealing perfor-
mance of inclined cross-measure drainage boreholes. Zhou
et al. [38] proposed a second-sealing-plugging technology
for gas drainage and examined the migration law of gas
movement in the fracture network of the coal seam. Ni
et al. [39] studied the microcharacteristics of borehole seal-
ing materials composed of frozen composite material with
PU and expansive cement. Xiang et al. [40] developed a flex-
ible gel sealing material and experimentally compared its
sealing performance with that of conventional sealing mate-
rials. Ge et al. [41] conceived a novel hydraulic fracturing
sealing material composed of cement, hardening, accelerat-
ing, and water-reducing admixtures; polypropylene fibre;
and mixing water. Despite the emergence of new technolo-
gies and materials for antiair leakage, these methods increase
the drainage efficiency on the premise of a long sealing
depth, which increases the construction difficulty and cost
of sealing boreholes. An economical and effective sealing
method with a short sealing depth for inseam boreholes is
necessary to prolong the efficient continuous drainage time
and increase the drainage amount of methane [42–45].

In this paper, based on the elastic-plastic theory, the
COMSOL simulation software was used to simulate the plas-
tic area range of the coal body around a drill hole and verify
whether the plastic area ranges of the theory and simulation
were consistent with each other and analysed the relation-
ship between different borehole diameters and plastic area
ranges. The new type of blowout preventer was used to con-
struct a test drilling hole, the “two plugging and one injec-
tion” sealing technology and phosphogypsum-based self-
produced gas expansion slurry material were used to block
the drilling hole, and the accurate gas mixed flow, pure flow,
and concentration data were measured. Finally, the appro-
priate plastic area of the borehole was determined by analys-
ing the gas drainage effect in different plastic areas of the
drilling hole.

2. General Situation of Puxi Mine

Jiahe Mining Co., Ltd. is the raw coal company of Hunan
Heijin Times Co., Ltd., and the subordinate Puxi mine is a
gas outburst mine in the northeast of Jiahe County, Chenz-
hou, Hunan Province, as shown in Figure 1. The administra-
tive area is under the jurisdiction of Xinglang town, Jiahe
County. The geographical coordinates of the mining area
are 112° 24′ 52″~112° 27′ 11″ E and 25° 35′ 10″~25° 39′

41″ N. The north-south strike of the mine is 4.5 km; the
east-west strike is 1.8 km, on average; the area is
8.6186 km2. There are seven coal seams in the mine: coal
seam II, coal seam III, coal seam IV, coal seam V, coal seam
V2, coal seam VI, and coal seam VII from top to bottom.
Coal seam V has a stable occurrence and is the main coal
seam of the mine, while coal seams II and VI are locally min-
able coal seams. The average thickness and inclination angle
of coal seam V are 2.42m and 25°, respectively. Since the
mine was put into operation, coal and gas outburst have
occurred 106 times, and the types of outburst are mainly
extrusion and pour-out. The maximum coal outburst
amount is 430 t, and the maximum gas outburst amount is
46,000m3. With the increase in mining depth, the outburst
frequency and intensity are increasing. Although many pro-
jects have been performed in the borehole through the coal
seam via the floor roadway in the mine, the borehole, which
has a diameter of 65mm, is not ideal. The extraction time is
long, the extraction concentration is low, and regional out-
burst elimination cost is relatively high. Therefore, it is very
important to determine the appropriate borehole diameter
and plastic zone range.

3. Numerical Simulation of the Plastic Zone
around the Borehole

3.1. Model and Calculation Parameters. In this paper, COM-
SOL Multiphysics was used to simulate and study the plastic
zone in the coal body around crossing boreholes with differ-
ent pore sizes. Model size selection depends on the range of
the effects of stress changes around the borehole. According
to theoretical analysis, a local change of the coal body only
has a significant impact over a limited range, and stress
changes are negligible far from the local construction site.
According to the characteristics of 2254 working surfaces
in Puxi mine, the model was established. Because of the sym-
metry of the model, only half of the computational domain
was used to achieve a numerical solution. A 2m × 2mmodel
is established, as shown in Figure 2. The borehole is located
at the centre of the left boundary of the model. The bot-
tom boundary of the model is fixed, that is, the vertical
displacement is 0, the left boundary is symmetric con-
straint, and the right boundary is horizontal constraint,

China

Hunan

Puxi mine

ChenzhouBeijing

N

Figure 1: Location of Puxi mine.
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that is, the horizontal displacement of the right boundary
is 0, and the top boundary has a uniform load of
1.3MPa to simulate the dead weight boundary of the over-
lying rock mass. The basic parameters of the coal seam are
shown in Table 1.

3.2. Analysis of the Numerical Simulation Results. After com-
pletion of the borehole, the stress field around the borehole
will change and redistribute. The coal body will expand,
deform, and flow towards the borehole, causing plastic fail-
ure of the coal body. During borehole formation, the coal
body adjacent to the borehole gradually bears the supported
pressure of the coal body. The coal body adjacent to the
borehole shows a state of stress concentration, which dam-
ages the coal body in the adjacent region because the
strength is lower than the concentrated stress and forms a
plastic zone.

As shown in Figure 3, after completion of the borehole,
the plastic zone, elastic zone, and initial stress zone were suc-
cessively formed around the borehole from inside to outside.
Because the coal around the borehole was difficult to bear a
large stress, the peak value of concentrated stress shifted
away from the borehole wall, and the stress borne by the coal
around the borehole gradually decreased and finally lowered
than the original stress, which was the process of pressure
relief. When the stress of the coal body at a certain distance
from the borehole is lower than the strength of the coal body
and only causes an elastic change but not a plastic change of
the coal body, the pressure does not decrease in this area.
Therefore, the range of the plastic zone, which can be
expressed according the radius of the plastic zone, will affect
the range of pressure relief of the borehole.

Figure 4 shows the distribution of the plastic zone
around boreholes of 75mm, 87mm, 94mm, 105mm, and
113mm from left to right. With the increased of the bore-
hole pore size, the plastic zone around the borehole gradu-
ally increased. As shown in Figure 3, when the coal body
entered the plastic state, the maximum tangential stress
shifted from the periphery of the borehole to the junction
of the elastic zone and plastic zone. As it extended into the
coal body, the tangential stress gradually returned to the ini-

tial stress, so the peak point of tangential stress and the point
of zero effective plastic strain were on the boundary of the
plastic zone.

As shown in Figures 5 and 6, the tangential stress around
the borehole first increased and subsequently decreased,
while the effective plastic strain of the coal around the bore-
hole gradually decreased with increasing distance from the
borehole centre. Therefore, the x-coordinate that corre-
sponds to the tangential stress peak point and the point
where the effective plastic strain became 0 defined the radius
of the plastic zone.

As shown in Table 2, the radii of the plastic zones of
boreholes with pore sizes of 75mm, 87mm, 94mm,
105mm, and 113mm are 46.3mm, 53.9mm, 57.6mm,
65.0mm, and 70.3mm, respectively. Thus, a larger pore size
corresponds to a larger plastic zone and larger range of pres-
sure relief. From the perspective of gas extraction, a larger
borehole diameter corresponds to a larger range of pressure
relief of the coal body and a better gas extraction effect.

4. Modified Model of the Plastic Zone Range

4.1. Basic Model of Plastic Zone Range. Before analysing the
plastic zone of the borehole, we can assume some conditions
to transform the stress distribution around the borehole into
a round hole problem of plane strain: (1) the surrounding

2 m

2 m

Symmetrical
boundary 

Horizontal
constraint
boundary

Borehole

Uniform load

Fixed constraint boundary

Figure 2: Geometric model.

Table 1: Basic parameters of the coal seam.

No. Model parameter Parameter values

1 Elasticity modulus (MPa) 1180

2 Bulk modulus (MPa) 630

3 Cohesion (MPa) 0.68

4 Internal friction angle (°) 20.7

5 Tensile strength (MPa) 0.2

6 Density (kg·m-3) 1350

Borehole

Plastic zone

Elastic zone

Initial stress zone

Tangential stress

Initial stress

Radial stress

Figure 3: Stress distribution law around the borehole.
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rock mass of the borehole is a homogeneous, continuous,
and isotropic ideal elastic-plastic body; (2) the properties of
coal in different directions are identical; (3) after the bore-
hole forms, the transverse and longitudinal displacement
and deformation are small; (4) the lateral pressure coefficient
of the surrounding rock is 1.

A plane coordinate system is established with the centre
of the borehole as the origin. The distance between any point
of the plane and the centre of the borehole is r. If the radius
of plastic zone is Rp, the variation gradient of cohesion in the
plastic zone can be expressed as Equation (1).

jc =
c0 − cs
Rp − R

, ð1Þ

where jc is the gradient of change; c0 is the initial cohesion,
MPa; cs is the residual cohesion, MPa; Rp is the radius of
plastic zone, m; and R is the borehole radius, m. In the plas-
tic zone, the cohesion at distance r from the drilling centre
can be expressed as Equation (2).

c∗ = cs + jc r − Rð Þ: ð2Þ

In the elastic zone, c∗ = c0. For axisymmetric problems,
the stress satisfies the equilibrium equation, so Equation
(3) can be obtained.

dσ
dr

+ σr − σθ

r
= 0, ð3Þ
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Figure 4: Plastic zone of different pore sizes.
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where σr is the radial stress, MPa, and σθ is the tangential
stress, MPa. In the plastic zone, the rock mass material sat-
isfies the equilibrium equation and the corresponding yield
criterion. Hence, in this paper, the Mohr-Coulomb criterion,
which is currently the most widely used criterion, is still
used. In polar coordinates, the Mohr-Coulomb criterion
can be expressed as Equation (4).

σθ = ξσr +
2c∗ cos φ
1 − sin φ

, ð4Þ

where ξ = 1 + sin φ/1 − sin φ; φ is the internal friction angle
of coal, °.

4.1.1. Stress in the Plastic Zone. Substitute Equation (4) into
Equation (3) to obtain Equation (5).

dσr

dr
+ 1 − ξð Þ

r
σr =

σ∗

r
, ð5Þ

where σ∗ = 2c∗ cos φ/1 − sin φ. Using the differential for-
mula, Equation (6) is obtained.

σr = e−
Ð
1−ξ/rdr

ð
σ∗

r
e
Ð
1−ξ/rddr + C

� �
: ð6Þ

By substituting Equation (2) into Equation (6) and com-
bining with ξ = 1 + sin φ/1 − sin φ, we obtain Equation (7).

σr = jcR − csð Þ cot φ + 2jc cos φ
1 − 3 sin φ

r + rξ−1C: ð7Þ

When r is equal to R, σr is equal to 0. Thus, the integral
constant can be obtained by making k1 = ðjcR − csÞ cot φ
and k2 = 2jc cos φ/1 − 3 sin φ and combining the condition

of the stress boundary. Therefore, Equation (8) can be
obtained.

σr = k1 + k2r − k1
r
R

� �ξ−1
− k2r

r
R

� �ξ−2
: ð8Þ

By substituting Equation (8) into Equation (4), we
obtain Equation (9).

σθ = ξk1 + ξk2r − ξk1
r
R

� �ξ−1
ξk2r

r
R

� �ξ−2
+ σ∗: ð9Þ

According to the total theory of plasticity, εZ is equal to
0 in the problem of plane strain. Thus, the plastic constitu-
tive Equation (10) can be obtained.

εr =
ψ

4G∗ σr − σθð Þ

εθ =
ψ

4G∗ σθ − σrð Þ

8><
>:

9>=
>;, ð10Þ

where εr is the radial strain; ψ is the plastic index; G∗ is the
weakening shear modulus, MPa; and εθ is the tangential
strain. The elastic constitutive Equation (11) is as follows:

εr =
1 − v2

E
σr −

v
1 − v

σθ

� �

εθ =
1 − v2

E
σθ −

v
1 − v

σr
� �

8>><
>>:

9>>=
>>;, ð11Þ

where V is Poisson’s ratio; E is the modulus of elasticity,
MPa. We substitute Equations (8) and (9) into Equations
(10) and (11) to obtain the strain expression as Equation
(12).

εpr =
ψ

4G∗ 1 − ξð Þσr − σ∗½ � + 1 − v2

E
1 − 1 + ξð Þv

1 − v
σr

� �
−

v
1 − v

σ∗
� �

εpθ =
ψ

4G∗ σ∗ − 1 − ξð Þσr½ � + 1 − v2

E
ξ −

v
1 − v

� �
σr + σ∗

h i
8>>><
>>>:

9>>>=
>>>;
,

ð12Þ

where εpr and εpθ are the radial strain and tangential strain
in the plastic zone, MPa, respectively.

4.1.2. Stress in the Elastic Zone. The stress solution in the
elastic region can be expressed as Equation (13).

σr

σθ

)
= A ± B

r2
, ð13Þ

where A and B are undetermined coefficients.
When r approaches infinity, σr = σθ = p0 = A; when r is

equal to Rp, σ
∗ = σ0 = 2c0 cos φ/1 − sin φ. Simultaneously,

the elastic-plastic interface satisfies Equation (14).

σr + σθ = 2p0, ð14Þ

where p0 is the initial stress, MPa.
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Figure 5: Tangential stress distribution of different pore sizes.
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Equation (15) can be obtained by substituting Equation
(14) into Equation (3).

σr r=Rp
= p0 1 − sin φð Þ − c0 cos φ,

���
σθ r=Rp

= p0 1 + sin φð Þ + c0 cos φ:
���

8><
>: ð15Þ

Substituting Equation (15) into Equation (13), we obtain
Equation (16).

σr = p0 −
R2
p

r2
p0 sin φ + c0 cos φð Þ,

σθ = p0 +
R2
p

r2
p0 sin φ + c0 cos φð Þ:

8>>><
>>>:

ð16Þ

By substituting Equation (16) into Equation (11), we
obtain the strain in the elastic region.

εer =
1 + v
E

1 − 2vð Þp0 − p0 sin φ + c0 cos φð ÞR
2
p

r2

" #

εeθ =
1 + v
E

1 − 2vð Þp0 + p0 sin φ + c0 cos φð ÞR
2
p

r2

" #
8>>>>><
>>>>>:

,

ð17Þ

where εer and εeθ are the radial strain and tangential strain in
the elastic zone, MPa, respectively.

4.1.3. Radius of the Plastic Zone. At the elastoplastic interface,
r = Rp and σ

∗ = 2c0 cos φ/1 − sin φ. Because σpr = σer, Equation
(18) can be obtained according to Equations (8) and (16).

k1 + k2Rp − k1
Rp

R

� �ξ−1
− k2r

Rp

R

� �ξ−2
+ c0 cos φ = p0 1 − sin φð Þ:

ð18Þ

By substituting Equation (1) and the expressions of k1 and
k2 into Equation (18), we obtain the range of the plastic zone
of the borehole.

Rp

R

� �ξ−1
c0 − csð Þ 2 cos ϕ

1 − 3 sin ϕ
+ c0 cot ϕ − cs cot ϕ

Rp

R

� �� �

+
Rp

R
p0 1 − sin ϕð Þ − c0

3 cos ϕ 1 − sin ϕð Þ
1 − 3 sin ϕ

+ cs cot ϕ
1 − sin ϕ

1 − 3 sin ϕ

� �
= p0 1 − sin ϕð Þ − c0 cos ϕ − cot ϕð Þ:

ð19Þ

In particular, when the surrounding rock of the borehole is
an ideal elastoplastic body, Equation (19) can be reduced to
Equation (20).

Rp = R
p0 1 − sin φð Þ − c0 cos φ − cot φð Þ

c0 cot φ

� �1−sin φ/2 sin φ

:

ð20Þ

4.2. ModifiedModel of the Plastic Zone Range.The plastic zone
radii of boreholes with different pore sizes, which were calcu-
lated by formula (20), are shown in Table 3.
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Figure 6: Effective plastic strain of different pore sizes.

Table 2: Radii of the simulated plastic zones of boreholes with
different pore sizes.

Radius of borehole (mm) 37.5 43.5 47.0 52.5 56.5

Radius of plastic zone (mm) 46.3 53.9 57.6 65.0 70.3
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Tables 2 and 3 show that there was an error between the
numerically simulated and calculated radii of the plastic
zones. Hence, formula (20) must be corrected. Figure 7
shows the variation law of the plastic zone range with the
borehole radius and the variation law of the difference of
the radius determined between the two methods.

As shown in Figure 7, the difference between the two
methods shows an approximate first-order function with
the radius as Equation (21).

R1 = kR + c, ð21Þ

where R1 is the difference, m; k is the slope. After calculation,
the slope is 0.12, so the modified equation is shown in Equa-
tion (22).

RP1 = RP + R1 = RP + 0:12R, ð22Þ

where RP1 is the modified radius of the plastic zone, m.
Table 4 shows a comparison between the calculated radius
of the plastic zone by Equation (22) and the simulated radius.

Table 4 shows that the error between the plastic zone
radius calculated by Equation (22) and the simulated radius
was within 1%, which proves that Equation (22) is applicable
to Puxi mine. In Equation (22), the initial stress, cohesion,
and internal friction angle are constants, so Equation (22)
is a first-order function of the radius. According to Equation
(22), when the radius increases, the plastic zone around the
borehole also increases. The range of pressure relief of the
borehole will increase, and the effect of gas extraction of
the borehole will improve.

5. Analysis of the Gas Extraction Effect under
Different Ranges of the Plastic Zone of
the Borehole

5.1. Test Method. To study the relationship between the plas-
tic zone of different boreholes and the gas extraction effect in
Puxi mine, the effect of plastic zone radii of 46.4mm,
53.8mm, 58.1mm, 64.9mm, and 69.9mm on the gas extrac-
tion effect was preliminarily determined and investigated,
and the variations of the gas concentration, mixed flow rate,
and pure flow in different plastic zones of the borehole were
investigated. In principle, for the test area, we selected a newly
excavated floor roadway with a length of more than 150m,
and the test site was determined to be the 2254 floor roadway
in combination with the site conditions of Puxi mine.

5.2. Construction and Sealing of the Borehole

5.2.1. Application of the New Type of Antispray Hole
Equipment in the Soft Coal Seam. During or after the con-

struction of large boreholes, pulverized coal and gas are con-
tinuously ejaculated from the boreholes in a short period of
time due to the soft coal quality of coal V in Puxi mine. This
phenomenon is called borehole spraying. A large amount of
gas emitted from the borehole over a short period of time
would make the gas concentration in the tunnel abnormally
increase and endanger the personal safety of underground
construction personnel. To solve the problem of an abnor-
mal increase of the gas concentration in the roadway caused
by borehole spraying in the highly gassy and soft coal seam,
a new type of antispray hole equipment was adopted in the
test to reduce the damage caused by borehole spraying, as
shown in Figure 8.

As shown in Figure 8, the equipment is composed of an
upper cylinder and a lower semicircle arc plate. In the bore-
hole construction process, if borehole spraying occurs, the
gas extraction pump will be immediately opened. When
pulverized coal and gas pass through the antispray hole
equipment, gas enters the gas chamber through the pump-
ing air hole under the effect of negative pressure and subse-
quently enters the gas extraction pump through the short
extraction pipe. The pulverized coal loses kinetic energy
and flows out from the space between the upper cylinder
and the lower semicircle arc plate. In the usage process,
the gas concentration can be monitored by the gas concen-
tration monitor to determine whether borehole spraying has
stopped. Compared with the existing equipment, the new
type of antispray hole equipment has simple structure and
convenient installation and disassembly. It can effectively
reduce the gas concentration when the borehole spraying.
At the same time, it can separate the pulverized coal and
gas twice to ensure the gas drainage effect and finally ensure
the safety of personnel in the roadway. Application of this
new type of antispray hole equipment solved the problem
that the gas concentration in the roadway abnormally

0.01 0.02 0.03 0.04 0.05 0.06 0.07
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

Radius of borehole/m

Simulated radius of plastic zone
Calculated radius of plastic zone
Difference

Ra
di

us
 o

f p
la

sti
c z

on
e/

m
Figure 7: Comparison of the plastic zone radius.

Table 3: Calculated radii of the plastic zone of boreholes with
different pore sizes.

Radius of borehole (mm) 37.5 43.5 47.0 52.5 56.5

Radius of plastic zone (mm) 41.9 48.6 52.5 58.6 63.1
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increases due to gas gushing in the borehole construction
process.

5.2.2. Borehole Sealing. The quality of borehole sealing
directly affects the effect of gas extraction in the coal seam.
By selecting the appropriate borehole sealing technology
and materials, the quality of borehole sealing and the effect
of gas extraction can be improved in the coal seam. There-
fore, after borehole construction was completed, the “two
blocks and one injection” sealing technology was selected
for borehole sealing (see Figure 9). The process of grouting
and hole sealing is depicted in Figure 10, a grouting pipe
was used to inject phosphogypsum-based self-produced gas
expansion paste material into the bag, and friction was gen-
erated between the bag and the borehole wall after the bag
expanded. Under the continuous action of the grouting
pump, the slurry would fill the cracks around the borehole
wall to prevent gas from flowing out of the cracks.

The phosphogypsum-based self-produced gas expansion
paste material is composed of the following components: 55
parts of phosphogypsum, 30 parts of water, 9 parts of
cement, 0.18 parts of polyoxyethylene alkylamine, 0.9 parts
of hydroxyethyl cellulose, 0.22 parts of acrylic acid, 0.39
parts of sodium methanesulfonate, 0.01 parts of ammonia
persulfate, 4.0 parts of sodium bicarbonate, and 0.3 parts
of microsilica powder. The preparation method is to add
polyoxyethylene alkylamine and acrylic acid in water and
stir to form a mixture. Then, cement, hydroxyethyl cellulose,
ammonia persulfate, sodium methyl propylene sulfonate,

microsilica powder, and sodium bicarbonate are added to
phosphogypsum to form mixed powder. Finally, the mixed
powder is added to the mixture and stirred to make an
expanded slurry. The phosphogypsum-based self-produced
gas expansion paste material reacts slowly at room

Gas extraction pipe

Discharge pipe

Capsular bagBlasting valve

Rock Coal

CH4Grouting pipe

Phosphogypsum-based self-produced gas 
expansion paste material

One-way valve

Figure 9: Principle of the “two blocks and one injection” sealing
technology.
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Gas extraction pump

Gas concentration monitor 
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Anti-spray hole equipment

Upper cylinderDrill pipe
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Rock
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Figure 8: New type of antispray hole equipment.

Table 4: Comparison of the radius of the plastic zone.

Radius of borehole (mm) 37.5 43.5 47.0 52.5 56.5

The simulated radius of plastic zone (mm) 46.3 53.9 57.6 65.0 70.3

The calculated radius of plastic zone (mm) 46.4 53.8 58.1 64.9 69.9

Error (%) 0.2 0.19 0.87 0.15 0.57
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temperature, has good fluidity, can be injected into cracks,
and has high compressive strength. At the same time, it
improves the utilization rate of phosphogypsum and reduces
its pollution to the environment.

A comparison of before and after the borehole wall
cracks are filled with the phosphogypsum-based self-
produced gas expansion paste material is shown in
Figure 11. When the sealing section is full of the paste mate-

rial, the discharge pipe is closed and the paste material
expands and fills the cracks around the borehole wall along
the borehole diameter under the effect of the grouting pres-
sure. In the preparation process of the phosphogypsum-
based self-produced gas expansion paste material, the addi-
tion of polyoxyethylene alkyl and hydroxyethyl cellulose
increases the bubble viscosity. Thus, the foam can expand,
but the surface is not broken. As shown in Figure 12, the

350 um

(a)

50 um

(b)

Figure 12: Optical microstructure of the paste material.

Crack

Paste material

Gas extraction pipe

Figure 11: Comparison before and after grouting.
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Blasting valve

Grouting pipe

Discharge pipe Extraction pipe

Figure 10: Hole-sealing process.
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foam distribution is homogeneous, and the structure of the
foam wall is intact. Therefore, after the paste material enters
the cracks, it can effectively seal the cracks and improve the
sealing quality. In addition, at normal temperature, the paste
material slowly reacts, which ensures good fluidity after the
paste material enters into the cracks.

5.3. Result of Test. As shown in Figure 13, the investigation
area of each borehole plastic zone was defined as a unit,
which was divided into five investigation units, and each
unit had five boreholes, and five boreholes of each unit
were networked for extraction. The “two blocks and one
injection” sealing technology and phosphogypsum-based
self-produced gas expansion paste material were used in
the test to improve the sealing quality and air tightness.
Therefore, accurate data for the gas mixed flow, pure flow,

Pipeline infrared
methane sensor 

Multi-parameter sensor
for mine gas extraction

Figure 14: Gas flow concentration.

Figure 13: Borehole construction and borehole networking.

10 Geofluids



and concentration were measured. After the completion of
borehole construction and sealing, the daily gas mixing
flow, pure flow, and concentration of each unit were mea-
sured for 15 days. The reading on the pipeline infrared
methane sensor is the gas concentration of each unit, and
the reading on the multiparameter sensor for mine gas
extraction is the mixed flow and pure flow of each unit,
as shown in Figure 14.

The change rule of the average mixed flow, pure flow,
and concentration in the first 15 days of different units is
shown in Figure 15. In Figure 15, when the radius of the
plastic zone of the borehole increased from 46.4mm to
69.9mm, the mixed flow increased from 0.061m3/min to
0.268m3/min, the pure flow increases from 0.027m3/min
to 0.196m3/min, and the concentration increases from
44.53% to 73.03%. The increased in radius of the plastic zone
improved the gas extraction effect.

On one hand, an increase of the plastic zone of the
borehole results in an increase of the pressure relief circle
around the borehole, which causes a better gas extraction
effect. On the other hand, to increase the radius of the
plastic zone of the borehole, it is necessary to expand the
borehole diameter, which increases construction difficulty,
construction cost, and construction risk. Therefore, to
achieve safety, cost minimization, and extraction maximi-
zation, it is necessary to analyse the variation of the mixed
flow and pure flow relative to the radius difference of the
plastic zone with the increase of the plastic zone, as shown
in Table 5.

As shown in Table 5, the relative variation of mixed
flow increased from 5.68 to 21.58 and subsequently
decreased to 7.60, while the relative variation of pure flow
increased from 3.92 to 18.42 and subsequently decreased
to 6.2. With the increased of the radius of the plastic zone,
the rates of increased of the mixed flow and pure flow first
increased and subsequently decreased. Therefore, consider-

ing the safety and economy of construction, the optimal
radius of the plastic zone was 64.9mm.

6. Conclusions

(1) COMSOL Multiphysics is used to simulate the plas-
tic zone of coal around a borehole. A larger bore-
hole pore corresponds to a larger plastic zone and
a larger range of pressure relief of the borehole.
The basic model of the plastic zone range is estab-
lished, and the stress in the elastic zone and radius
of the plastic zone are derived step by step. By com-
paring the radii of the plastic zone from numerical
simulation and calculation, the theoretical equation
of the radius of the plastic zone is modified. The
results show that the modified equation is suitable
for Puxi mine

(2) A new type of antispray hole equipment is used to
construct a borehole, and the loss and harm caused
by borehole spraying are reduced. The “two plug-
ging and one injection” sealing technology and
phosphogypsum-based self-produced gas expansion
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Figure 15: Changes in flow and concentration.

Table 5: Relative change of the mixed flow and pure flow.

Radius
(mm)

Radius
difference
of plastic

(m)

Mixed
flow
(m3/
min)

Relative
variation of
mixed flow

Pure
flow
(m3/
min)

Relative
variation
of pure
flow

46.4mm – 0.061 – 0.027 –

53.8mm 0.0074 0.103 5.68 0.056 3.92

58.1mm 0.0043 0.148 10.47 0.095 9.07

64.9mm 0.0038 0.230 12.06 0.165 10.29

69.9mm 0.005 0.268 7.60 0.196 6.2
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paste material are used to block the borehole, and
the sealing quality is improved

(3) The accurate gas mixing flow, pure flow, and con-
centration are obtained. With the increase of the
plastic zone, the flow of gas extraction gradually
increases, but the relative variation of flow first
increases and subsequently decreases. Therefore,
considering the safety and economy of construction,
the optimal radius of the plastic zone is 64.9mm
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With the increase of buried depth, the content of gas increases gradually. The gas in the mining process will lead to gas gush and
other dynamic disasters, or even coal and gas gushing in front of the working face. Therefore, the study on the permeability
distribution of coal and the surrounding rock is the core work of coal and gas mining at the same time. To study the
mechanical behaviors and seepage characteristics of coal mass during unloading is to prepare for coal and gas mining in the
future, which can not only ensure the safety of operators to the maximum extent but also increase the mining rate as much as
possible. Based on the stress-strain curve and seepage curve, the brittleness index and seepage characteristics of coal are
analyzed. The greater the brittleness index is, the more likely the coal mass is to produce cracks, and then to form large cracks,
or even fracture. Through the study of brittleness index and seepage characteristics of coal mass, the mechanical behavior of
coal mass can be easily obtained, so as to guide the mining of coal mass.

1. Introduction

China has been advocating the conversion of polluting
energy to clean energy, but as a big energy consumer, coal
energy will always play a dominant role in the future for a
long time [1, 2]. The present situation in China is that there
are a lot of coal resources but little oil resources. The proven
coal reserves of China account for 12.6% of the world’s coal
reserves, and the recoverable amount ranks the third and the
output ranks the first in the world [3–5]. As for the quality of
coal, there are less high-quality coal and more inferior coal
[6], and the surface coal reserves are limited after all, as well
as the large demand for coal energy, the mining of coal must
be advanced to a deeper level [7–9]. As a result, deeper min-
ing will face more complex coal strata, and mining work will
also face more complex surrounding rock stress state [10,
11], making mining work with more risks, such as gas explo-
sion, coal and gas outburst, flooding, roof accident, poison-
ing, and asphyxiation [12, 13]. Therefore, while coal
mining brings huge economic benefits to people, exploring

how to prevent and reduce the occurrence of hazards in
the process of coal mining can not only guarantee the safe
and efficient operation of coal work but also provide a strong
scientific support for mining work [14, 15].

The study on coal mass under real external force can
reveal the influence of mining on coal mass, so it is very
important to reduce the stress of coal mass from the per-
spective of experiment [16, 17]. In view of this, we study
the mechanical characteristics and seepage characteristics
of coal mass affected by real external forces and to further
explore the development law of coal mass fractures
[18–20]. In view of the mechanical influence and seepage
characteristics of coal mass under triaxial test, scholars have
done a lot of research [21–23]. Bieniawaski [24] studied the
size effect of coal and the stress-strain law under triaxial con-
ditions. Wang et al. [25] conducted coal permeability tests
under different confining pressure to monitor the deforma-
tion and permeability evolution of coal. Yin et al. [26] stud-
ied the mechanical properties and seepage characteristics of
raw coal by using triaxial tests. It was found that different
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loading and unloading paths (different loading speed,
unloading speed, and starting point of loading and unload-
ing) have important influence on the mechanical and seep-
age characteristics of raw coal, and know that the failure
mode of raw coal is tensile shear composite failure. In terms
of numerical simulation, Xue et al. [27–29] established a per-
meability model for damaged excavated coal for simulation
analysis. The research shows that the mechanical properties
of coal will change significantly, and the permeability of coal
will increase before and after the peak point, but the amount
of increase is different. Liu [30] studied the deformation,
failure, and seepage characteristics of coal containing gas
and concluded that the strength and stiffness of raw coal
decrease with the increase of gas, and the raw coal gradually
transformed from the original brittle failure to the ductile
shear failure. There are many pores in the interior of coal,
and gas exists in free and adsorbed states. The damage and
fracture of coal just release the adsorbed gas, which increases
the mining benefit of gas. Yuan et al. [31] studied the
thermal-fluid-solid coupling model of gas bearing coal seam,
carried out the numerical simulation of heat injection promot-
ing gas drainage, and verified the feasibility of injecting heat
into coal seam to promote gas drainage. Zhao et al. [32] made
a numerical analysis on the gas drainage performance of coal
seams with different structural deformation coal seams and
complete coal seams. Guo et al. [33] focused on the criterion
of coal seam fracture caused by cumulative blasting and sum-
marized the fracture zone and fracture propagation process of
coal. Xue et al. [34–36] established the analytical model of coal
seam gas fracturing damage characteristics by studying the
media fracturing characteristics and its deformation charac-
teristics and analyzed the law of gas diffusion and migration.
Anyim et al. [37] studied the critical stress fault in geothermal
area by using the thermal hydrological mechanical coupling
model to explore the evolution law of its permeability. Sidiq
et al. [38] studied the permeability of reservoir rocks under
high temperature and high pressure. In terms of damage and
fracture evolution in the process of coal seepage, Chen [39]
studied the stress-strain-permeability variation characteristics
of coal mass and concluded that soft coal has more pores,
more gas adsorption, and higher gas content than hard coal.
In addition, the permeability of coal mass shows a “V” shape
change. Xia et al. [40] used coupled rock triaxial test system
to study the characteristics of seepage in the post-peak fracture
stage of rock. The permeability of coal decreases instead of
increasing, which indicates that the deformation of coal frac-
tures has an irreversible process and the fracture opening
becomes smaller. When unloading to a certain value, all levels
of permeability become smaller, indicating that the recovery of
permeability of coal has a lag.

Based on the above research findings, the stress-axial
strain curve was obtained through triaxial tests, and the
whole stage from loading to failure of coal mass was ana-
lyzed. The permeability of coal mass measured by the tests
was combined with the graph to analyze the seepage charac-
teristics of coal mass. And draw on scholars on the research
of brittleness index, combined with the obtained data to
check the brittleness index, to get the pattern of specific brit-
tleness index.

2. Study on Mechanical Behavior of Coal Mass

2.1. The Acquisition and Preparation of Coal. The coal sam-
ples of this test are collected from a working face of mine.
Because there are significant differences in the internal struc-
ture of coal and rock under geological action, the mechanical
properties are discrete and heterogeneous. Therefore, the
samples of this test are all taken from rock strata at the same
location and at the same depth. In addition, try to ensure
that the sampled rock blocks are complete and uniform,
large in size, and sufficient for sampling, so as to reduce
the error of the experiment. The processing of coal samples
is carried out in accordance with the coal industry standard
“Determination Method of Physical and Mechanical Proper-
ties of Coal.” Cylinder with diameter of 50mm is drilled
through the diamond hollow drill of vertical core-taking
machine, and then cylindrical samples of different lengths
(100mm) are cut by automatic rock cutting machine.
Finally, the two end faces are ground flat on the double-
end grindstone machine. There are eight sets of samples,
labeled A-1 through A-8, respectively.

In order to study the permeability characteristics of coal
mass, eight groups of samples were treated separately. The
samples A-6 and A-8 were humidified for 0 h, and the mois-
ture content was 2.4%. The humidification treatment time of
A-2 and A-4 samples is 17 hours, and the moisture content
of the samples is 3.4%. The humidification treatment time of
A-3 and A-5 samples is 33 hours, and the moisture content
is 4.4%. The humidification treatment time of A-1 and A-7
samples is 69 hours, and the moisture content is 5.5%. The
eight groups of samples were divided into four groups with
different water content. The confining pressure is 5MPa.

2.2. Test Equipment. The loading system is microcomputer
controlled electrohydraulic servo testing machine. During
the loading process, the system can collect load, displace-
ment, and other data at the same time. The data acquisition
system uses stress sensor, displacement sensor, and static
strain gauge to measure the load and longitudinal and trans-
verse deformation of the coal sample. As shown in the figure,
the strain acquisition instrument has 20 channels, and each
measuring point is automatically balanced, respectively.
The measurement results can also be modified according
to the sensitivity coefficient of the strain gauge, wire resis-
tance, bridge mode, and sensitivity of various bridge sensors.
In this experiment, half bridge connection is used to
measure.

2.3. Stress-Strain Study. Through experiments, transverse
strain and volumetric strain data of eight groups of samples
were obtained, and then the Origin software was used to
draw the figure below. Figure 1 shows the axial stress-
strain diagrams from sample A-1 to sample A-8.

In the whole process of stress-strain prepeak curve, axial
strain, transverse strain, and volumetric strain all increase
with the increase of stress. As for the postpeak curve, the
stress is decreasing, and the axial strain, transverse strain,
and volumetric strain are all increasing. It shows that after
the peak point, the coal mass is in a state of failure, and
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the deformation cannot be restored, which is consistent with
the experiment. Before the peak, the increment of volumetric
strain is smaller than the increment of axial strain and trans-
verse strain, and the deformation of volumetric strain is
smaller than that of axial and transverse strain. From the
point of view that the component is compressed, the axial
direction of the component is in the state of compression,
while the transverse direction of the component is in the state
of stretching. As a whole, the volumetric strain is first positive
and then negative, indicating that the volume of the compo-
nent decreases slightly in the process of unidirectional com-
pression and then increases slightly with the destruction of
the component, which is consistent with the theory.

2.4. Volumetric Strain Study. The primary condition of the
crack volume strain should meet the small deformation con-

dition stipulated in “Elastic Mechanics,” which represents
the volume strain generated by plastic deformation and frac-
ture [41–43]. The detailed derivation process is as follows.

The axial force F, axial deformationΔl, and circumferential
deformation value Δc bar of the whole process of rock loading
and unloading failure can be obtained through the test.

The axial strain is [44]

ε1 =
Δl
l
, ð1Þ

where l is the height of sample before loading.
The circumferential strain is [45]

ε2 =
Δc
c
, ð2Þ
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Figure 1: Axial stress-axial strain diagrams.
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Figure 2: Continued.
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where Δc is the circumferential deformation, and c is the cir-
cumferential perimeter of the sample before deformation.

The volume strain is

εv = ε1 + 2ε2: ð3Þ

The volume strain of the crack of the circular specimen
is

εcv = εv + εev, ð4Þ

where εcv is the crack volume strain of the rock sample, and
εev is the projectile strain of the rock sample.

According to Hooke’s Law:

εe1 =
1
E

σ1 − v σ2 + σ3ð Þ½ �, ð5Þ

εe2 =
1
E

σ2 − v σ1 + σ3ð Þ½ �, ð6Þ

where εe1 is the axial elastic strain of the rock sample, and εe2
is the circumferential elastic strain of rock sample.

For the conventional triaxial test, due to σ2 = σ3

εcv = εv −
1 − 2vð Þ σ1 + 2σ3ð Þ

E
: ð7Þ

The equivalent plastic strain is

εep =
ffiffiffi
2

p

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1p − ε2p
� �2 + ε2p − ε3p

� �2 + ε1p − ε3p
� �2q

, ð8Þ

where ε1p, ε2p, ε3p are plastic strain in three principal stress
directions.

The above parameters were calculated from the experi-
mental data, and Origin software was used to draw equiva-
lent plastic strain-axial strain curve, as shown in Figure 2.

The analysis of the volume strain and crack volume
strain shows that although the volume strain curve of the
crack is close to volume strain curve, but it is always lower
than the volume strain curve. In accordance with the physi-
cal meaning of crack volume strain, that is, under the condi-
tion of small deformation, the volume strain curve of the
crack is similar to that of the volume strain. Through the
study of crack volume strain, the degree and law of coal rock
cracking can be further explained, which has certain guiding
significance for coal mining.

2.5. Failure Process Analysis of Rock Samples. Based on the
test data, volumetric strain-axial strain diagrams were drawn
by software, and the failure of coal mass was analyzed by
combining the graph with the test site situation.

According to Figure 3, coal mass experiences 6 stages
from initial pressure to failure and then to residual deforma-
tion, and these six stages also show the nonlinear elastic
behavior of rock. Because there are many small pores,
cracks, and other defects in the rock, the stress-strain curve
of rock under pressure is not linear, but nonlinear. The spe-
cific analysis is as follows:

(1) Crack Closure Stage (A-B in the Figure). From the
volume strain-axial strain curve of crack, it can be
seen that there are natural cracks in the coal mass,
and because of the external pressure, the natural
cracks are constantly closed. When they reach point
A, the natural cracks are completely closed, and the
strain of the crack body tends to be 0

(2) The Elastic Stage (B-C in the Figure). The volumetric
strain of the crack is basically unchanged, and no
new fracture occurs inside the rock. If the load is
removed at this time, the coal mass will return to
the original state, so this stage is called the elastic
stage. Meanwhile, this relationship is linear elastic
relationship
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Figure 2: Volume strain-axial strain and crack volume strain-axial strain.
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(3) Tension Crack Development Stage (C-D in the Fig-
ure). New cracks begin to appear in the interior
of coal mass, damage also begins to occur, and
the volume strain of cracks keeps increasing. At
this stage, the slope of volume strain-axial strain
of the crack is low because the damage increase
rate is relatively small. The failure process of rock
samples is that the tensile cracks are generated
first, and the shear failure is caused by the interac-
tion of tensile cracks. Therefore, it can be consid-
ered that the stage (C-D section) when the crack
volume strain begins to increase until the sudden
change of volume strain occurs is the tensile failure
inside the coal mass

(4) Macrocrack Development Stage (D-E in the Figure).
When it reaches point D, the volume strain of coal
mass changes abruptly, the slope of the volume
strain curve of crack increases, the rate of damage
increases, and the axial stress-strain curve begins to
flatten. Therefore, it can be considered that at point
D, tensile cracks run through each other and form

macroscopic cracks. The stage after point D can be
considered as the development stage of macroscopic
crack, and the coal mass changes from macroscopic
continuous state to discontinuous state. However,
the macrofailure mode of coal mass is determined
by the interaction of tensile cracks, and pressure
plays a certain control role on the interaction of ten-
sile cracks, so pressure plays a control role on the
macro-failure mode of coal mass

(5) Rock Structural Stage (E-F in the Figure). When it
reaches point F, the axial strain of coal mass reaches
the maximum. At this time, because of the penetra-
tion of macro cracks, coal mass can no longer be
regarded as rock material, and coal mass bears load
with rock structure. The postpeak stress-strain
response of coal mass is not only related to the mate-
rial properties and the macroscopic failure mode but
also related to the stiffness of the test machine. This
is because the postpeak behavior of rock is the coor-
dination between rock structure and external forces
tends to be stable
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Figure 3: Stress-axial strain, volumetric strain-axial strain, and crack volume strain-axial strain.
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(6) Residual Strength Stage (after F in the Figure). When
it reaches point F, the damaged coal mass forms a
stable rock structure and rock structure reaches a
state of equilibrium. Therefore, the residual strength
is shown on the axial stress-strain curve. The slope
decreases at point F on the equivalent plastic
strain-axial strain curve, indicating that the growth
rate of the equivalent plastic strain decreases at point
F, and the rock structure tends to be relatively stable
and enters the residual strength. The volumetric
strain slightly decreases after reaching point F, indi-
cating that the rock structure tend to be stable

Figure 4 shows the volumetric strain-axial strain dia-
gram of the crack under different water content, from which
it can be concluded:

(1) The volumetric strain-axial strain graphs of cracks
with different water content have basically the same
variation rule. The volume strain of the crack
increases slightly at first and then decreases continu-
ously. This is because at the beginning of pressure,
the natural cracks in coal begin to close in the crack
closure stage, and the crack volume strain
approaches 0 at this time. In the subsequent elastic
stage, the volume strain of the crack is basically
unchanged. During the tensile crack development
stage, new cracks appear and the volume strain of
cracks begins to increase. At the macrocrack devel-
opment stage, the slope of the crack increases and
begins to decrease

(2) The larger the moisture content is, the more rapidly
the curve of the crack changes from the beginning to
the residual strength. Because the higher the mois-
ture content is, the more cracks in the coal mass

are, the weaker the ability to resist deformation is,
and the faster it reaches the stage of residual strength

3. Study on Brittleness Index of Coal Mass

Brittleness is a physical attribute of coal mass, which is
related to the mineral composition and stress action of coal
mass [46–48]. Reservoir rock brittleness is mechanical prop-
erties evaluation, borehole wall stability evaluation, and the
important indexes for evaluation of hydraulic fracturing
effect. It has a good reference value for the safety analysis
of rock engineering under the coupling effect of stress and
seepage [49]. Although there is no unified standard of rock
brittleness definition and testing method, but low strain or
damage and fracture of tensile fracture damage, high-
pressure ratio, high resilience, and after peak stress drop
quickly recognized as is shown by the nature of the rock brit-
tleness [50, 51]. The following are several common methods
of brittleness evaluation.

3.1. Curve Method. Curve method is a brittleness evaluation
method established according to each stage corresponding to
axial stress-strain curve [52]. Thus, establishing the brittle-
ness index

B7 =
σp − σr
σp

, ð9Þ

where σp and σr are the peak stress and residual stress,
respectively.

Based on the experimental data and the formula of the
brittleness index B7, the image of the brittleness index B7
under the different water content is made. As shown in
Figure 5, the greater the value of B7, the stronger the brittle-
ness of coal. It can be seen from the above figure that from
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the B7 value of each pattern, the B7 value of A-5 with water
content of 4.4% is the largest, and the brittleness is stronger,
followed by A-1 with water content of 5.4%. From the mean
value of the pattern, the pattern with water content of 5.4%
has the highest B7 value and the strongest brittleness,
followed by the pattern with water content of 4.4%.

It is considered that the smaller the difference between the
strain in which the friction strength reaches the maximum
value (i.e., the peak strain) and the strain in which the cohe-
sion weakens to the residual value (i.e., the residual strain)

B8 =
εr − εp
εr

, ð10Þ

where εp and εr are the peak strain and residual strain,
respectively.

According to the test data and the formula of B8, the
image of B8 with different water content is made by Ori-
gin software. According to Figure 6, the smaller the value
of B8 is, the stronger the brittleness of coal mass will be.
From the B8 value of each pattern, the B8 value of A-7
with water content of 5.4% is the smallest, and the brittle-
ness of coal is stronger, followed by A-4 with water con-
tent of 3.4%. From the average B7 value of the pattern,
the pattern with water content of 5.4% has the smallest
value and the strongest brittleness, followed by the pattern
with water content of 3.4%.
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On the basis of summarizing the previous studies, a brittle-
ness index which considered the mechanical characteristics of
pre- and postpeak simultaneously.

B9 = B9′ + B9″, ð11Þ

B9″ = αCS + βCS + η, ð12Þ

CS =
εp σp − σr
� �

σp εr − εp
� � , ð13Þ

where α, β, and η are the standardization coefficient, and CS is
the ratio of the absolute value of the postpeak curve slope to
the prepeak curve slope.

According to the test data and the formula of B9, the
image of B9 under different water content is made by Origin
software. According to Figure 7, the B9 value of A-3 and A-7
is the smallest, which is 1.96. The value B9 of A-8 is the larg-
est, 2.28. It indicates that the brittleness of A-3 and A-7 is
the strongest, while that of A-8 is the least. The average brit-
tleness index with the water content of 3.4% is the smallest,
and the brittleness is stronger. The average brittleness index
of 2.4% is the largest and the weakest.

We studied the brittleness index

B10 = B10′ B10″ , ð14Þ

B10′ =
σp − σr
σp

, ð15Þ

B10″ = lg Kacj j
10 , ð16Þ

where Kac is the slope of the postpeak curve. The higher the
value of B10, the higher the degree of brittleness.

According to the test data and the formula of B10, the
image of B10 is made by Origin software. As shown in
Figure 8, the greater the value of B10 is, the stronger the brit-
tleness of coal mass is. From the B10 value of each pattern,
the B10 value of A-1 with water content of 5.4% is the largest,
and the brittleness of coal mass is stronger, followed by A-4
with water content of 3.4%. From the average B10 value of
the pattern, the B10 value of the pattern with water content
of 3.4% and 5.4% is equal and the largest, and the brittleness
is the strongest.

3.2. Energy Method. The brittleness index is established by
using the energy relation expressed by the axial stress-
strain curve [53–55], which corresponds to the energy
change of coal mass during the compression process. It
defines the brittleness index by the ratio of

B11 =
A2
A1

, ð17Þ

where A2 is defined as the recoverable energy (the area of
BCD in Figure 9), and A1 is defined as the total energy
(the area of the OABD region in Figure 9). The greater the
value of B11 is, the greater the recovery elastic energy and
brittleness will be. Figure 9 shows a diagram of brittleness
index B11 of coal.

According to the test data and the formula of B10, the
image of B11 under different water content is made by Origin
software. Analysis: as shown in Figure 10, the greater the
value of B11, the greater the recovery elastic energy, and
the stronger the brittleness of coal. From the B11 value of
each pattern, A-6 with water content of 2.4% has the largest
B11 value, and the brittleness is stronger, followed by A-3
with water content of 4.4%. From the average B11 value of
the pattern, the pattern with 2.4% water content has the
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largest value and the strongest brittleness, followed by the
pattern with 3.4% water content.

Tarasov et al. also considered the energy of postpeak
process and proposed using the ratio of postpeak fracture
energy to postpeak recoverable elastic energy as the brittle-
ness index.

B12 =
dwr
dwe

, ð18Þ

where dwr is defined as the postpeak rupture energy (the
gray area on the right and in Figure 11), and dwe is defined
as the elastic energy behind the peak (the difference between
the area of the large red triangle on the left of Figure 11 and
the small red triangle on the right of Figure 11). The lower
the value of B12, the more brittle the rock is. Figure 11 shows
a diagram of brittleness index B12 of coal.

According to the test data and the formula of B10, the
image of B12 under different water content is made by Origin
software. As shown in Figure 12, the smaller the value of B12,
the stronger the brittleness of coal mass. From the B12 value
of each pattern, the B12 value of A-1 with water content of
5.4% is the smallest, and the brittleness of coal is stronger,
followed by A-7 with water content of 5.4%. From the aver-
age B12 value of the pattern, the pattern with water content
of 5.4% has the smallest value and the strongest brittleness,
followed by the pattern with water content of 3.4%.

After peak stress drop rate is of great significance to the
rock brittleness characterization, but at the same time can-
not be ignored before the peak stress-strain state for the
influence of the rock brittleness. It is proposed that rock
and rock damage when the release of elastic energy storage
before total energy ratio and peak BE common characteriza-
tion of rock brittleness indexes

B14 = Bpost + BE , ð19Þ

Bpost =
σp − σr
εr − εp

, ð20Þ

BE =
W1
W2

, ð21Þ

where W1 is defined as the elastic energy released by rock
failure (the blue area in the figure). The higher the index
B14 is, the more brittle the rock is. Figure 13 shows a diagram
of brittleness index B14 of coal.

According to the test data and the formula of B10, the
image of B14 under different water content is made by Origin
software. According to Figure 14, the greater the value of B14
is, the stronger the brittleness of coal mass will be. From the
B14 value of each pattern, A-6 with water content of 2.4% has
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the largest B14 value, and the brittleness is stronger, followed
by A-4 with water content of 3.4%. From the average B14
value of the pattern, the pattern with water content of 3.4%
has the largest B14 value and the strongest brittleness,
followed by the pattern with water content of 5.4%.

Table 1 shows a summary of B values at different water
contents. The analysis shows that although the brittleness
of samples with different water content is evaluated from
different brittleness indexes, the results are consistent. The
lower the water content, the greater the brittleness. With
the increase of water content, the brittleness of coal samples
decreases, showing certain softening characteristics.

4. Constitutive Model

The coal mass can be divided into six stages from loading to
failure [56–58]: (1) crack closure stage, (2) elastic stage, (3)
development stage of tensile crack, (4) the development
stage of macrocrack, (5) rock structure stage, and (6) resid-
ual strength stage. However, the proportion of the crack clo-
sure stage to the axial strain stage cannot be ignored.

4.1. Duncan-Chang Model. Duncan-Chang model is
described as follows [59, 60]:

σ = ε

a + bε
, ð22Þ

σ = ε

a + bε + cε2
, ð23Þ

where the coefficients of a, b, and c are a = 1/E0, b = 1/σC
− 2/εcE0, c = 1/E0εc

2.
E0 is the initial modulus of elasticity ðE0 = dσ/dε ∣ ε

⟶ 0Þ, σc is UCS strength (uniaxial compressive strength),
and εc is the corresponding axial strain.

The model is described as follows [61]:

σ = Eε exp −
ε

ε0

� �m� �
: ð24Þ
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Figure 10: B11 under different water content.
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E is the modulus of elasticity.

m = 1
ln Eεc/σcð Þ , ð25Þ

ε0 =
εc

1/mð Þ1/m : ð26Þ

The stress-strain curve from the experiment is converted
to the stress-strain curve ignoring the fracture closure stage.

The model calculation based on Weber distribution is as fol-
lows [62, 63]:

σ = E ε − εc′
	 


exp −
ε − εc′
ε0

 !m" #
: ð27Þ

The determination of the axial strain εx used for differ-
entiation is based on experiment.

σ =

ε

a + bε + cε2
ε ≤ εx,

E ε − εc′
	 


exp −
ε − εc′
ε0

 !m" #
ε > εx,

8>>><
>>>:

ð28Þ

where a = 1/E0, b = 1/σc − 2/ε2E0, c = 1/E0εc
2, m = 1/ln Eεc/

σc, and ε0 = εc/ð1/mÞ1/m.
4.2. Practice of Duncan-Chang Model. The experimental data
were put into the Duncan-Chang model, and the Origin
software was used to draw the corresponding graphs.
Table 2 shows the parameters of Duncan-Chang model.

As you can see from Figure 15, at the prepeak stage, the
fitting curve is very close to the actual curve, which indicates
the correctness of Duncan-Chang model and that the
Duncan-Chang model has a correct direction for the study
of coal mass.

From the strength of coal and rock, under the same
water content and the same axial stress, the axial strain of
sample A-6 is greater than that of sample A-8, indicating
that under the same conditions, the structure and texture
of sample A-6 are looser and softer than that of sample A-
8, so the axial strain is larger. The axial strain of sample A-
4 is greater than that of sample A-2, indicating that under
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Figure 12: B12 under different moisture content.
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the same conditions, the structure and texture of sample A-4
are looser and softer than that of sample A-2, so the axial
strain is larger. The intersection point in the figure is because
A-2 of the sample has passed the peak stress point and
started to decline. Because the Duncan-Chang model studies
the stage before the peak stress, the part of A-2 decline can

be ignored. The axial strain of sample A-5 is greater than
that of sample A-3, indicating that under the same condi-
tions, and the structure and texture of sample A-5 are looser
and softer than that of sample A-3, so the axial strain is
larger. The axial strain of sample A-1 is greater than that
of sample A-7, indicating that under the same conditions,
the structure and texture of sample A-1 are looser and softer
than that of sample A-7, so the axial strain is larger. How-
ever, the fitting situation of the second half of sample A-7
is not very good, because the test data of the second half
do not conform to the Duncan-Chang model and changes
irregularly.

4.3. Function Fitting. When the Duncan-Chang model was
used to fit the test data, a function was occasionally obtained
that fitted the test data well, as shown below [64, 65]:

σ =
ε

a + bε + cε2
ε ≤ εx ,

d − ef ε ε > εx:

8<
: ð29Þ
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Figure 14: B14 under different moisture content.

Table 1: Summary of B values at different water content.

Experimental group no. Moisture content (%) B7 B8 B9 B10 B11 B12 B14
A-8 2.4 0.39 0.7 2.28 0.06 0.8 6.94 7.62

A-6 2.4 0.52 0.22 1.98 0.07 0.87 1.93 53.88

A-2 3.4 0.45 0.25 1.97 0.07 0.83 2.02 33.28

A-4 3.4 0.43 0.21 1.97 0.08 0.79 1.88 41.86

A-3 4.4 0.32 0.35 1.96 0.04 0.85 3.04 20.25

A-5 4.4 0.7 0.59 2.18 0.05 0.59 3.65 6.83

A-7 5.4 0.39 0.16 1.96 0.06 0.77 1.89 38.86

A-1 5.4 0.67 0.26 1.98 0.09 0.73 1.84 25.14

Table 2: Parameters of Duncan-Chang model.

a b c E ε0 εc′ m

A-1 0.13866 -0.19682 -0.30191 18.51 0.4968 0.069 6.286

A-2 0.08417 -0.20721 0.26803 39.53 0.3787 0.141 11.51

A-3 0.02849 -0.11827 1.39539 39.91 0.362 0.018 11.6

A-4 0.10949 -0.19167 0.09463 43.58 0.4959 0.211 10.06

A-5 0.10036 -0.19886 0.30131 20.4 0.6961 0.103 5.237

A-6 0.15007 -0.57475 0.74232 40.45 0.535 0.135 23.34

A-7 0.18879 -1.04542 2.26044 24.51 8.882 0.101 6.081

A-8 0.03317 -0.00628 -0.09582 60.65 1.103 0.089 4.97
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The first half of this function is the same as the Duncan-
Chang model (ε ≤ εx), and the second half refers to a new
function.

The fitting Figure 16 is as follows:
The axial stress-strain diagrams at different water con-

tent fitted by this function are very close to the results fitted
by the Duncan-Chang model, and the conclusions are the
same. Water content has softened effect on coal and rock.
Under the same conditions, sample A-8 is denser and harder
than sample A-6. The structure of sample A-2 is denser, and
the texture is harder than that of sample A-4. The structure
of sample A-3 is denser, and the texture is harder than that
of sample A-5.The structure of sample A-7 is denser, and
the texture is harder than that of sample A-1. The failure
mechanism of media cracks is further revealed through
Figure 16. First, the primary cracks are compacted, and the

cracks are reduced. Then, with the increase of load, new
cracks appear and more cracks become.

In addition, it can be seen from Figure 16 that the peak
stress of coal samples with different moisture content is also
different. With the increase of moisture content, the peak
stress of coal samples generally shows a downward trend.
The peak stress of coal samples with moisture content of
2.4% is the largest, the peak stress of coal samples with mois-
ture content of 5.4% is the smallest, and the peak stress
decreases by about 75%.

5. Study on Seepage Characteristics

According to the permeability measured by the test combined
with other data from the test, the graph is drawn as follows:
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As you can see from Figure 17, the permeability changes
of different coal types are basically the same, and the perme-
ability of coal masses decreases first and then increases. At
the initial loading and elastic deformation stage, the pattern
cracks close gradually, and the permeability decreases with
the increase of axial stress and strain. With the increase of
the axial load, the axial stress and strain gradually increase,
new cracks appear inside the pattern, new channels are
added, and the permeability of the pattern gradually
increases. After entering the failure stage, macrocracks
appear and permeability increases rapidly.

6. Conclusion

In this paper, triaxial compression test combined with Ori-
gin graphic processing technology is used to carry out load-
ing and unloading tests and image processing on coal mass
patterns, identify and obtain useful information, and then
analyze the mechanical behavior of coal mass and the study
of seepage characteristics in unloading process. In data pro-
cessing, many kinds of software have been used in numerical
calculation and drawing, mainly including MATLAB, ABA-
QUS, EXCEL, and other software. In the analysis and
research of this paper, the following conclusions are
obtained:

According to the analysis of axial stress-strain graph, the
coal mass can be divided into six stages from the initial load-
ing to the failure stage: crack closure stage, elastic stage,
development stage of tensile crack, the development stage
of macrocrack, rock structure stage, and residual strength
stage. It is also very important to know the crack closure
stage of coal mass through the constitutive model, and the
proportion of the crack in the axial strain cannot be ignored.

Through the analysis of permeability axial strain curve, it
can be concluded that the permeability of coal and rock
mass first decreases and then increases with the increase of
load. Because at the beginning of loading, the crack of coal
and rock mass begins to close, the channel in coal and rock
body decreases, and the permeability decreases. As the load
continues to increase, the coal and rock mass begin to pro-
duce new cracks, the channels increase, and the permeability
increases. After loading to the failure stage, the coal and rock
masses are completely destroyed, a large number of macro-
cracks are generated, and the permeability increases rapidly.
The moisture content also reduces the strength of coal and
rock, and the mechanical properties become worse. Through
the in-depth study on the strength, mechanical properties,
and permeability characteristics of damaged coal samples,
the law is obtained, which plays a guiding role in coal mining
and gas extraction, and can avoid coal mine disasters and
accidents as much as possible.
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Coal bump prediction is one of the key problems in deep coal mining engineering. To predict coal bump disaster accurately and
reliably, we propose a depth neural network (DNN) prediction model based on the dropout method and improved Adam
algorithm. The coal bump accident examples were counted in order to analyze the influencing factors, characteristics, and
causes of this type of accidents. Finally, four indexes of maximum tangential stress of surrounding rock, uniaxial compressive
strength of rock, uniaxial tensile strength of rock, and elastic energy of rock are selected to form the prediction index system of
coal bump. Based on the research results of rock burst, 305 groups of rock burst engineering case data are collected as the
sample data of coal bump prediction, and then, the prediction model based on a dropout and improved Adam-based deep
neural network (DA-DNN) is established by using deep learning technology. The DA-DNN model avoids the problem of
determining the index weight, is completely data-driven, reduces the influence of human factors, and can realize the learning
of complex and subtle deep relationships in incomplete, imprecise, and noisy limited data sets. A coal mine in Shanxi Province
is used to predict coal bump with the improved depth learning method. The prediction results verify the effectiveness and
correctness of the DA-DNN coal bump prediction model. Finally, it is proved that the model can effectively provide a scientific
basis for coal bump prediction of similar projects.

1. Introduction

Coal bump is a dynamic phenomenon characterized by sud-
den, rapid, and violent destruction of coal (rock) around
roadway or mining face due to the instantaneous release of
elastic deformation energy [1]. This kind of disaster is a bot-
tleneck problem in underground mining engineering, which
directly threatens the safety of construction personnel and
equipment and then seriously affects the project progress.
Therefore, the prediction of coal bump is very important.
Prediction is the core of coal bump prevention and control.
Accurate and reliable prediction of high-intensity coal bump
disaster is to effectively avoid and control it [2]. The predic-
tion of coal bump has become a research hotspot in the fields
of large-scale underground geotechnical engineering and
deep coal mineral resources mining.

The current research on prediction of coal bump can be
generally divided into three categories: The first category is
the criteria established on the basis of coal bump mecha-
nism, such as Russense criterion, Barton criterion, Turchani-
nov criterion, and Hoek criterion [3]. The second category is
the prediction method based on field measurement, mainly
including the microgravity method [4], acoustic emission
method [5], and microseismic method [6]. The third type
is the prediction method considering the influence of various
factors. The third kind of method considers the problems
relatively comprehensively and has good guiding signifi-
cance for engineering practice. In recent years, this kind of
method has attracted extensive attention of scholars. The
third method is divided into two subcategories: (1) compre-
hensive prediction method based on coal bump index crite-
rion. Among them, Tan [7] proposed a prediction method
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for comprehensively judging the possibility and intensity of
coal bump based on fuzzy mathematics theory. Adoko
et al. [8] and Wang et al. [9] conducted in-depth research;
prediction models based on fuzzy mathematics theory are
established, respectively, but the determination of index
weight in this method depends on subjective factors. Hu
et al. [10] established an improved matter-element extension
model for coal bump intensity prediction, which is difficult
to predict mixed and intermediate coal bumps. Chen et al.
[11] established the prediction model of ideal point method
by calculating the index weight through the combination
weighting method, but the ideal point method is only an
evaluation and analysis method, and it is necessary to deter-
mine reasonable evaluation factors and ideal points when
using. Hu et al. [12] applied the combination weight to
assign weight to the index and established the coal bump
grade preside model based on the approximate ideal solution
ranking method. This method is difficult to determine the
index weight under the condition of multiple factors. Li
et al. [13] proposed an improved cloud model to predict coal
bump by fusing the index weights through cloud atomiza-
tion. The prediction accuracy will be reduced for the indexes
that do not obey the normal distribution. (2) The compre-
hensive prediction method of coal bump based on the sam-
ple data of examples, among which the representative ones
are as follows: Gong et al. [14] established a Bayesian dis-
criminant model for coal bump prediction, and the predic-
tion accuracy of the model is easily affected by the
representativeness of the original data and the sample size.
Luo and Cao [15] used principal component analysis to cal-
culate the weight matrix and established a weighted distance
discrimination model. This method is greatly affected by the
representativeness and accuracy of the original data. Wu
et al. [16] established the coal bump prediction model of
least squares support vector machine based on particle
swarm optimization algorithm. The kernel function is the
core of support vector machine, and its selection directly
affects the prediction accuracy and calculation time. Pu
et al. [17] established a coal bump prediction model based
on decision tree. The decision tree is suitable for high-
dimensional data, but it is easy to over fit.

The above methods and theories of coal bump predic-
tion have achieved certain prediction results from different
angles, which have played a great role in promoting the
research of this problem. However, due to the complexity
of coal bump mechanism, the diversity of influencing fac-
tors, and the defects of various methods, there are still the
following deficiencies in practical engineering application:
(1) the main ideas of most methods belong to comprehen-
sive evaluation, and the core problem is the determination
of the weight of each index. However, the determination of
the weight will inevitably be subjective and arbitrary; the
rationality of weight is the key to the reliability of coal bump
prediction results. (2) Coal bump prediction is a complex
nonlinear problem. The occurrence of coal bump is the
result of the joint action of many factors. Some of these
influencing factors are determined and quantitative, while
others are random, qualitative, and fuzzy. It is difficult to
describe comprehensively and accurately by using mathe-

matical or mechanical methods and theories, which is
greatly affected by human factors and one sidedness. There-
fore, it is still necessary to explore new prediction methods
and carry out the research on coal bump intensity classifica-
tion prediction. In 1994, Feng [18] first proposed an adap-
tive pattern recognition method for rock burst prediction
by using neural network theory, and then, some scholars
also carried out research in this field. Jia et al. [19], Roohol-
lah and Abbas [20], and Wu et al. [21] established general-
ized regression neural network, emotional neural network,
and probabilistic neural network coal bump prediction
models, respectively. Coal bump is a special form of mine
pressure manifestation. The prediction of the breeding
mechanism, time of occurrence, and intensity of coal bump
has been an outstanding problem. The key to effective pre-
vention and control of coal bump lies in the research of
monitoring and early warning of coal bump. The current
mine monitoring mostly uses microseismic for global moni-
toring. For the monitoring of mine seismic and impact
ground pressure at the mining face, most of the traditional
monitoring means such as drill chip method and stress mon-
itoring are used at present. The accuracy of the prediction
needs to be enhanced, and the development and arrange-
ment of the monitoring system needs to be further opti-
mized. With the development of big data and artificial
intelligence technology, people gradually began to use com-
puter models to predict the impact hazard of coal bump.
However, the prediction is mostly based on geological fac-
tors and mining technology factors, as well as monitoring
data. The prediction methods and algorithms are relatively
single, and the prediction results are fixed, which is poor
guidance for the site. Further research is needed in the com-
prehensive utilization and integration analysis of the infor-
mation obtained by various techniques reflecting different
aspects of coal bump.

This paper studies the deep neural network model based
on the dropout method and improved Adam algorithm. The
model makes full use of the stronger nonlinear learning abil-
ity and deeper network depth of deep neural network
(DNN) [22]. The model avoids the problem of determining
the index weight and is completely data-driven. The qualita-
tive and quantitative analyses are effectively combined to
avoid the influence of human factors. It can mine complex
and subtle deep relationships in incomplete, imprecise, and
noisy limited data sets. Therefore, the research on the appli-
cation of depth neural network in coal bump prediction is of
great significance to expand the coal bump prediction sys-
tem and improve the ability of prediction.

2. Prediction Sample Database

2.1. Selection of Evaluation Indicators. The occurrence
mechanism of coal bump is complex, and there are many
influencing factors. The selection of indicators is the key to
prediction. Too many indicators will make it difficult to
obtain the measured values of some indicators and increase
the complexity of the prediction process. Too few indicators
cannot reflect the comprehensiveness of the prediction pro-
cess, resulting in the inconsistency between the results and
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the reality. The research of this paper is to determine the coal
bump prediction and evaluation index through the analysis of
three coal bump engineering examples of Qianqiu coal mine,
Zhaolou coal mine, and Wulong coal mine. The purpose of
analyzing coal bump engineering examples is to convert fuzzy
and nonquantifiable influencing factors into quantifiable
physical and mechanical indexes. At the same time, the
selected indexes should also be common, easy to measure in
practice, and recorded in previous coal bump examples.

From the in situ stress level and the location of coal
bump in the example, coal bump usually occurs in the rock
mass with high stress concentration. Therefore, the maxi-
mum tangential stress of tunnel wall surrounding rock is
selected as one of the coal bump prediction indexes. In terms
of landform, coal bump usually occurs in mountains or deep
underground projects, or in rock mass with high tectonic
stress. From the structural layout, the more irregular the
excavation section, the greater the possibility of coal bump,

and the above factors can be reflected by the maximum tan-
gential stress of the surrounding rock. In the example, the
coal bump section form is mainly tensile failure, accompa-
nied by shear failure, so the tensile strength and shear
strength of rock are selected. Through reading the existing
literature, it is found that there are few records of shear
strength in the actual coal bump example, which is difficult
to analyze. Therefore, only the tensile strength of the rock
is selected as a predictor of coal bump, and the tensile
strength is considered to represent the tensile and shear
properties of the rock.

In addition, coal bump mainly occurs in hard coal or
rock with complete structure, and the common index to
measure the hardness of coal rock is the compressive
strength of coal rock, and the compressive strength of rock
should be measured in almost any coal mass engineering.
Therefore, the compressive strength of coal is also selected
as the prediction index of coal bump. The formation of
high-energy reservoir in surrounding rock must meet two
conditions: one is that the rock mass can store large elastic
strain energy and second is that the internal stress of the
rock mass is highly concentrated. The coal bump tendency
index reflects the energy storage and release performance
of rock mass. Under the same stress conditions, the greater
the rock mass, the better the energy storage and release per-
formance of rock mass. Therefore, the coal bump tendency
index is selected as the coal bump evaluation index.

Through the above analysis, it is considered that the role
of many influencing factors in coal bump can be reflected by
the four physical and mechanical indexes of maximum tan-
gential stress, uniaxial compressive strength, uniaxial tensile
strength, and elastic energy index of surrounding rock.
Therefore, four indexes are selected as the prediction and
evaluation indexes of coal bump in this study.
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2.2. Acquisition of Sample Data. According to the selected
evaluation indexes and based on the research results of coal
bump [23–26], 305 groups of coal bump engineering case data
are collected as the sample data of coal bump prediction. All
data samples have complete independent four factors.

3. Improved Deep Neural Network Model

In recent years, deep learning technology has attracted
extensive attention. As a deep learning model fitting com-
plex nonlinear relationships, deep neural network has not
only made a breakthrough in image classification but also
significantly improved the accuracy of speech recognition.

3.1. Deep Neural Network Model. The DNN model is derived
from the perceptron model (as shown in Figure 1). The per-
ceptron model can only be used for binary classification and
is unable to learn more complex nonlinear models. DNN is

extended based on perceptron model by adding hidden
layer, expanding activation function, and adding neurons
in output layer. The interior of DNN can be divided into
three categories: input layer, hidden layer, and output layer.
Its structure is shown in Figure 2. The outstanding feature of
DNN is that it has multiple hidden layers. Each link between
network units is a causal chain that can be learned and
trained. If the same network unit is used, DNN has far more
expression ability than shallow network and stronger ability
to deal with complex problems. Figure 3 shows the trend of
the number of coal bump mines in China according to the
China Energy Statistics Yearbook 2013. Figure 4 shows the
history of the development of machine learning theory based
on a comprehensive analysis of previous literature.

Activation function simulates the threshold activation
characteristics of human brain neurons, introduces nonlin-
ear features into DNN, and realizes the transformation from
simple linear space to highly nonlinear space. The
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Improved Adam algorithm
1. Initialization: initial learning efficiency,η = 0:001; Exponential decay rate of first-order moment and second-order moment estima-
tion, β1 = 0:9, β2 = 0:999, β1, β2 ∈ ½0, 1Þ; Small constants for numerical stability, δ = 1e − 08
2. Initialization parameter θ
3. Initialization: first order moment vector m0 = 0, second order moment vector v0 = 0; time step t0 = 0; iterative direction of
improved Adam algorithm pλ0 = 0
4. When the stop criterion is not reached
5. A small batch of m samples fx1, x2,⋯⋯ , xmg was collected from the training set
6. Calculate the gradient yi for the target gt ⟵ 1/m∇θt−1

∑iLððxi ; θÞ, yiÞ
7. t⟵ t + 1
8. Updated biased first-order moment estimation: mt ⟵ β1 ⋅mt−1 + ð1 − β1Þ ⋅ gt
9. Updated biased second-order moment estimation: vt ⟵ β2 ⋅ vt−1 + ð1 − β2Þ ⋅ gt⊙gt
10. Correct the deviation of the first moment: m̂⟵mt/ð1 − β1

tÞ
11. Correct the deviation of the second moment: v̂⟵ vt/ð1 − β2

tÞ
12. The amount of update per iteration of the improved Adam algorithm: Pt

A = m̂t/
ffiffiffiffiffiffiffiffiffiffi
v̂ + δ

p
Pt

AM ⟵ λ ⋅ Pt‐1
AM + η ⋅ Pt

A

13. Parameter update: θt ⟵ θt−1 − Pt
AM

14. end while

Algorithm 1: Steps of improved Adam algorithm.
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commonly used activation functions include sigmoid func-
tion, Tanh function, ReLu function, and softplus function.
Considering the advantages of fast convergence and strong
generalization ability of model training using ReLu function
[27], ReLu is selected as the hidden layer activation function
in this paper, and its function form is as follows:

f l zl
� �

=max 0, zl
� �

: ð1Þ

The activation function of the output layer is determined
according to the problems to be solved. Coal bump predic-
tion belongs to the classification task, which usually adopts
softmax function, and its function form is as follows:

u = hLk =
exp zLk

� �
∑n

i=1exp zLi
� � , ð2Þ

where hk
L is the output of the kth neuron in the output layer.

Forward calculation cannot learn the best parameters
(weight and bias) based on learning samples. Therefore,
Rumelhart et al. [28] proposed the backpropagation (BP),
which outputs the parameters of each layer in turn from
the error of the predicted value and the actual value from
the output layer backwards. When using BP algorithm to
optimize parameters, for classification tasks, the loss func-
tion generally selects cross-entropy error, and its function
form is as follows:

E = −〠
N

i=1
〠
T

k=1
yki log yi

∧ k
, ð3Þ

where yki is the actual value, yi
∧k is the predicted value, N is

the learning sample number, and T is the number of
classifications.
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Figure 5: Flow chart of coal bump prediction based on improved neural network model.
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3.2. Algorithm Improvement of Neural Network Model.
Overfitting refers to the state that only the training data
can be fitted, but other data not included in the training data
cannot be well fitted. Generally, the reasons for overfitting
are as follows: (1) the model has many parameters and
strong expressiveness and (2) less training data. Since there
are few parameters in the model, only reason 2 can be con-
sidered. Considering the limitation of coal bump data, in
order to prevent overfitting in the training process of the
DNN model, this paper uses the dropout method to regular-
ize the model. The basic idea of the dropout method is to
randomly discard a certain proportion of neurons in the
input layer and hidden layer in the DNN training process.
Dropout reduces the feature extraction process of irrelevant
feature data.

The goal of DNN training is to reduce the error until the
global optimal or suboptimal solution is reached based on
stochastic gradient descent, momentum, AdaGrad, and

adaptive motion estimation (Adam). SGD is the simplest
and commonly used optimization algorithm in DNN train-
ing. Compared with SGD algorithm, Adam algorithm com-
bines the advantages of momentum algorithm and Adagrad
algorithm, automatically adjusts the learning rate, and effi-
ciently searches the parameter space. It is suitable for solving
the problem of coal bump prediction with high noise.
Although Adam algorithm theoretically solves the adaptive
problem of learning rate, Wilson et al. [29] found that Adam
algorithm not only has higher training effect but also brings
nearly half of the test error. To solve this problem, we inte-
grate the idea of momentum [30] into Adam’s algorithm,
which is more stable. The optimization and update steps of
the improved Adam algorithm are shown as Algorithm 1.

3.3. Prediction of Coal Bump Based on Improved Neural
Network Model. In this paper, the dropout method and
improved Adam algorithm are applied to the coal bump

0 20 40 60 80 100

Softplus

ReLU

Sigmoid

Tanh

Prediction accuracy (%)

Figure 6: Selection and comparison of activation functions.

Table 1: Parameters of coal bump prediction model.

Serial number Parameter Value

1 Number of neurons in input layer 6

2 Number of hidden layer neurons 32, 64, 16

3 Number of neurons in output layer 6

4 Hidden layer activation function ReLU

5 Output layer activation function Softmax

6 Loss function Cross-entropy error

7 Suppress overfitting Dropout method

8 Drop rate in dropout model P = 0:4
9 Training function Improved Adam algorithm

10 Initial learning rate η = 0:001
11 Momentum coefficient λ = 0:95
12 Error target value 0.001

13 Batch size 10

14 Training times 70
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prediction model based on DNN. The flow of the coal bump
prediction model based on DA-DNN is shown in Figure 5.
Considering the limited amount of coal bump sample data,
refer to the data set division method commonly used in
the field of deep learning; that is, the training set, verification
set, and test set are divided according to 6 : 2 : 2. Firstly, 61
groups are randomly selected from 305 groups of sample
data as the test set. The extracted data features can represent
the whole data set and are the same as those of the training
set. The remaining 244 groups of sample data are taken as
the learning samples of the DA-DNN model. During the
training process, 80% of the learning samples are taken as

the training set and 20% as the verification set. There is no
intersection between the training set and the verification
set. The training set is used for model training and updating
parameters. The validation set is used to test the accuracy of
the model, adjust the super parameters (training times,
learning rate, etc.), and monitor whether the model has been
fitted. The test set is used to evaluate the generalization abil-
ity and test the real prediction accuracy after the final train-
ing of the model.

The input layer includes 4 neurons. Comprehensively
considering the training accuracy, training time, and other
factors, according to the empirical formula, it is determined
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that the hidden layer is three layers, and the number of neuron
nodes is 32, 64, and 16, respectively. As shown in Table 1, coal
bump intensity is often divided into four levels, namely, no
coal bump (level I), slight coal bump (level II), intermediate
coal bump (level III), and strong coal bump (level IV). Consid-
ering that the input and output of the DA-DNN model are
numerical values, the above coal bump levels are coded, and
the four levels of “no rock burst”, “slight rock burst”, “interme-
diate rock burst”, and “strong rock burst” are represented by
numbers “0”, “1”, “2”, and “3”, respectively. The four neurons
in the output layer are “0”, “1”, “2”, and “3”.

The activation function of hidden layer is ReLu function.
Because coal bump prediction is a classification task, the
output layer activation function is softmax function, and
the loss function is cross-entropy error. To verify the superi-
ority of ReLu function, the prediction accuracy of test set is
taken as the verification target, which is compared with
other three common activation functions. It can be seen
from Figure 6 that the prediction accuracy of selecting ReLu
as the activation function is more than 95%, and the rest are
less than 85%. Obviously, the prediction accuracy of select-
ing ReLu function is higher.

The improved Adam algorithm is adopted in this study.
To verify the superiority of the improved Adam algorithm, it
is compared with SGD, Adam, and improved Adam. It can

be seen from Figure 7 that taking the prediction accuracy
of the test set as the verification target, when the training
times (epochs) are less than 700, the prediction accuracy of
SGD algorithm is less than 62%. When the training times
are 100, the accuracy of Adam and improved Adam algo-
rithm has reached more than 70%, while when the training
times are 300, the accuracy of improved Adam algorithm
has reached more than 95%. And it is obviously better than
Adam algorithm. Only when the training times are greater
than 700, the prediction accuracy of SGD algorithm can
reach more than 70%. As can be seen from Figure 8, the
training time of the improved Adam algorithm is signifi-
cantly lower than that of the Adam algorithm, indicating
that its loss convergence speed is better. The main parame-
ters of the DA-DNN coal bump prediction model are shown
in Table 1. In this paper, the DA-DNN algorithm is pro-
grammed in Python language, the development environ-
ment is Python 3.7, and the code implementation is based
on keras algorithm package.

4. Case Study of Coal Bumping Based on
Improved Neural Network Model

Taking a coal mine in Shanxi Province as an example, the
mining depth of the mine is 500m, there are many impact
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Figure 9: Measures to prevent impact hazards. (a) Layout of tunnel floor pressure relief drilling. (b) Stress variation diagram of coal affected
by large-diameter pressure relief hole.
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dynamic phenomena during roadway excavation, and there
has been a rock burst accident, which belongs to a strong
rock burst mine. According to the prediction results of the
above indexes, it is consistent with the actual situation of
the mine. Borehole pressure relief is a method to form sur-
rounding rock fracture area by constructing large-diameter
holes on the coal wall to eliminate stress concentration and
reduce impact risk. The crushing zone formed by drilling
and unloading pressure can attenuate the vibration waves
caused by mine earthquakes, rapidly weaken the vibration
wave energy transmitted to the roadway, and protect the
roadway from vibration damage. The principle of pressure
relief by large-diameter drilling is shown in Figure 9.

During the mining of 401101 working face and the excava-
tion of central main roadway in a coal mine, the pressure is
relieved by drilling holes on both sides of the roadway. The dril-
ling direction is inclined along the coal seam, the hole spacing is
0.7m, the hole depth is 20m, and the hole is 1.2~1.5m from the
roadway floor. It can be seen from Figure 10 that the total daily
energy was in the low energy stage for five consecutive days
after the coal bump event on June 16, and the large energy
release event occurred again on June 22, but no coal bump acci-
dent was caused. Since then, the comprehensive prevention and
control scheme combined with composite support technology
and large-diameter borehole pressure relief was implemented
in the roadway, and the energy has been lower than 7:5 × 104
J for 4 consecutive days after the implementation of the scheme;
the frequency is less than 3 times, indicating that this scheme
can effectively reduce the energy stored in coal and rock mass
and its vibration frequency.

It can be seen from the above that after the comprehen-
sive prevention and control scheme is adopted in the road-
way excavation process, the occurrence frequency and

strength of coal bump are significantly reduced, while there
is no impact in the area with low stress level, indicating that
the effect of the comprehensive prevention and control
scheme has played a good control role and achieved certain
results in the prevention and control of coal bump.

5. Conclusions

(a) When the training times (epochs) are less than 700,
the prediction accuracy of SGD algorithm is less
than 60%. When the training times are 100, the
accuracy of Adam and improved Adam algorithm
has reached more than 70%, while when the training
times are 300, the accuracy of improved Adam algo-
rithm has reached more than 95%

(b) The comprehensive prevention and control scheme
combined with composite support technology and
large-diameter borehole pressure relief was imple-
mented in the roadway, and the energy has been
lower than 7:5 × 104 J for 4 consecutive days after
the implementation of the scheme; the frequency is
less than 3 times, indicating that this scheme can
effectively reduce the energy stored in coal and rock
mass and its vibration frequency

(c) After the comprehensive prevention and control
scheme is adopted in the roadway excavation pro-
cess, the occurrence frequency and strength of coal
bump are significantly reduced, while there is no
impact in the area with low stress level, indicating
that the effect of the comprehensive prevention and
control scheme has played a good control role and
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achieved certain results in the prevention and con-
trol of coal bump

(d) Coal bump data is growing rapidly and is being pro-
duced in large quantities in mining engineering. The
traditional data processing methods cannot adapt
gradually. It is an urgent direction to develop artifi-
cial intelligence data processing methods and use
deep learning technology to learn and mine coal
bump data
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Due to its advantages such as environmental friendliness and remarkable permeability enhancement effect, the technology of
liquid nitrogen cold soaking (LNCS) cracking coal has become a hot spot in the research on coal seam permeability
enhancement in recent years. The frost heave force generated by water-ice phase transformation and the temperature stress are
the main mechanisms of LNCS cracking water-containing coal. This paper focuses on the effect of LNCS on the temperature
variations and seepage characteristics of coal. To further this purpose, the temperature measurement test and the permeability
test were conducted on coal samples with different moisture contents under LNCS, respectively. In addition, by comparing the
computer tomography test results of coal samples before and after LNCS, the internal pore structure changes of coal samples
were further analyzed from a three-dimensional perspective. The test results show that the coal sample with a higher moisture
content consumes a shorter time to reach internal temperature equilibrium and experiences faster temperature changes. LNCS
can enhance coal permeability, and the growth rate of permeability increases exponentially with the increase of moisture
content. After the LNCS treatment, the dried coal sample is mainly sprouting new pores on the basis of primary pores; in
contrast, for water-containing coal samples, new pores are sprouted while primary pores will penetrate each other spatially to
form a fracture network. In the process of LNCS, moisture has a significant effect on the seepage characteristics of coal, so
appropriately increasing the moisture content of the coal seam conduces to achieving a better permeability enhancement effect.

1. Introduction

Coalbed methane (CBM), an associated energy source with
coal, is a clean fuel and chemical raw material [1]. Coal is
generally considered to be composed of a coal matrix and
a natural crack network. The low permeability of coal seams
directly restricts the efficient extraction of CBM [2–4].
Therefore, auxiliary methods are needed to enhance coal
seam permeability. The liquid nitrogen cracking technology
is a green and efficient waterless cracking technology which
enhances coal seam permeability by injecting large amounts
of low-temperature liquid nitrogen into the coal seam

through surface drilling or downhole drilling. When used
as the cracking fluid, liquid nitrogen boasts the advantages
of no pollution, low cost, and easy preparation. It can not
only effectively solve the problems of waste of massive water
resources, water lock, water sensitivity, etc., but it can also
improve the cracking effect [5–7].

n the low-temperature environment, the temperature
change of coal rock is a very important research point, and
some have conducted related studies on the temperature
variation of rock-soil mass under the effect of low-
temperature environment. Liu et al. [8] established a micro-
scopic structural model of frozen rock using the digital
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image processing technique and converted the model into a
finite element physical model by means of geometric vector
conversion. Based on the converted model, they analyzed
the temperature field distribution law during freeze-thaw
cycles of inhomogeneous frozen rock under negative tem-
perature conditions. By adopting the research methods of
numerical simulation and experimental research, Xiong
et al. [9] analyzed the basic law of heat transfer in frozen soil
under freeze-thaw cycles based on the influence mechanism
of heat conduction and latent heat of phase transformation
on temperature, and studied the characteristics of tempera-
ture propagation in frozen soil after construction. Tan
et al. [10] investigated the temperature field variation of
tunnel-surrounding rock mass in a cold region by using a
combination of numerical simulations and engineering field
measurements, and they found that the latent heat released
by the water-ice phase transformation process can change
the temperature field of rock and soil porous media by
changing the rate of ice formation. Park et al. [11] investi-
gated the variation of thermophysical parameters of rocks
with ambient temperature by physical parameter testing
experiments. The results showed that when the temperature
was reduced from 40°C to -160°C, the coefficient of thermal
expansion and specific heat of rocks decreased with decreasing
temperature, while the thermal conductivity changed less sig-
nificantly with decreasing temperature. The above researches
gave an insight into the variation pattern of the internal tem-
perature of coal rock under the effect of a low-temperature
environment. However, previous researches on coal rock
temperature field variations under low-temperature freezing
conditions were mostly conducted by means of numerical
simulation, and few experimental studies in this field have
been reported.

During liquid nitrogen cold soaking (LNCS) on coal rock,
the temperature stress generated by the temperature gradi-
ent, the expansion stress generated by liquid nitrogen vapor-
ization, and the freezing and swelling force generated by the
volume expansion of water-ice phase transformation will all
promote fracture generation, development, and connection,
thus enhancing coal rock permeability. Cai et al. [12] tested
permeability changes of a coal sample before and after liquid
nitrogen treatment under the conditions of 0.25MPa air
pressure and 2.25MPa surrounding pressure. In addition,
considering the effect of moisture content, a series of liquid
nitrogen permeability enhancement techniques have been
proposed. Li et al. [13, 14] investigated the effect of LNCS
on the permeability and pore structure of coal rock, and they
found increases in the permeability, porosity, and pore radius
of coal rock treated with LNCS. Yang et al. [15] treated satu-
rated and dried coal samples under -10°C, -25°C, -40°C, and
LNCS conditions, respectively, and tested their permeabil-
ities. The results revealed that the coal sample experienced
more significant permeability variations under LNCS condi-
tions than under -10°C, -25°C, and -40°C conditions. Cai
et al. [16, 17] conducted NMR analysis on rock samples that
had been frozen with liquid nitrogen and found that the
freezing effect of liquid nitrogen caused fracture expansion
and porosity and permeability enhancement of the samples.
By conducting NMR tests on coal samples before and after

LNCS, Wei et al. [18] found that the porosity and pore
radius of coal increased with the increase of water content
saturation. This finding indicated that pore water played a
crucial role in coal; besides, the higher the water satura-
tion, the more obvious the damage characteristics of coal
after LNCS. The above studies show that LNCS freezing
promotes the pore development and seepage characteris-
tics of coal rocks, but there is a lack of studies on the
effects of LNCS on the seepage characteristics of coal with
different moisture contents.

At present, the influence of moisture content on the coal
cracking effect of LNCS has been extensively researched on.
However, most of the researches are focused on the effect of
moisture content on pore structure variations before and
after LNCS cracking, and crack variations are often charac-
terized by parameters such as sound velocity and crack
expansion [19–23]. The influences on temperature changes
and seepage characteristics in coal are rarely considered. In
this paper, the influences of LNSC on the temperature
changes and seepage characteristics of coal samples with
different moisture contents were explored. First, coal sam-
ples with different moisture contents were prepared. Next,
a series of tests related to LNCS were carried out on the
coal samples. Furthermore, the temperature variations and
permeability characteristics of coal are analyzed and dis-
cussed on the basis of the experimental results. The
research results are beneficial for the improvement of coal
permeability and the enhancement of CBM extraction
efficiency.

2. Experimental Methods and
Sample Preparation

2.1. Experimental Facilities. The temperature measurement
test was conducted with the aid of a temperature measure-
ment device independently developed by the laboratory, as
shown in Figure 1. The permeability test was conducted with
the aid of a laboratory coal rock triaxial creep-seepage test
system (Figure 2) which consisted of a high-pressure gas cyl-
inder, a clamping device, a flow rate acquisition device, an
axial pressure and confining pressure loading device, and a
constant-temperature device. The observation experiment
of the development and expansion of the internal cracks in
the coal samples used a laboratory coal and rock industrial
CT scanning system (Figure 2).

2.2. Preparation of Test Samples. The test coal samples were
anthracite taken from the Zhujiao Coal Mine of Henan
Energy and Chemical Industry Group Co., Ltd., Anyang,
China. The size of the coal samples used for the metrology
measurement test was Φ50mm × 100mm. The basic param-
eter information of the coal samples is shown in Table 1. Coal
samples for temperature measurement tests require internal
temperature collection through temperature measurement
boreholes. Please refer to the previous work for detailed
processing information of experimental sample preparation
for temperature measurement [24]. The prepared coal sam-
ples are shown in Figure 3. The coal samples with different
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moisture contents used in the test were prepared in accor-
dance with the following procedure.

(1) The prepared coal sample was placed in the drying
oven whose temperature was set to 70°C to be dried
for over 48h. The mass of the coal sample after dry-
ing was recorded as md

(2) The coal sample was subjected to vacuum water sat-
uration treatment through a water saturation device,
during which it was taken out to be weighed every
12h until its mass no longer increased. In this case,
the coal sample was considered to be saturated. At
this time, the mass of the water-saturated coal sam-
ple was recorded as ms
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Figure 1: Temperature measurement test device.
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Figure 2: Experimental overall flowchart.

Table 1: Basic parameters of coal samples.

Sample TRD (g·cm-3) ARD (g·cm-3) Mad (wt%) Aad (wt%) Vdaf (wt%) FCad (wt%)

Coking coal 1.45 1.33 0.74 8.25 20.21 70.09

Note: TRD represents true density; ARD represents apparent density; Mad represents moisture, air-drying base; Aad represents ash yield, air-drying base;
Vdaf represents volatile matter, dry ash-free basis; FCad represents fixed carbon content.
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(3) The saturated coal sample was put into the drying
oven, during which it was constantly taken out to be
weighed. The time for weighing was adjusted accord-
ing to actual needs. When reaching the target drying
mass, the coal sample was taken out and immediately
put in a sealing bag to cool to room temperature for
later use. The preset water saturation degrees were
0%, 20%, 40%, 60%, 80%, and 100%, respectively.
The target drying mass was calculated by m = stðms
−mdÞ +md, where m is the target drying mass, st is
the preset water content saturation, andms is the mass
of the saturated coal sample

(4) The above steps were repeated to prepare coal samples
with different water saturation degrees. The drying
oven and the vacuum water saturation device are
shown in Figure 2

2.3. Experimental Process

2.3.1. Temperature Measurement Test. First, liquid nitrogen
was injected into the heat preservation tank through the
self-pressurized liquid nitrogen tank, and the air outlet port
was kept open. The liquid nitrogen interface was kept con-
stant by controlling the amount of liquid nitrogen injected
in line with the amount of liquid nitrogen vaporized. Mean-
while, the internal measurement point temperature of the
coal sample was acquired in real time at an interval of
1min. During this period, liquid nitrogen was intermittently
injected into the sample container, and the liquid nitrogen
interface should always just submerge to the bottom of the
coal sample. When the temperature change at the measuring
point became less than 0.05°C/min, the internal temperature
of the coal sample was considered to have reached equilib-
rium stability, and the data acquisition could stop. Finally,
the coal sample must be taken out. During the coal sample

temperature measurement, silicone rubber was applied to
the bottom part of the sample holder in contact with the coal
sample in order to prevent the low-temperature nitrogen gas
generated by liquid nitrogen vaporization from penetrating
the wall of the sample and interfering with the experiment

2.3.2. Permeability Test. The permeability tests of coal sam-
ples with different moisture contents before and after LNCS
were carried out through the laboratory coal rock triaxial
creep-seepage test system (sample size: Φ50mm × 100mm).
In order to exclude the influence of the temperature measure-
ment borehole on the native pore structure of the coal sam-
ples, the permeability test coal samples were left untreated.
In addition, the experimental conditions during the liquid
nitrogen cold soaking were the same as the temperature mea-
surement tests. The permeability test conditions are listed in
Table 2

The flow rate data acquired in the seepage experiment
are used to calculate the permeabilities of samples:

k = 2p0μLQ
A p21 − p22
� � , ð1Þ

where k is the permeability of the coal sample (mD); p0 is the
atmospheric pressure (0.1MPa); μ is the nitrogen dynamic
viscosity (10-6 Pa·s); L is the length of the coal sample
(cm); Q is the average flow rate of gas permeating the coal
sample (cm3/s); A is the size of the bottom and top area of
the coal sample (cm2); p1 and p2 are the pressures at the inlet
and the outlet, respectively (MPa).

The specific test steps are as follows: (1) The permeabil-
ities of all coal samples were measured by the triaxial seepage
test system. Each coal sample was measured 3 times, and the
calculated average value was taken as its permeability before
LNCS. (2) After the initial permeability test was completed,

Figure 3: Test coal samples.

Table 2: Permeability test conditions.

Axial pressure
(MPa)

Confining pressure
(MPa)

Pressure at the high-pressure seepage end
(MPa)

Pressure at the low-pressure seepage
end (MPa)

Seepage
gas

1 2 0.45 0.1 N2

4 Geofluids



the LNCS temperature measurement system was employed
to perform LNCS treatment on coal samples, and the treat-
ment time was the same the temperature measurement time.
(3) After completion of LNCS temperature measurement,
the permeability of the coal sample was measured after it
returned to room temperature.

2.3.3. Micro-CT Scanning Test. LNCS treatment was carried
out on coal samples through the liquid nitrogen temperature
measurement system (the test conditions were the same as

the temperature measurement test), and the samples were
scanned before and after LNCS, respectively. The resolution
of industrial CT scanning is related to the size of the sample,
and the smaller the size, the more accurate the CT scanning.
To improve the scanning accuracy, small size coal samples
(Φ50mm × 100mm) were used to observe the changes of
pore structure. The CT image reconstruction and processing
method is as follows: CT data reconstruction software was
used to define the sample CT reconstruction area, the recon-
struction parameters are set, beam hardening correction is
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performed, automatic geometry correction is performed,
and artifact compensation on the acquired raw images is
performed to obtain better imaging quality. After the image
reconstruction was completed, the image analysis was per-
formed using VGStudio MAX image processing software
to extract the internal fracture information of the coal sam-
ples at different scanning points and analyze them to obtain
the pore structure changes inside the coal samples. The
experimental flowchart is given in Figure 2

3. Results and Discussion

3.1. Effect of LNCS on the Temperature Variation of Coal. To
disclose the effect of LNCS on the temperature variations
within coal under different moisture content conditions
and further explore the effect of moisture on the temperature
variation of coal under LNCS, the experiment of tempera-
ture measurement of a coal sample under LNCS was carried
out. Based on the results of the temperature measurement
test, the temperature change curves of coal samples with
different moisture contents under LNCS conditions were
obtained (Figure 4).

As can be seen in Figure 4, the dried coal sample con-
sumes about 110min to reach temperature equilibrium at
the internal measurement point, while the saturated coal
sample only consumes 65min. Besides, the larger the mois-
ture content of a coal sample, the shorter the time it con-
sumes to reach temperature equilibrium at the internal
measurement point. As shown in Figure 5, for the coal sam-
ple with a higher moisture content, its temperature change
rate requires a shorter time to reach the peak value and the
peak value is larger. Considering the water-ice phase trans-
formation aspect, when the coal sample is exposed to liquid
nitrogen, an ultra-low-temperature medium, the pore water
inside it will quickly freeze into ice. Since the thermal
conductivity changes suddenly after water turns into ice, it
affects the variation of the internal temperature of coal.
As early as 1958, Hobbs obtained the following conclusion
about the heat conduction between ice and water by sum-
marizing previous experiments: when the temperature
drops to 0°C, the thermal conductivities of ice and water
are 2.2W/m°C and 0.58W/m°C, respectively. In addition,
the thermal conductivity of ice will continues to increase
continuously as the ambient temperature decreases [25].

Table 3: Contrast of permeability of coal samples before and after treatment.

Sample Moisture content (%) Water saturation (%)
Average permeability (mD)

Permeability increase rate (%)
Before LNCS After LNCS

J1 0 0 0.1365 0.2406 76.26

J2 1.37 20 0.1432 0.3214 124.44

J3 2.55 40 0.1392 0.4403 216.31

J4 3.86 60 0.0949 0.3869 307.70

J5 5.12 80 0.1288 0.6979 441.85

J6 6.43 100 0.0828 0.6492 684.06
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Figure 6: Fitting curve of permeability increase rates of coal samples after LNCS.
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Since liquid nitrogen is an ultra-low-temperature medium, it
has a greater influence on the thermal conductivity of the ice
inside coal. Therefore, the coal sample with 6.43% water con-
tent corresponds to the highest temperature change rate. In
Figure 5, sudden change points (marked by the arrows) occur
on the temperature change curves of coal samples with 0%
and 1.37% moisture contents, which agrees with the results
of Li et al. The reason for such a phenomenon is that the infil-
tration of low-temperature nitrogen into the internal temper-
ature measurement points of the coal samples accelerates
temperature variation [24].

3.2. Effect of LNCS on the Permeability Changes of Coal. Coal
is a porous medium containing pores and fractures instead

of an idealized continuous medium [26, 27]. When coal is
frozen by liquid nitrogen, the difference in thermal conduc-
tivities will produce uneven temperature stress, and the
phase transformation effect of pore water will cause volume
expansion, which will induce the expansion and connectivity
of pores in coal. To investigate the effect of LNCS on the
change of permeability of coal under different moisture con-
tent conditions, the changes of permeability of coal samples
before and after LNCS were comparatively analyzed, as
shown in Table 3 and Figure 6.

As presented in Table 3 and Figure 6, the permeabilities
of all coal samples exhibit a rising trend after LNCS. Among
them, the dried coal sample corresponds to the lowest
permeability increase rate, and the saturated coal sample
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Figure 7: 3D views of coal samples.
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corresponds to the highest rate which is 8.97 times higher
than that of dried coal samples. The relationship between
the moisture content and the permeability increase rate is
not linear but exponential (Figure 6). The mechanism and
degree of influence of LNCS on the permeability changes
of dried and water-containing coal samples are different.

The pore structure change of the dried coal sample results
from the temperature stress caused by the temperature differ-
ence effect. When the coal sample is exposed to the low-
temperature medium, the temperature field of the coal at
the contact surface of the cold source will change rapidly,
and part of the coal matrix grains will undergo volume
contraction, so a large local temperature stress will be formed
between the internal grains. The increase of temperature
stress to a certain degree will promote the pore structure of
coal to expand and connect, and then the coal permeability
will increase. For water-containing coal samples, the pore
structure change mainly results from the frost swelling force
generated by the water-ice phase transformation and the
temperature stress generated by the temperature difference
effect, and the frost swelling force gradually becomes domi-
nant as the water saturation increases. When the water-
containing coal samples come into contact with the low-
temperature medium, the water-ice phase transformation of
the pore water can produce a volume expansion of about
9%, and the frost heave force generated by the phase transfor-
mation action is theoretically capable of reaching 207MPa
[28–30]. When the combined effect of frost heave force and
temperature stress exceeds the strength limit of coal, their
synergistic effect causes a large number of new pores to be
generated as well as the connectivity of the primary crack
network.

The following conclusion can be drawn based on the
above analysis. The damage mechanism of dried coal is
relatively single, dominated by the pore and fracture damage
caused by temperature stress. With the introduction of mois-
ture, the damage effect caused by moisture occurs in addition
to the internal structure damage caused by temperature
stress. In the case of a low moisture content, some water
inside coal freezes and generates pressure. When coal gets
saturated, the water inside pores and fractures is completely
frozen, and volume expansion causes the contraction and
destruction of the coal matrix. In short, the larger the mois-
ture content of a coal sample, the better the permeability
enhancement effect.

3.3. Effect of LNCS on the Pore Structures of Coal. The per-
meability test results suggest that LNCS has a remarkable
promotion effect on the permeabilities of coal samples
under different moisture content conditions, especially for
the saturated coal sample. To investigate the permeability
enhancement effect of LNCS on coal samples under differ-
ent moisture content conditions, the pore structure of coal
samples were analyzed by CT scanning test from a 3D
perspective.

Figure 7 shows the 3D views of the CT scanning test
results of coal samples with different water saturation
degrees before and after LNCS. By comparing the spatial
distribution of coal pores before and after LNCS, the effect

of LNCS on the development and expansion of the pore
structure of coal samples with different water saturation
degrees is analyzed. Before LNCS, the total pore volumes
of coal samples with 0%, 50%, and 100% water saturation
are 54.76mm3, 20.48mm3, and 25.95mm3, respectively.
After LNCS, they increase to 102.78mm3, 68.52mm3,
and 108.52mm3 by 87.69%, 234.57%, and 318.19%, respec-
tively. Compared with an unsaturated water coal sample,
the total pore volume of a saturated coal sample increased
more significantly. The total pore volume increase of the sat-
urated coal water sample is 3.63 times that of the dried coal
sample. A comparison among the 3D micro-CT pore models
of coal samples with different water saturation degrees
reveals that the dried coal sample is mainly sprouting new
pores on the basis of primary pores after LNCS; in contrast,
after the coal samples with 50% and 100% water saturation
degrees are treated with liquid nitrogen, new pores sprouted
while primary pores will penetrate each other spatially to
form a crack network.

From the above analysis, it can be seen that after LNCS
treatment, the coal sample with a higher moisture content
experiences more vigorous development and expansion of
its pore structure and a greater change in its seepage charac-
teristics. Therefore, when applied to a water-containing
reservoir, LNCS can significantly improve the permeability
of the reservoir, thereby promoting the rate of CBM
drainage.

4. Conclusions

In this study, the effect of LNCS on the temperature varia-
tions within coal samples with different moisture contents
were studied. Moreover, the pore structure of coal samples
was quantitatively and qualitatively characterized by perme-
ability and CT scanning tests. The study draws the following
conclusions

(1) The experimental results of coal temperature changes
during LNCS show that the coal sample with a higher
moisture content consumes a shorter time to reach
internal temperature equilibrium and experiences
faster temperature changes. The continuous increase
of thermal conductivity after phase transformation of
water-ice under low-temperature freezing conditions
can accelerate the coal temperature change rate

(2) The permeability test results of coal samples reveal
that the permeability increase grows exponentially
with the increase of moisture content under the
effect of LNCS, and the permeabilities of coal sam-
ples are enhanced by 76.26%-684.06%

(3) The 3D CT scanning results of coal samples disclose
that after the LNCS treatment, the dried coal sample
is mainly sprouting new pores on the basis of pri-
mary pores; in contrast, for water-containing coal
samples, new pores sprouted while primary pores
will penetrate each other spatially to form a crack
network
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(4) Moisture has a remarkable effect on the seepage
characteristics of coal during LNCS, and the freezing
and swelling force generated by volume expansion
resulting from the water-ice phase transformation
promote the development and connection of coal
fractures and enhance coal permeability. The joint
action of temperature difference effect and water-
ice phase transformation exerts a stronger promo-
tion effect on coal permeability. In the process of
LNCS cracking coal, the integrated consideration of
moisture content conduces to achieving a better per-
meability enhancement effect
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The intensity and depth of China’s coal mining are increasing, and the risk of coal-gas compound dynamic disaster is prominent,
which seriously restricts the green, safe, and efficient mining of China’s coal resources. How to accurately predict the risk of
disasters is an important basis for disaster prevention and control. In this paper, the Pingdingshan No. 8 coal mine is taken as
the research object, and the grey relational analysis (GRA), principal component analysis (PCA), and BP neural network are
combined to predict the coal-gas compound dynamic disaster. First, the weights of 13 influencing factors are sorted and
screened by grey relational analysis. Next, principal component analysis is carried out on the influencing factors with high
weight value to extract common factors. Then, the common factor is used as the input parameter of BP neural network to
train the previous data. Finally, the coal-gas compound dynamic disaster prediction model based on GRA-PCA-BP neural
network is established. After verification, the model can effectively predict the occurrence of coal-gas compound dynamic
disaster. The prediction results are consistent with the actual situation of the coal mine with high accuracy and
practicality. This work is of great significance to ensure the safe and efficient production of deep mines.

1. Introduction

With the increase of mining intensity and mining depth of
China’s coal resources, when the coal under high ground
stress and high gas pressure is disturbed by mining, the cou-
pling effect of rockburst and coal-gas outburst becomes
intense [1–3]. In particular, after entering deep mining, the
interaction between rockburst and coal-gas outburst
becomes serious, which no longer exists in the form of a sin-
gle disaster. It shows the characteristics of compound disas-
ter. It is called coal-gas compound dynamic disaster [4–6].
In the process of the occurrence of coal-gas compound
dynamic disaster, many factors are intertwined with each
other, which may be used as incentives and strengthen each
other before, during, and after the accident. Compared with
single dynamic disaster, the coupling of two disasters may
make the coal-gas compound dynamic disaster more intense
and violent, resulting in a large number of property losses

and casualties. Coal-gas compound dynamic disaster has
become a major disaster restricting the safe and efficient
mining of coal resources in China. Therefore, how to accu-
rately predict the occurrence of disasters has become a major
scientific issue in the field of coal mine safety under the form
of new disasters.

Compared with rockburst and coal-gas outburst, the
threshold of coal-gas compound dynamic disaster is lower,
and the disaster mechanism is more complex [7–11]. The
previous single disaster prediction method is no longer
applicable, and the prediction difficulty of coal-gas com-
pound dynamic disaster is greatly increased [12]. At present,
the previous research on the prediction of rockburst and
coal-gas outburst is quite fruitful [13–18]. However, the
research on the prediction of coal-gas compound dynamic
disaster is relatively less. Pan [19] put forward three kinds
of integrated forecasting technologies, including multi-
indexes integrated monitoring of drilling cutting method,
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real-time continuous monitoring of coal temperature, and
real-time continuous monitoring of coal charge, and applied
them in Pingdingshan and other mining areas. Luo et al.
[20] used the analytic hierarchy process (AHP) to build a
multiparameter risk assessment model of mine dynamic
disasters and carried out classification early warning for
rockburst, coal-gas outburst, and coal-gas compound
dynamic disaster. The model is verified by some examples,
and it is concluded that the model has strong applicability
to the prediction of dynamic disasters in deep mines. Yuan
[21] and Meng and Zhang [22] proposed that through the
comprehensive detection method, the coal drilling cutting
quantity, the initial gas emission velocity, and the gas
desorption quantity should be used as the sensitive indexes
for the risk assessment, prediction, and effective inspection
of the coal-gas compound dynamic disaster. According to
the multifactor coupling unified catastrophe characteristics
of deep coal-gas dynamic disaster in Pingdingshan mining
area, Yuan [23] proposed the unified prediction theory of
deep coal-gas dynamic disaster based on geological dynamic
zoning and the probability prediction method of pattern rec-
ognition and established the risk evaluation and prediction
technical index system of deep coal-gas dynamic disaster in
Pingdingshan mining area. By analyzing the correlation
between “direction” and “mechanism” of the precursor of
coal-gas compound dynamic disaster, Jiang et al. [24] put
forward the multiparameter monitoring and joint early
warning method of real-time danger. Through the con-
struction of multiparameter joint warning platform, the
test is carried out in many coal mines, and the preliminary
results are obtained. Dou et al. [25] summarized the mon-
itoring and early warning technologies of gas-earing coal
rock dynamic disasters. They include zoning and grading
monitoring and early warning, microseism monitoring
method, electromagnetic radiation, elastic wave CT and
vibration wave CT in the aspect of rock burst monitoring,
drilling gas gushing initial velocity method, R-index
method, and electromagnetic radiation method in the
aspect of coal and gas outburst monitoring. They pointed
out that for the monitoring and early warning of coal-
gas compound dynamic disaster, we should focus on the
establishment of multiparameter normalized dimensionless
monitoring and early warning model and criteria for
dynamic disaster risk, build the monitoring and early
warning index system suitable for coal-gas compound
dynamic disaster, and develop the corresponding monitor-
ing technology and equipment.

It can be seen that although relevant scholars have
made some meaningful researches on the prediction of
coal-gas compound dynamic disaster, most of them are
still in the qualitative stage, and the application of quanti-
tative mathematical methods in the prediction of coal-gas
compound dynamic disaster is rarely reported. Therefore,
combined with the application of mathematical method
in the prediction of coal-gas outburst and rockburst
[26–29], a method predicting the coal-gas compound
dynamic disaster based on the GRA-PCA-BP model is
put forward, and the model is verified, and good results
are achieved.

2. Occurrence Law and Influencing Factors of
Coal-Gas Compound Dynamic Disaster

2.1. Occurrence Law of Coal-Gas Compound Dynamic
Disaster. Coal-gas compound dynamic disaster is an atypical
dynamic disaster induced by mining activities. With the
increase of mining depth and complex geological structure,
a considerable number of mines are facing the double danger
of coal-gas outburst and rockburst. Coal-gas compound
dynamic disaster will occur under specific conditions. Based
on the field investigation records and extensive literature
review of coal-gas compound dynamic disaster in multitime
period for multicoal mines, the occurrence laws and destruc-
tive characteristics of coal-gas compound dynamic disaster
are summarized as follows:

(1) Compared with coal-gas outburst and rockburst,
when coal-gas compound dynamic disaster occurs,
the critical value of main controlling factors is lower,
and the intensity and damage degree of disasters are
obviously higher. Compared with the coal-gas out-
burst disaster, the gas pressure of coal-gas com-
pound dynamic disaster is lower, and the coal
strength is higher. Compared with rockburst disas-
ter, when coal-gas compound dynamic disaster
occurs, the gas pressure is higher, and the strength
of coal seam roof strength is lower

(2) The damage type of coal-gas compound dynamic
disaster is obviously different from coal-gas outburst
and rockburst, which shows new disaster character-
istics. The damage type of coal-gas compound
dynamic disaster includes part of the damage char-
acteristics of coal-gas outburst and rockburst disas-
ter. When the coal-gas compound dynamic disaster
occurs, the impact power is stronger, and gas emis-
sion is higher

2.2. Analysis of Factors Influencing Coal-Gas Compound
Dynamic Disaster. To explore the influencing factors of
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Figure 1: Error back propagation of three-layer network structure.
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coal-gas compound dynamic disaster, we need to under-
stand the occurrence and development process of the disas-
ter. Under the influence of mining disturbance, the coal-rock
composite structure in critical state begins to deform and

lose stability and release elastic strain energy. A large
amount of gas expansion energy is accumulated in the pores
of coal mass in coal-rock composite structure. The release of
gas expansion energy has tensile damage to coal mass. Coal

Table 3: Partial correlation coefficient and correlation degree.

Correlation coefficient
Number t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 t11 t12 t13
1 0.9046 0.7433 0.7433 0.7433 0.9032 0.8876 0.9272 0.9975 0.9713 0.8737 0.8737 0.8955 0.8912

2 0.9116 0.7433 0.7405 0.7433 0.8842 0.8876 0.9272 0.9975 0.9354 0.8737 0.8489 0.9704 0.8696

11 0.9161 1 0.7433 0.7433 0.9032 0.9255 0.8566 0.8904 0.7433 0.9493 0.7433 0.8447 0.9503

12 0.9161 1 0.7433 0.7433 0.9032 0.9255 0.8566 0.8904 0.7433 0.9493 0.7433 0.8605 0.8199

20 0.8863 0.7433 0.7433 0.7433 0.9032 0.9723 0.9272 0.8904 0.7433 0.86 0.7433 0.9177 0.8749

21 0.9028 0.5915 0.7433 0.7433 0.8842 0.9179 0.9272 0.9325 0.9185 0.9153 0.9779 0.8996 0.8912

29 0.9064 0.7433 0.7433 0.9434 0.9032 0.9585 0.9272 0.9552 0.8863 0.8737 0.9893 0.909 0.8643

30 0.83 1 1 0.765 0.8077 0.8627 0.7376 0.8182 0.8637 0.6388 0.8329 0.9061 0.9053

38 0.8955 0.7433 0.7433 0.7433 0.9032 0.8959 0.9272 0.9437 0.8022 0.9808 0.9178 0.9208 0.8592

39 0.7361 0.7433 0.4035 0.5389 0.8077 0.7681 0.7894 0.84 1 0.8329 1 0.7557 0.8885

Correlation degree

t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 t11 t12 t13
0.8804 0.8317 0.7346 0.7556 0.8717 0.8923 0.8712 0.8988 0.8197 0.8717 0.8117 0.8531 0.9077

Correlation degree ranking

4 9 13 12 6 3 7 2 10 5 11 8 1

Table 1: Partial initial data of coal-gas compound dynamic disaster in No. 8 coal mine.

Number t1/m t2 t3 t4 t5 t6 t7 t8/m t9/m t10/
° t11 t12/mmHg t13 Disaster or not

1 535 0 0 0 0.5 1.47 3 5.4 0.8 11 0.06 11.23 0.32 1

2 554 0 0.08 0 1 1.47 3 5.4 0.7 11 0.05 15.47 0.28 1

11 566 1 0 0 0.5 1.78 2 3.5 0 16 0 7.93 0.57 1

12 566 1 0 0 0.5 1.78 2 3.5 0 16 0 9.00 0.81 1

20 484 0 0 0 0.5 2.13 3 3.5 0 10 0 12.56 0.29 1

21 530 3 0 0 1 1.72 3 4.3 0.65 24 0.11 11.48 0.67 1

29 540 0 0 0.13 0.5 2.03 3 4.7 1.2 11 0.10 12.05 0.27 1

30 457 0 0 0.14 0.5 1.07 4 3.5 0.4 31 0.06 5.09 0.15 0

38 510 0 0 0 0.5 1.54 3 4.5 1.5 20 0.13 12.74 0.26 1

39 800 1 0.17 0.39 0.5 2.03 3 3.0 0 11 0 15.89 0.18 0

Note: In the column “Disaster or not”, the “1” represents that the disaster occurs, and the “0” represents the disaster does not occur.

Table 2: Partial dimensionless data of coal-gas compound dynamic disaster in No. 8 coal mine.

Number t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 t11 t12 t13 Disaster or not

1 0.9397 0 0 0 0.9331 0.8567 1.0455 1.3431 1.237 0.7863 0.7863 0.8955 0.8746 1

2 0.9731 0 2.7259 0 1.8661 0.8567 1.0455 1.3431 1.0824 0.7863 0.6553 1.2336 0.7653 1

11 0.9942 1.3529 0 0 0.9331 1.0374 0.697 0.8705 0 1.1437 0 0.6323 1.5579 1

12 0.9942 1.3529 0 0 0.9331 1.0374 0.697 0.8705 0 1.1437 0 0.7177 2.2139 1

20 0.8501 0 0 0 0.9331 1.2414 1.0455 0.8705 0 0.7148 0 1.0015 0.7926 1

21 0.9309 4.0588 0 0 1.8661 1.0024 1.0455 1.0695 1.005 1.7156 1.4416 0.9154 1.8313 1

29 0.9485 0 0 1.1178 0.9331 1.1831 1.0455 1.169 1.8555 0.7863 1.31 0.9609 0.738 1

30 0.8027 0 0 1.2037 0.9331 0.6236 1.3939 0.8705 0.6185 2.216 0.7863 0.4059 0.41 0

38 0.8958 0 0 0 0.9331 0.8975 1.0455 1.1192 2.3193 1.4297 1.7037 1.0159 0.7106 1

39 1.4052 1.3529 5.7926 3.3533 0.9331 1.1831 1.0455 0.7461 0 0.7863 0 1.2671 0.492 0
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mass failure will further promote the release of elastic energy
of coal mass and rock mass. At this time, the overall failure
and instability of coal-rock composite structure induce the
occurrence of coal-gas compound dynamic disaster. Com-
bined with the influencing factors of coal-gas outburst disas-
ter and rockburst disaster and the occurrence and
development process of coal-gas compound dynamic disas-
ter, the preliminary analysis is made to obtain the 13 influ-
ence factors of coal-gas compound dynamic disaster, which
is buried depth (t1), fault number (t2), variation coefficient
of coal thickness (t3), variation coefficient of coal seam dip
angle (t4), soft stratification change (t5), surrounding rock
combination (t6), type of coal mass failure (t7), coal thick-
ness (t8), soft stratification thickness (t9), coal seam dip
angle (t10), wrinkle coefficient (t11), initial velocity of gas
emission (t12), and firmness coefficient (t13).

3. Principles of the GRA-PCA-BP Model

3.1. Grey Relational Analysis (GRA). Grey relational analysis
is a method of quantitative description and comparison of
the development and change situation of a system. By deter-
mining the geometric similarity between the reference data
column and several comparison data columns, we can judge
whether they are closely related, reflecting the degree of cor-
relation between the curves. The grey relational analysis
method has several characteristics: it does not need huge
data. It can find the corresponding statistical law even in
the case of less data. It has no requirement for whether the
sample obeys the classical probability distribution function.
It will not cause the problem that the qualitative analysis
results and quantitative analysis results are inconsistent.
The rules and relations of the studied system will not be mis-
interpreted [30–32].

This method can be used to analyze the correlation
degree between each influencing factor and the result when
selecting the prediction index of coal-gas compound
dynamic disaster. By evaluating the importance of each
influencing factor, the main factors affecting the occurrence
of coal-gas compound dynamic disaster are screened out
from many parameters, and the interference of secondary
factors on the prediction process and result is abandoned,
which can improve the accuracy of the results and lay a good
foundation for the operation of the model.

The specific implementation steps of grey relational
analysis are as follows:

(1) Suppose the parent sequence is Y0, and each
influencing factors be the comparison subfactors
sequence Yi ði = 1, 2,⋯, nÞ. The observed values of
the parent factors are as follows:

Y0 = y0 1ð Þ, y0 2ð Þ,⋯, y0 nð Þf g ð1Þ

The observed values of the subfactors are as follows:

Y i = yi 1ð Þ, yi 2ð Þ,⋯, yi nð Þf g: ð2Þ

(2) The original data of each sequence are dimensionless
processed. Supposing that X0, Xi ði = 1, 2,⋯,mÞ are
the observed values of parent factor and subfactor,
respectively, after dimensionless treatment, then
(the average method is used to process the data)

x0 kð Þ = y0 kð Þ
1/n∑n

t=1y0 tð Þ , xi kð Þ = yi kð Þ
1/n∑n

t=1yi tð Þ
ð3Þ

(3) After dimensionless processing of original data, the
correlation coefficient ζ between x0 and xi ði = 1, 2,
3,⋯, nÞ at point k is

ζi kð Þ =
min

i
min
k

∣ x0 kð Þ − xi kð Þ∣+ρ max
i

max
k

∣ x0 kð Þ − xi kð Þ ∣
∣x0 kð Þ − xi kð Þ∣+ρ max

i
max
k

∣ x0 kð Þ − xi kð Þ ∣
ð4Þ

In formula (4), the formula ΔiðkÞ = jx0ðkÞ − xiðkÞj, ði =
1, 2, 3,⋯,nÞ is called the absolute difference between x0 and
xi at point k. The formula min

i
min
k

∣x0ðkÞ − xiðkÞ∣ and the

formula max
i

max
k

∣x0ðkÞ − xiðkÞ∣ are two-level minimum dif-

ference and two-level maximum difference, respectively. The
coefficient ρ is the resolution coefficient, generally ρ = 0:5.

(4) Calculation of the grey relational degree ri value

ri =
1
n
〠
n

k=1
ζi kð Þ ð5Þ

3.2. Principal Component Analysis (PCA). Principal compo-
nent analysis (PCA) is a statistical technique to extract com-
mon factors from variable groups. This technique can find
out the hidden representative factors among many variables
and classify the same essential variables into one new factor
to effectively reduce the number of variables. This intelligent
optimization algorithm has unique advantages in local and
global optimization and robust performance.

The advantages of principal component analysis are very
suitable for the prediction of coal-gas compound dynamic
disaster. The number of factors initially screened by GRA
is large, and the correlation between the factors is high.
There may be multicollinearity among the factors, which
makes the model estimation distorted or difficult to estimate
accurately due to the accurate correlation or high correlation

Table 4: Kaiser-Meyer-Olkin and Bartlett tests.

Kaiser-Meyer-Olkin 0.543

Bartlett sphericity test

Approximate chi-square 91.012

Degree of freedom 28

Significance 0
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between the factors, thus affecting the accuracy of BP neural
network prediction. PCA simplification of influencing fac-
tors can effectively avoid the occurrence of this problem
and can further reduce the dimension of influencing factors
by obtaining new common factors [33–35].

The specific implementation steps of principal compo-
nent analysis are as follows:

(1) Standardized collection of original index data

There are p-dimensional random vector x =
ðx1, x2,⋯, xpÞT , n samples xi = ðxi1, xi2,⋯, xipÞT , i = 1, 2,⋯
, n, n > p, constructing a sample matrix, performing the fol-
lowing standardized transformations on the sample matrix
elements:

Characteristic value

0 1 2 3

Component number

4 5 6 7 8 9

0.2331153393
0.256247695

0.579477244
0.714847521

0.983081915
1.310872167

1.371412369

2.550907697
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Figure 2: Gravel diagram.

Table 5: Total variance explained.

Total variance explained
Initial eigenvalue Extract the sum of squares of the load

Common factor Total Variance percentage Cumulative percentage Total Variance percentage Cumulative percentage

1 2.551 31.886 31.886 2.551 31.886 31.886

2 1.371 17.143 49.029 1.371 17.143 49.029

3 1.311 16.386 65.415 1.311 16.386 65.415

4 0.983 12.289 77.703 0.983 12.289 77.703

5 0.715 8.936 86.639

6 0.579 7.243 93.882

7 0.256 3.203 97.086

8 0.233 2.914 100

Table 6: Composition matrix.

Component
F1 F2 F3 F4

Buried depth t1ð Þ 0.576 0.009 -0.661 -0.05

Change of soft stratification t9ð Þ 0.202 0.286 0.617 0.518

Surrounding rock combination t6ð Þ -0.214 0.235 -0.49 0.762

Coal failure type t7ð Þ 0.844 -0.198 0.145 0.119

Coal thickness t8ð Þ 0.104 0.717 0.346 -0.19

Coal seam dip angle t10ð Þ -0.098 -0.816 0.328 0.17

Initial velocity of gas emission t12ð Þ 0.892 0.082 -0.022 -0.133

Coal firmness coefficient t13ð Þ -0.778 0.095 -0.057 -0.183
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Zij =
xij − �xj

sj
, i = 1, 2,⋯, n ; j = 1, 2,⋯, p, ð6Þ

where �xj =∑n
i=1xij/n, s2j =∑n

i=1ðxij − �xjÞ2/n − 1. The nor-
malized matrix Z is obtained.

(2) The correlation coefficient matrix of standardized
matrix Z is calculated

R = rij
� �

p
xp = ZTZ

n − 1 , ð7Þ

where rij =∑zkj · zkj/n − 1, i, j = 1, 2,⋯, p:

(3) The characteristic equation jR − λIpj = 0 is used to
solve the sample correlation matrix R. Then, p char-
acteristic roots are obtained to determine the princi-
pal component. Through equation ∑m

j=1λj/∑
p
j=1λj ≥ t

(t < 1), the value of m is determined, which makes
the utilization of information more than t. For each
λj, j = 1, 2,⋯,m, the equation Rb = λ jb is solved to
get the unit eigenvector boj

(4) The standardized index variables are transformed
into main components

Uij = zTi b
o
j , j = 1, 2,⋯,m ð8Þ

U1 is the first principal component, U2 is the second
principal component, ..., and Up is the p principal
component.

3.3. BP Neural Network. BP neural network is a kind of mul-
tilayer feedforward neural network trained according to the
error back propagation algorithm, which is the most widely
used neural network [36, 37]. The topological structure of
BP neural network model is composed of three layers: input
layer, hidden layer, and output layer. Gradient shrinkage
technique is used to calculate the solution weight by iterative
operation. The addition of hidden nodes makes the adjust-
able parameters increase and approach the accurate value.
There is no uniform regulation on the number of neurons
in the implied layer, which is generally determined by
empirical formula. The empirical formula for determining
the number of neurons N in the hidden layer is as follows:

N =
ffiffiffiffiffiffiffiffiffiffiffiffi
n ×m

p
, ð9Þ

N =
ffiffiffiffiffiffiffiffiffiffiffiffi
n ×m

p
+ a, ð10Þ

N =m n + 1ð Þ, ð11Þ
N = 2m + 1, ð12Þ

where n is the number of input layer nodes, m is the
number of output layer nodes, and a is a constant between
1 and 10. From the input layer to the hidden layer and from

the hidden layer to the output layer, the actual output value
is obtained. When the output layer error exceeds the error
tolerance range, it will be back propagation. By modifying
the weights of the neural nodes, the mean square error of
the expected output and the actual output is minimized.
Therefore, the results meet the requirements. The structure
diagram is shown in Figure 1.

3.4. GRA-PCA-BP Model. In the GRA-PCA-BP model,
firstly, the influencing factors with high weight are screened
by grey relational analysis. Secondly, the influencing factors

Table 7: Some common factor data after calculation.

Number X1 X2 X3 X4

1 1.60969737 0.74749536 0.339417928 0.812900035

2 2.204036798 1.03198924 0.891851959 1.269598519

11 0.457772706 0.272297774 0.084938237 0.966876527

12 0.02353326 0.341611389 0.045670799 0.835486048

20 1.592037485 0.557492709 0.025542212 1.189012618

21 0.915941684 0.186560304 1.004711086 1.439935842

29 1.691453877 0.691818614 0.119806084 1.110542908

30 1.610308877 -0.967254621 0.937421456 1.166563328

38 1.724334178 0.065505757 0.48872312 1.012079589

39 2.375037821 0.394508286 -0.321069244 1.172335713
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Figure 3: BP neural network model.

Best validation performance is 0.04572 at epoch 4
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are integrated into representative common factors through
principal component analysis, and the number of factors is
further reduced. Finally, the common factor data is
substituted into the input layer of BP neural network, and
the training of prediction model is started to obtain a model
that can accurately predict whether disasters occur. Grey
relational analysis eliminates irrelevant or small influence
factors. Principal component analysis eliminates multicolli-
nearity between independent variables and further reduces
the dimension of input data. The BP neural network has
good predictability. The combination of the three methods
can make full use of the advantages and avoid the disadvan-
tages and can accurately and quickly predict the coal-gas
compound dynamic disaster.

4. Case Analysis

4.1. Grey Relational Analysis of Influencing Factors. The
influencing factors of 13 kinds of coal-gas compound
dynamic disasters were analyzed. In this paper, we need to
compare the 13 factors with whether the occurrence of com-
pound disasters and calculate the correlation degree, so the
parent sequence Y0 is whether the occurrence of compound
disasters. The 46 groups of data of Pingdingshan No. 8 coal
mine are selected and analyzed by the SPSS software. Some
initial data are shown in Table 1, some dimensionless data
are shown in Table 2, and correlation coefficient and corre-
lation degree are shown in Table 3.

Through the process of grey relational analysis, the order
of 13 factors affecting the strength of coal-gas compound
dynamic disaster is obtained: coal firmness coefficient ðt13Þ
>coal thickness ðt8Þ>surrounding rock combination ðt6Þ
>buried depth ðt1Þ>coal seam dip angle ðt10Þ>change of soft
stratification ðt5Þ>coal failure type ðt7Þ>initial velocity of gas
emission ðt12Þ>number of faults ðt2Þ>thickness of soft strat-
ification ðt9Þ>wrinkle coefficient ðt11Þ>variation coefficient
of coal seam dip angle ðt4Þ>variation coefficient of coal

thickness ðt3Þ. Some of the influencing factors with a small
degree of relevance (less than 0.85) are deduced, and the first
eight influencing factors are kept.

4.2. Using PCA to Simplify the Main Influencing Factors. The
first eight retained factors were simplified by PCA using the
SPSS software. After the process of inspection, extraction,
and calculation, four common factor data were finally
obtained. The following are the specific steps.

KMO (Kaiser-Meyer-Olkin) and Bartlett test results are
shown in Table 4. KMO test statistics show whether the par-
tial correlation between variables is strong enough. Bartlett
sphericity test is used to judge whether the correlation
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matrix is the identity matrix. It can be seen from Table 4 that
the value of KMO test statistic is 0.543, which indicates that
the degree of information overlap among the variables is
acceptable and can be used for principal component analy-
sis. In Bartlett’s sphericity test, the value of significance is
0, which indicates that the hypothesis that each variable is
independent is rejected and there is a strong correlation
between variables.

Figure 2 is the gravel diagram, and Table 5 shows the
explanation of total variance. The horizontal axis of the
gravel diagram is the number of each common factor, and
the vertical axis represents the size of its characteristic value.
The diagram can intuitively get the importance of each
common factor. The detailed information of each common
factor is listed on the left side of the total variance expla-
nation table, and the information of extracting the com-
mon factor is on the right side. It can be seen from
Figure 2 and Table 5 that the eigenvalues of the first four
common factors are close to or greater than 1, and the
sum of the variance percentages reaches 77.7%, that is,
the first four common factors can represent eight influenc-
ing factors.

Table 6 is the component matrix, and Table 7 shows part
of the calculated common factor data. Component matrix,
also known as factor load matrix, is the coefficient of the fac-
tor expression of each original variable, which expresses the
influence degree of the extracted common factor on the orig-
inal variable. Through the factor load matrix, we can get the
linear combination of the original index variables, such as
X1 = a11 × F1 + a12 × F1 + a13 × F1+⋯+a18 × F1, where X1
is the common factor data 1. a11、a12、a13 ⋯ a18 are the
factor loads on the same line as component F1. F1 is the
extracted component.

4.3. Construction of BP Neural Network. As shown in
Figure 3, this paper uses the MATLAB software to build
a neural network model, repeatedly trains and verifies
the common factor data, and finally obtains a model that
can effectively predict coal-gas compound dynamic
disaster.

The MATLAB software includes input layer, hidden
layer, and output layer. The common factor data in
Table 7 takes the output type of numerical matrix as the
input data of BP neural network, and the output type of
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numerical matrix is taken as the output data of BP neural
network in the column of “Disaster or not” in Table 1.

The 32 sets (70%) of data are randomly selected as the
training set. The 7 sets (15%) of data are selected as the val-
idation set. The other 7 sets (15%) of data are selected as the
test set. For the number of neurons in the hidden layer, for-
mula (9) is used for calculation, a = 8. Thus, the prediction
model structure is set as a 3-layer 4-10-1 structure.

During the model training, the parameters are set as fol-
lows: the maximum number of network training is set to
1000 times, the training accuracy is set to 0.0001, and the
learning rate is set to 0.01.

Figure 4 shows the performance of the neural network.
The ordinate is the mean square error, and the abscissa is
the number of iterations. It can be seen from the figure that
after training the neural network using the Levenberg-
Marquardt method, the number of iterations of the neural
network is very small, and the network training is completed
in only 10 steps. And the best verification of the neural net-
work is obtained when the number of iteration steps is 4.
The square error value is 0.04572.

Figure 5 shows the visualization of gradient, Mu factor,
and generalization ability transformation in the network
training process. It can be seen from the figure that the
actual gradient of the network is 0.036, and the actual value
of the damping factor Mu in the Levenberg-Marquardt algo-
rithm used by the network is 1e-4. Validation checks indicate
the generalization ability check standard of the network. If
the training error cannot be reduced for 6 consecutive times,
the training task will be ended.

Figure 6 shows the error histogram. In the figure, the
abscissa represents the median of the error interval, and
the ordinate represents the number of samples located in
the error interval. From this figure, the error between the
output value of the neural network and the original target
value of the sample can be obtained.

Figure 7 shows the fitting results of the linear regression
analysis of the test set, training set, and validation set. From
the figure, the regression fitting situation of the data can be
obtained. The regression R value measures the correlation
between the output and the target. An R value of 1 indicates
a close relationship, and 0 indicates a random relationship.
The overall R value of the three sets is 0.90224, indicating
that the regression fitting effect is good.

4.4. Test of GRA-PCA-BP Model. The last three groups of
data are selected to input the model for prediction, testing
whether the model constructed in this paper meets the target
requirements. The prediction results are shown in Table 8.
From the prediction results, it can be seen that the predic-
tion results of GRA-PCA-BP model are completely consis-

tent with the actual situation, which indicates that this
method is feasible to predict the risk of coal-gas compound
dynamic disaster and has good promotion value in practice.

5. Conclusion

The prediction of coal-gas compound dynamic disaster is of
great significance for the safe and efficient mining of coal
mine. Firstly, the grey relational analysis method is used to
eliminate irrelevant or small influential factors, and then,
the principal component analysis method is used to elimi-
nate the multicollinearity between the independent vari-
ables. Moreover, the input data dimension is further
reduced. Combined with the good prediction effect of BP
neural network, the coal-gas compound dynamic disaster
prediction model based on GRA-PCA-BP is finally obtained.
The model has high prediction accuracy and convenient
operation.

Model verification of the disaster case of Pingdingshan
No. 8 mine shows that the coal-gas compound dynamic
disaster prediction model based on GRA-PCA-BP neural
network has high accuracy and practicability, which pro-
vides a new method for the disaster prediction of the coal
mines with coal-gas compound dynamic disaster risk, and
provides a theoretical basis for the safe and efficient mining
of coal resources in deep mining areas in China.

To the best of our knowledge, this is the first work using
mathematical methods to predict coal-gas compound
dynamic disaster. But only relying on the limited data of
Pingdingshan No. 8 mine for research, the accuracy still
needs to be verified by using more data of the coal mine.
Meanwhile, the model used in this article is relatively simple.
It is necessary to continue to study more accurate mathe-
matical models to accurately predict coal-gas compound
dynamic disaster. This is our focus in the future.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Additional Points

Bullet Points. (1) The influencing factors of coal-gas com-
pound dynamic disaster were analyzed. (2) A prediction
model of coal-gas compound dynamic disaster based on
GRA-PCA-BP was established. (3) The prediction model is
verified by the case study of Pingdingshan No. 8 coal mine.

Table 8: Prediction results of common factor test set of coal-gas compound dynamic disaster.

Number X1 X2 X3 X4 Forecast results Expected results

44 1.399042495 0.785939655 -0.11810208 1.141111803 1 1

45 1.190427325 0.760470516 -0.219058963 1.091743892 1 1

46 2.44822473 -0.227521877 0.287181263 1.03121518 0 0
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To address the large deformation of the surrounding rock of deep gob-side entry retaining under high stress, lithological
characteristics of the surrounding rock and failure model of support body and their evolutionary processes are analyzed
through field investigation and theoretical analysis. Failure mechanisms of surrounding rock and the technology to control it
are studied systematically. The results show that the causes of the large deformation of the surrounding rock are weak thick
mudstones with softening property and water absorption behavior, as well as its fragmentation, dilatancy, and long-term creep
during strong disturbance and highly centralized stress states. The cross-section shape of the roadway after deformation and
failure of the surrounding rock is obviously asymmetric in both the horizontal and vertical directions. Since the original system
supporting the surrounding rock is unable to completely bear the load, each part of the supporting system is destroyed one
after the other. The failure sequences of the surrounding rock are as follows: (1) roadway roof fracture in the filling area, (2)
filling body fracture under eccentric load, (3) rapid subsidence of the roadway roof, and (4) external crack drum and rib
spalling at the solid coal side. Due to this failure sequence, the entire surrounding rock becomes unstable. A partitioned
coupling support and a quaternity control technology to support the surrounding rock are proposed, in which the roof of the
filling area plays a key role. The technology can improve the overall stability of gob-side entry retaining, prevent support
structure instability caused by local failure of the surrounding rock, and ensure the safety and smoothness of roadways.

1. Introduction

The deformation of surrounding rock of gob-side entry road-
ways in deep and shallow coal mines is very different. The
coal-rockmass is in an environment of high ground stress, high
geothermal temperature, and high water pressure and experi-
ences multiple strong effects from mining activity [1, 2]. In
the deep gob-side entry retaining in the Huainan Mining
Group, the strata often behave violently, resulting in severe
damage to the surrounding rock. This damage includes the
incline and sinking of the broken roof due to insufficient
load-bearing capacity of the load-bearing structure, structure
fracturing of the filling body, external crack drum and rib spal-

ling of the solid coal side, and serious floor heave. At present, a
method of grading gob-side entry retaining is widely adopted
by theHuainanMining Group.However, the surrounding rock
is difficult to control, resulting in serious large-scale deforma-
tion, which is very unfavorable for the safe construction, venti-
lation, and reuse of gob-side entry retaining. Therefore, a
systematic investigation of the failure mechanism and control
method of the surrounding rock in deep gob-side entry retain-
ing is of practical significance for gob-side entry retaining tech-
nology in deep mines.

Many studies have been conducted on the failure mech-
anism, control theory, and technology of surrounding rock
in coal mines. Kang et al. [3] proposed design principles
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and suggestions for supporting surrounding rock by analyz-
ing the deformation and failure characteristics of gob-side
entry retaining of a working face with multiple roadways;
Xie et al. [4] presented a new method of roadside support
using a concrete-filled steel tubular scaffold by investigating
the settlement and failure of surrounding rock structures of
gob-side entry retaining with large mining height; Han et al.
[5] presented a concept of roadside composite bearing and
revealed the stability mechanism of roadside structures. Tan
et al. [6] investigated the mechanical relationship between
the overlying strata of a gob-side entry retaining and the filling
body and proposed a support technology comprising a soft
and hard composite layer filling body; Chen et al. [7] clarified
the mechanism of roadside support by analyzing the response
characteristics between the roadside support and the distribu-
tion of the stress field and displacement field in surrounding
rock. From a national perspective, the mine has a larger burial
depth resulting in strong mine pressure, large deformation,
expansion, and poor stability of the deep gob-side entry retain-
ing, which makes it difficult to reuse. It is still necessary to
further study the stability of the surrounding rock and sup-
porting technology under conditions of high pressure and
large deformation [8–11].

Using gob-side entry retaining of the 12512 working face
as the research object, this article systematically analyzes the
characteristics of the surrounding rock, the failure characteris-
tics of the supporting structure, and the deformation and fail-
ure process of gob-side entry retaining under deep soft rock
conditions. This study illustrates the failure mechanism of
the surrounding rock and proposes a quaternity control tech-
nology and roof partition coupling support to support the
surrounding rock, with the filling area’s roof playing a key role.
This technology is also verified through field engineering to
determine whether it provides a good supporting effect.

2. Engineering Condition Analysis

2.1. Geological Conditions. Located in the south of the anticline
transition, the eastern area of the coal mine, on the whole, is a
south-dipping monoclinic structure with a relatively simple
geological structure. The dip angle of the coal seam in the
12512 working face is 3°, the coal seam floor elevation is
-821.4– -853.2m, and the depth is more than 900m. Accord-
ing to the geological conditions of the mining area, an in situ
stress test of the rock in the 12512 working face floor was car-
ried out; the results show that the direction of the maximum
horizontal principal stress of the coal seam is approximately
east-west and that its magnitude is about 29.1–30.8MPa; the
magnitude of the vertical stress is 23.54MPa. Figure 1 shows
the section of the roadway roof and floor rock layers.

The mineral compositions of the mudstone samples in
roadway roof and floor as tested by X-ray diffraction are as
follows: 65.3% kaolinite, 14.2% quartz, 10.9% montmorillon-
ite, 5.1% illite, and 4.5% of other minerals. According to the
classification criteria of expansive soft rock proposed by
academician He Manchao [12], it is determined to be a mod-
erately expansive soft rock; the strength of which is reduced
after soaking in water.

2.2. General Engineering Situation. Figure 2 shows the 12512
working face; the section net width × net height = 4:8m × 2:8
m. For mining, gob-side entry retaining is adopted by the
half in situ mode with an opening gap width in the working
face end, a filling body width × height = 2:5m × 2:5m, and a
shift distance of 0.6m toward the roadway with a width of
4.2m.

(1) The support parameters of the section track drift:
there are 6 anchor bolts of Φ 20mm×L2 200mm
in each row of the roadway roof with a yow line
space of 850mm × 850mm. A row of anchor cables
with Φ 20mm×L7 300 mm are vertically arranged
between the two rows of anchor bolts in accordance
with the “3-3” mode and a yow line space of 1200
mm × 850mm. The support parameters of the coal
sides: there are 4 anchor bolts in each row with a
yow line space of 850mm × 850mm and a metal
mesh. Finally, the top slope is sprayed to seal the sur-
rounding rock

(2) The support parameters of the opening gap in the
roadway roof at the working face end: there are 4
anchor bolts in each row with a yow line space of
850mm × 850mm. A Φ 20mm×L7 300mm single
anchor cable is vertically arranged between the two
rows of anchor bolts, adopting 4 rows of canopy aux-
iliary support

Utilizing the above supporting parameters, at the first
mining stage of the 12512 working face, serious deformation
and failure of the surrounding rock occurred in gob-side
entry retaining accompanied by the crushing of the shallow
surrounding rock and an obvious decrease in the mechanical
properties of the surrounding rock.
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Figure 1: Strata distributions of roadway roof and floor.
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3. Failure Law of the Deep Gob-Side Entry
Retaining in High-Stress Soft Rock

3.1. Failure Form of the Surrounding Rock. To fully under-
stand the internal destruction of the surrounding rock, a
borehole peeping instrument was used to detect and analyze
the damage within the rock. There are 5 boreholes in each
section of gob-side entry retaining. Based on the develop-
ment of borehole fractures, the fractured area and fissure
area of the surrounding rock were drawn as shown in
Figure 3. As can be seen in the figure, the fracture develop-
ment degree of the surrounding rock in gob-side entry
retaining ranges from large to small as follows: the filling
area roof (6.9m)> the roadway roof (4.0m)> the roof of
the solid coal side (3.8m)> the upper part of the solid coal
side (2.8m)> the lower part of the solid coal side (2.1m).
Thus, the damage degree of the filling area roof and the
upper part of the solid coal side is obviously larger than that
of the solid coal side, respectively. Moreover, the overall
deformation and failure of the surrounding rock are obvi-
ously asymmetric relative to the vertical and horizontal
directions of the roadway cross-section.

3.2. Failure Process Analysis of the Surrounding Rock. The
activity of the surrounding rock and its deformation charac-
teristics in gob-side entry retaining can be divided into 3
stages, which in chronological order are initial activity, tran-
sition period activity, and later stage activity [13–17]. Con-
sidering the strong mining impact at the front section of
the section track drift, the deformation and failure process
of the surrounding rock can be roughly divided into 4 stages.
Figure 4 shows the mining period of the leading working
face, the early stage of a gob-side entry retaining, the active
period of the overlying rock (the deformation and subsi-
dence period of the overlying rock), and the creep period
of the surrounding rock; among these, the creep period of
the surrounding rock is lengthy and restricted by space
resulting in the monitored data only being available in the
range within 200m behind the working face. The deforma-
tion and failure of the surrounding rock are as follows:

(1) The mining-affected period of the leading working
face (0–100m ahead of the working face): at 80m
ahead of the working face, the deformation velocity
of the surrounding rock increases, especially at the

coal side and floor, which show the fastest deforma-
tion rate. Together with the effect of the high abut-
ment pressure in the working face and the repeated
“jacking and pressing” disturbance of the end
hydraulic support in the working face, the mudstone
of the filling area’s roof shows shallow fragmentation
and deep separation

(2) The initial stage of gob-side entry retaining (0–-50m
behind the working face): with the advancing of the
working face, the soft immediate roof at the edge of
the goaf loses support and then falls, resulting in a
gradual increase in the roof pressure and the stress
concentration degree. Due to the influence of the
main roof and the vertical stress of the upper strata
on the thick soft immediate roof, the stratum at the
edge of the goaf first undergoes tensile and shear fail-
ure, as well as loose expansion, and then flows in the
direction of the goaf. The deformation and failure of
the surrounding rock in this stage are mainly mani-
fested as follows: ① The filling area’s roof is in a
weak support state and does not form a complete
bearing structure with the roadway roof, leading to
the rapid subsidence of the roof and a direct pressing
on the filling template (see Figure 5(a)). ② The load
of the filling area’s roof on the filling body is large
and uneven, and together with the low strength of
the early filling body and the poor roof connection,
it gives rise to the asymmetric fracturing of the weak
area on both sides and a decreased width of the main
bearing area

(3) The active period of the overlying strata of gob-side
entry retaining (-50–-110m behind the working
face): due to the severe activity and higher stress con-
centration degree of the surrounding rock, the roof,
floor, and solid coal side all move at 10–25mm/d
accompanied by a fast deformation speed. The main
roof of the stope edge is broken at one side of the
solid coal and inclined to the goaf edge, which forces
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the filling body and roof to bear the high abutment
pressure that is further transferred to and concen-
trated at the deeper part of the solid coal seam; this
causes a marked expansion of the fracture zone, the
fissure zone, and the plastic zone in the surrounding
rock. The deformation and failure of the surrounding
rock in this stage are mainly manifested by the follow-
ing:① The filling area’s roof is strongly disturbed and
extremely broken, causing roof caving along the filling
body (see Figure 5(b)). ② The filling body is inclined
and rotated; the crack extending to the filling body
makes it unable to reach its designed carrying capacity
and destroys its stability ahead of time (see Figure 5(c)).
③ The filling body and its roof are continuously
destroyed in the filling area. The load on the anchor
bolt (cable) vertically arranged on the roof increases
linearly with the inclined subsidence of the roof, the
shearing dislocation, and the separation layer, causing
more tensile failure of the anchor bolt (cable); the road-
way roof shows an unstable state of multizone separa-
tion (see Figure 5(d)). ④ In the upper part of the
solid coal side, there is an outer drum and even severe
spalling (see Figure 5(e)) as well as an overall shift.⑤A
large amount of water accumulated in gob-side entry
retaining leads to the softening expansion of the thick
mudstone soaked in water. In addition, the filling body
with the heavy load is embedded in the floor, causing
serious floor heave (see Figure 5(f))

(4) The creep period of the surrounding rock (over
-200m behind the working face): the activity of the
overlying strata slows down. The stress of the sur-
rounding rock is relatively balanced, but the creep
rate is still high, especially in the floor (4.5mm/d),
followed by the solid coal (3.5mm/d). Before the
completion of the working face and the roadway
repair, after 11 months or more, the displacement
of the roof-floor and the coal sides and the roadway
section shrinkage rate can be up to 1211mm,
743mm, and 54%, respectively; this does not meet
the production requirements of the next working
face due to a huge amount of roadway repair works
needing to be completed

The deformation and failure of support structures in gob-
side entry retaining are uneven, which causes the overall insta-
bility of the structure due to the significant deformation and a
part failure [18, 19]. Based on the results of field investigations
and simulation tests on the deformation and failure of the
surrounding rock in gob-side entry retaining (Figure 6), the
following conclusions are drawn: the support structure of the
surrounding rock is first destroyed at the edge of the goaf
and then toward the solid coal side. The evolution process of
the deformation and failure of the surrounding rock is road-
way excavation→ stress state change in the surrounding
rock→ plastic collapse expansion in the surrounding rock→
shallow fissure increase in the surrounding rock→ slow creep
period of the surrounding rock→ restress of overlying strata in
the stope edge caused by mining→ fracture development in

the filling area’s roof→ filling body instability under eccentric
load or roof cutting at the edge of the filling body→ crack
increase in the roadway roof in the course of turning and sink-
ing→ transfer of high support stress from the roof to the solid
coal side→ fracture propagation in the solid coal seam→ sharp
increase in the vertical and horizontal displacements in the
solid coal seam leading to rib spalling and outer drum→ accel-
eration unbalance of the roof strata; all this finally causes gob-
side entry retaining to become completely unstable.

The above analysis shows that the support system of gob-
side entry retaining does not form a complete whole integer
and the original supporting system cannot fully mobilize the
bearing capacity of the deep surrounding rock, resulting in
damage to the support structure one after the other. This is
generally manifested in the following 4 aspects: ① The roof
support structure exhibits poor integrity and weak bearing
capacity. Especially in the filling area, the roof is seriously
damaged and unstable, which is the key component to
strengthen the support. ② The anchoring depth of the solid
coal side is not enough, causing the overall displacement. ③
The filling body has low strength and uneven force. ④ The
bare soft thick mudstone floor without the support structure
is affected by water.

4. Support Technology of Deep Gob-Side Entry
Retaining in High-Stress Soft Rock

Based on the movement characteristics of the surrounding
rock in the deep gob-side entry retaining in high-stress soft
rock, and considering the initial point and key point of the
chain reaction of the deformation and failure of the support
structure, a quaternity control technology and roof partition
coupling support to support the surrounding rock is pro-
posed, with the filling area’s roof playing a key role. This
quaternity control technology consists of the roof P1 with
anchor bolt and mesh injection coupling support, solid coal
support P2 with anchor bolt (cable) support, P3 with high
bearing capacity, and roadway auxiliary support P4. Among
them, the roadway roof P1 is divided into 3 areas, namely,
the filling area roof I zone, the roadway roof II zone, and
solid coal side roof III zone. Among these, the filling area
roof I zone is the key surrounding rock supporting structure
in both the horizontal and vertical directions of gob-side
entry retaining. The support structure model of gob-side
entry retaining and the quaternity control technology for
the surrounding rock are shown in Figure 7.

4.1. Coupling Support in the Roof 3 Zone. The key to success-
ful gob-side entry retaining is to maintain roof integrity. To
achieve the best supporting effect requires making all-round
plans for the roof 3 partition coupling support. The coupling
supporting steps in the roof 3 zone are as follows. The first
step is to arrange the cable stayed anchor in the section track
drift roof near both the coal sides. The anchor cable end goes
deep into the crack-free area of the shoulder corner of the
roadway roof, including the deep strata of the I and III
zones, which strengthens the support of the roadway shoul-
der corner to prevent the roof from falling at the edges of the
corners of the coal during gob-side entry retaining. The
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second step is to provide support at a certain distance ahead
of the working face. A hollow grouting anchor rope[120-21] is
arranged in the II zone of the roadway roof to achieve grout-
ing and integration of the bolting and grouting, which will
reconsolidate the deep and shallow cracks and the broken
strata in the roadway roof, improve the mechanical proper-
ties of the coal-rock mass and its bearing capacity, provide
a reliable basis for the anchor (cable), improve the stress
condition of surrounding rock, and ensure anchor bolt
(cable) anchorage reliability. The third step is to utilize the
“three high” (high strength, high stiffness, and high preten-
sion) anchor bolts and the large diameter anchor cables to
strengthen the working face end to prevent the collapse of
the filling area’s roof and provide a good condition for the
smooth implementation of the roadside filling. The roof 3
partition coupling support will eventually fix the roof
together to prevent its discontinuous deformation, including
roof layer separation, dislocation, crack opening, and new
crack generation; this will also ensure roof leveling.

4.2. Reinforcement of the Solid Coal Side. Strong support can
not only improve the vertical bearing capacity of the roof but
also restrain floor heave [22–24]. The formation of the seri-
ous outer drum is attributed to the insufficiently effective
anchor length of the anchor bolt, which leads to the entire
displacement of the bolt-grouting body. From the section
track drift to gob-side entry retaining, a fracture zone, plastic
zone, and elastic zone have formed on the solid coal side
from the outside to the inside. To maintain stability, the
anchorage range should be greater than the sum of width
of the broken zone and the plastic zone, which is the limit
equilibrium area width x0 that is calculated by the following
equation [25]:

x0 =
MA

2 tan φ0
ln kγH + c0/tan φ0ð Þ

c0/tan φ0ð Þ + px/Að Þ
� �

, ð1Þ

where M is the mining height with a value of 2.50m, A is
the lateral pressure coefficient with a value of 0.42, H is the
mining depth with a value of 820m, φ0 is the coal-rock inter-
face internal friction angle with a value of 30°, c0 is the cohe-
sion of the coal-rock interface with a value of 0.34MPa, k is
the maximum stress concentration factor with a value of 2.7,
γ is the overburden average value with a value of 22kN/m3,
and px is the support strength of the solid coal side with a value
of 0.21MPa. These values are based on engineering experience
and the designed quantity and pretightening force of the bolt
(cable) per unit area of the coal side.

According to the formula, the limit equilibrium area
width of the solid coal side is 3.54m. Because of the soft coal
body, the anchor bolt is designed to enter more than 2.30m
into the elastic zone, and the anchor cable length for the
solid coal body is finally determined to be 7.30m.

(a) Mining face (b) Initial stage()

(c) Severe period (d) Relative stability period

Figure 6: Fracture development process of deep gob-side entry retaining.
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Figure 7: The support structure model of gob-side entry retaining.
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4.3. Optimization of Bearing Capacity of Filling Body. The
vertical bearing capacity and deformation capacity of the fill-
ing body should match the support mode and strength of the
roof-floor; this makes the filling body match the roof-floor
movement and fully provide its packing effect. Improving
the bearing capacity of the filling body is mainly achieved
in the following 3 ways:

(1) Select filling materials that in the early stage have
rapid solidification and high strength: paste material,
which is mainly composed of silicate, fly ash, sand,
water, and additives, is used in gob-side entry retain-
ing because of its advantages of being extensive, low
cost, high strength, and so on

To verify the bearing performance of the filling body, the
strength of the paste filling material was tested. 4 groups of
specimens were directly sampled and manufactured in the
roadside filling field. There are 3 specimens with a length of
150mm, a width of 150mm, and a height of 150mm in each
group. The change in the uniaxial compressive strength of the
specimens with time as measured in the laboratory is shown
in Table 1. The values in the table indicate that the strength
of the filling material can meet the relevant regulations.

(2) The reasonable reinforcement of reinforced skeleton
in the filling body: for a large volume of a filling
body, the uniaxial compressive strength of filling
body is much lower than the uniaxial compressive
strength. Moreover, during the interaction with the
overlying strata, the filling body is unevenly sub-
jected to both the vertical and horizontal forces. To
increase the compressive strength and shear strength
of the filling body and prevent the filling body from
slipping to the goaf, a reinforcing steel skeleton
should be preset in the filling body

(3) The optimization of construction technology: when
filling work is carried out beside a section track drift,
the filling body should be fully connected to the roof
so that the load can be uniformly borne; the contact
floor area of the filling body should be increased to
prevent the filling body from getting embedded in
the thick mudstone of the roadway floor; the filling
body should also be connected to the roof-floor to
form a composite bearing structure of “roof-filling
body-floor” to avoid the slippage or rotation of the
filling body

4.4. Auxiliary Strengthening Support. During the violent
activity of overlying strata, the roof pressure is high and
the support structure is still unable to maintain the stability
of the roadway. Therefore, it is necessary to make use of
auxiliary strengthening support to brace the roof, assist the
filling body to bear the load, and restrain the floor deforma-
tion. The auxiliary support in a roadway is mainly composed
of a single hydraulic prop+π type steel beam+high strength
and large postbase, which can ensure an initial large support
force at the beginning of mining. Because of the deformation
of the roof-floor, the load on the single hydraulic prop

increases; the hydraulic prop can restrain roof separation
and floor heave in time by yield and additional resistance
limiting its deformation to finally achieve the double control
of the roof and floor.

5. Support Scheme Optimization and Control
Effect Analysis

5.1. Optimization of the Supporting Scheme. Considering the
field conditions, a quaternity control technology for deep
gob-side entry retaining is optimized reasonably. The opti-
mized support scheme is shown in Figure 8.

(1) The coupling support on the roof 3 zone: a group of
large diameter anchor cables with Φ 20mm×L7 300
mm and 16# channel beam with a length of 3000mm
and a hole distance of 850mm are arranged on both
sides of the section track drift roof. At 110m ahead
of the working face, a hollow grouting anchor cable
with Φ 20mm×L7 300 mm and high-strength tray
are added to each row of the anchor beam end on
the roof via the step-by-step arrangement method,
and spray grouting operations are performed to rein-
force the roof

(2) The reinforcement of the solid coal side: three Φ
20mm×L7 300 mm anchor cables equipped with 20#

channel steel are arranged along the roadway; these
three cables are 400mm, 1200mm, and 2000mm away
from the roof

(3) The reinforcement of the opening gap roof at the
working face end: there are four Φ 20mm×L2 200
mm “three high” bolts equipped with M5 steel belts
in each row; the pretightening force is 60~80kN, and
the yow line space is 850mm × 850mm; then, an
anchor cable with Φ 20mm×L7 300 mm and high-
strength tray are arranged between the two rows of
bolts. The pretightening force is 80~100kN, and the
array pitch is 850mm; two rows of anchor cables with
16# channel are arranged along the tunnel direction
layout, and the hole distance is 1200mm

(4) The bearing performance optimization of the filling
body: when the special paste filling material is
selected, the water-cement ratio should be strictly
controlled to ensure that the material strength is up
to standard. Three-dimensional reinforcing steel
bars are preset in the formwork before roadside
filling, and the reinforcing ribs are replaced by Φ
20mm×L2 200 mm bolts, with Φ 6mm grid bars

Table 1: Strength tests of filling material.

Days (d) Compressive strength value (MPa)

1 4~ 7
3 10~15
7 15~20
28 29~33
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which mutually butt to form a three-dimensional
framework; here, the upper anchor bolts and lower
anchor bolts of the vertical 3D stiffener are fixed
inside the roof and floor, respectively. In addition,
a 4000mm long I-beam is placed under the filling
body with a spacing of 800mm, which increases
the contact area and prevents the filling body from
cutting into the thick mudstone of the floor

(5) The auxiliary strengthening support in the roadway:
the auxiliary reinforcement in the roadway is
arranged close to the filling body layout by setting
one single hydraulic prop with an 11#π type steel
beam and 300mm × 300mm × 10mm postbase with
high strength and large postbase along the roadway.
There are 2 single hydraulic props in each section
and two sides near the filling body and the roadway
center; this is an asymmetric support state with an
initial bearing capacity not less than 100 kN

5.2. Control Effect of the Surrounding Rock. After adopting
this scheme, five sets of displacement measuring stations
were installed in the surrounding rock of gob-side entry
retaining of the 12512 working face, and these were used
to monitor the deformation of the surrounding rock at dif-
ferent distances behind the working face. The displacement
curve of the surrounding rock along gob-side entry retaining
was shown in Figure 9.

After gob-side entry retaining in the range of 250m
behind the working face experienced strong dynamic
pressure, the displacement of the filling body, the solid coal,
and the roof was 40mm, 294mm, and 152mm, respectively.
The floor heave was 351mm. The filling body and roof were
basically stable, and the displacement of solid coal and floor

increases slowly. The roadway cross-section can meet the
requirements of gob-side entry retaining at different stages.

For the record, in this paper, a new support method is
proposed for gob-side entry retaining in soft rock with high
stress. The deformation of the surrounding rock is effectively
controlled to a certain extent, which is beneficial for the safe
reuse of the next working face. However, more simple, eco-
nomic, and effective methods are needed to continually
improve the supporting technology and reduce the cost.

6. Conclusion

(1) The large deformation of the deep gob-side entry
retaining in soft rock with high stress is mainly
attributed to the low uniaxial compressive strength,
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softening and swelling of thick mudstone under the
influence of water, cataclastic dilatancy, and long-
term creep under strong mining activity and high-
stress states; through verifying the failure character-
istics of shallow and deep surrounding rock, the
overall deformation and failure are obviously asym-
metrical relative to the vertical and horizontal direc-
tions of the cross-section of the roadway

(2) By analyzing the deformation and failure character-
istics of the deep gob-side entry retaining in soft rock
with high stress and the failure mechanism of the
surrounding rock, it is found that the original sup-
porting system of gob-side entry retaining is not suf-
ficient, leading to the supporting system getting
destroyed one by one. The surrounding rock first
starts from the filling area’s roof, resulting in an
eccentric loading fracturing of the filling body. Then,
the roadway roof begins to incline and sink steeply
due to the external drum and rib spalling at the solid
coal side and severe floor heave, which eventually
leads to the instability of the surrounding rock

(3) The gob-side entry retaining roof is divided into
three zones for coupling support. A quaternity con-
trol technology for controlling surrounding rock is
proposed with the filling area’s roof as the key factor.
This technology mainly includes the roof with
anchor bolt mesh grouting coupling support, solid
coal with anchor bolt (cable) support, roadside filling
body with high bearing performance, and auxiliary
strengthening support in the roadway during the
mining stress adjustment period. The technology
has been applied to gob-side entry retaining of the
12512 working face and has achieved good results
and satisfied the ventilation demand of gob-side
entry retaining at different stages
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Coalbed methane (CBM) is a source of clean energy and has been recovered in past decades all over the world. Gas dynamic
disaster is the primary disaster in outburst coal, and methane drainage plays a key role in eliminating this danger. As an
efficient technology, a gas jet is widely used in CBM development and methane drainage. In this work, the full impinging
process of coal and rock fracturing by a supersonic gas jet was studied. To understand how jet parameters affect coal and rock
fracturing results, an elliptical crushing theoretical model was proposed. In addition, a laboratory experiment was designed to
examine the proposed model, and four key parameters affecting the fracturing results were studied. The results show that
different from the monotonic variation of theoretical values, there is a turning point in the variation of experimental values
under some parameters. Considering the influence of the depth and radius of the erosion pit, the rock-breaking effect is better
when the nozzle size is 2.75Ma. The optimal target distance is 30mm, and the impact pressure of a gas jet should be
continuously increased in order to achieve certain rock-breaking effects under the impact of the jet.

1. Introduction

Coalbed methane (CBM) is a source of clean energy and has
been recovered in past decades all over the world [1–4]. In
terms of coal mining, methane is the primary cause of mine
disasters especially for outburst mines [5–7]. Therefore,
methane drainage plays a key role in eliminating gas out-
bursts. To enhance CBM recovery or drainage efficiency,
water jet technology has been proposed and has been proven
effective [8–12]. However, in the low permeability soft coal
seams, the use of water jet technology frequently leads to
the collapse of a borehole and the inhabitation of the gas
desorption [13–16]. Due to the fact that the use of a gas jet
for the fracture of coal can effectively avoid these problems,
more and more attention has been paid to gas jet technology.

Gas jet technology is widely used in the fields of glass
cutting, hole drilling, and cooling [17–19]. Komori et al.
[20] proposed a supersonic gas jet technology based on the
Laval nozzle. Frendi and Brown [21] studied the flow struc-
tures from a supersonic impinging jet and indicated a strong

interaction between the acoustic waves emanating from the
impingement plate and the jet plume. Due to the high
impact force of a high-pressure gas jet, it has been extended
to the fracture of coal and rock in recent years. Kutter and
Fairhurst [22] carried out the research of high-pressure gas
punching fracture earlier, and they proposed that the pres-
sure distribution along the normal direction of a rock frac-
ture can be produced in the rock when high-pressure gas
impacts rock materials. Hagan [23] proposed the “gas wedge
effect” by comparing the action form of high-pressure gas
with the mechanism of a water jet. On the basis of previous
studies, Nilson et al. [24] established a model of high-
pressure gas punching fracture. Eslamian et al. [25] studied
the crushing effect of a supersonic gas jet on a cylindrical
brittle gypsum deposit. It was found that both jet angle
and sediment hardness can affect the crushing efficiency.
Liu et al. [26–29] proposed a high-pressure abrasive gas jet
technology for coal breakage and systematically investigated
the stress wave effect, the wear mechanism of abrasive air jet
erosion, and the effects of nozzle pressure ratios on the
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pulsation frequency of air jets. Ranjith et al. [30] studied the
effect of mass flow on the abrasive acceleration of gas jets.
They found that pressure is also important. When the mass
flow increases, the abrasive acceleration distance and time
decrease.

Previous studies mainly focused on optimizing the noz-
zle structure and jet parameters to improve the efficiency
of fracturing coal and rock [25, 28]. However, high-
pressure gas jet coal breaking is a continuous and compre-
hensive process including the transportation of high-
pressure gas in the pipeline, the free development of high-
pressure gas in the air medium, and the final coal breaking.
Researchers mainly focused on the stage of final coal break-
ing by jet punching, and the study on the whole continuous
process of gas jet impinging coal and rock is relatively rare.
Moreover, as for the research on the damage characteristics
of a high-pressure gas jet, there is lack of the corresponding
criterion for coal breaking by a gas jet. Therefore, in this
work, the full process of a high-pressure gas jet was system-
atically considered, and a mathematical model was pro-
posed. The supersonic air jet impinging laboratory
experiment was designed to examine the proposed model
and four key parameters affecting the fracturing results were
tested, including jet pressure, target distance, nozzle size, and
strength of coal and rock. This study is intended to enrich
the theories of gas jet coal breaking, providing some guid-
ance for the development of CBM and the prevention of
mine gas disasters.

2. Mathematical Model of the Full Impinging
Progress of a Supersonic Gas Jet

As for a full impinging system, considering the risk of high-
pressure gas, the air compressor and high-pressure gas stor-
age tank were placed in an underground chamber, and then
the high-pressure air reaches the nozzle through the pipeline
to fracture the coal and rock. The system is shown in
Figure 1. The introduction of the mathematical model of
the full impinging progress of a supersonic gas jet follows.

2.1. Flow Model of High-Pressure Gas in a Pipeline. The vis-
cosity of gas shall be considered in the mechanical energy
balance formula of pipeline calculation gas, that is, there
shall be resistance loss term hf in the formula:

gz1 +
u21
2 +

ðp2
p1

dp
ρ

= gz2 +
u22
2 + hf : ð1Þ

When the gas flows in the pipeline, the volume flow rate
and average flow rate change along the length of the pipe,
and the resistance loss per unit length of the pipe must also
change along the length of the pipe. Formula (1) above is
changed to the differential form below:

gdz + d
u2

2 + υdp + λ
dlð Þ
d

× u2

2 = 0, ð2Þ

where v = ð1/ρÞ = ðRT/MpÞ is the specific volume of gas

(m3/kg), L is the pipe length (m), d is the pipe diameter
(m), friction coefficient λ is a function of Re and ε/d, and
we have

Re = duρ
μ

= dG
μ

: ð3Þ

In the case of equal pipe diameter transportation, since
the mass flow rate G is a constant along the pipe length,
Re is only related to the temperature of the gas. Therefore,
λ can be regarded as a constant along the length of the tube
for the flow process with little change in isothermal flow or
temperature:

G = qm
A

, ð4Þ

where qm is the mass flow (kg/S), A is the cross-sectional
area of the pipe (m2):

u = G
ρ
=Gv: ð5Þ

For isothermal flow, p∗v is equal to the constant. And
substituting equation (5) into equation (2), we can get

G2 ln p1
p2

+ p22 − p21
2RT/Mð Þ + λ

l
2d G

2 = 0: ð6Þ

If the pressure drop Δp in the tube is very small, the
kinetic energy difference of the first term in equation (6)
can be ignored. In this case, equation (6) is the special form
of the energy equation of the incompressible fluid to the hor-
izontal tube. For the transportation of high-pressure gas, ð
p1 − p2Þ/p2 is smaller and can be treated as an incompress-
ible fluid. After finishing formula (6), we can conclude the
following:

p22 − p21
� � M

2RT + λ
l
2d G

2 = 0: ð7Þ

Under the condition of known T , pipeline parameters,
pipeline outlet pressure p2 (equal to nozzle inlet pressure),
and the pressure p1 at the pipeline inlet can be obtained.
Therefore, p2 can be achieved by adjusting p1 to supply
high-pressure gas remotely.

2.2. Mathematical Model of Continuous Process and
Criterion of Coal Breaking by Jet. The jet is accelerated
through the nozzle, improving the transition from subsonic
to supersonic in the throat. Then, the gas jet is ejected from
the nozzle into the environmental medium. Finally, the
supersonic jet impinges on the coal wall and forms an ero-
sion pit on the target surface. This process can be divided
into three parts: the acceleration of the gas jet, the develop-
ment of the gas jet, and the impact of the gas jet.

2.2.1. Mathematical Model of Acceleration Stage. The nozzle
is the key factor affecting jet velocity. The straight or conical
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convergent nozzles are generally used in traditional gas jet
technology, and the highest speed that a gas jet can reach
is sonic. In order to improve the working efficiency, the
common conical contraction nozzle is often used in engi-
neering applications. After the high-pressure gas flows
through the contraction nozzle, the maximum can only
reach one Mach number, which is equivalent to the sound
velocity flow of local air. Under the same external parame-
ters, the Laval nozzle can achieve speeds several times the
sound velocity. The nozzle is usually composed of a conver-
gence section, a throat part, and an expansion section. Its
structure is shown in Figure 2.

The aerodynamics theory indicates that when the high-
pressure gas flows through the nozzle with known parame-
ters, the gas state after acceleration depends on the nozzle
parameters, inlet air pressure, temperature, and outlet exter-
nal back pressure. When the ratio of a nozzle area to the
throat area is determined, the Mach number after the accel-
eration can be obtained from the following formula [31]:

S
Se

= 1
Ma 1 + k − 1

2 Ma2
� �

× 2
k + 1

� �� � k+1/2 k−1ð Þð Þ
: ð8Þ

In order to simplify the complexity of the problem, an
imaginary reference state is introduced in the study of aero-
dynamics. The state where the velocity of air decreases to
zero after the absolute energy isentropic process from a real
state is called the stagnation state corresponding to the real
state. In the stagnation state, it is assumed that the flow pro-
cess of high-pressure gas in the nozzle is a one-dimensional
steady isentropic adiabatic flow. There is no heat and work
exchange between the gas in the flow and the outside world.
No flow is added or drawn out, and the friction between the
high-pressure gas and the nozzle wall is ignored. For the
Laval nozzle, the supersonic flow in the nozzle can be
expressed by the flow parameters in the stagnation state:

P∗

P
= 1 + k − 1

2 Ma2
� � k/k−1ð Þ

,

ρ∗

ρ
= 1 + k − 1

2 Ma2
� � k/k−1ð Þ

,

T∗

T
= 1 + k − 1

2 Ma2,

8>>>>>>>>><
>>>>>>>>>:

ð9Þ

where P is the gas pressure, P∗ is the gas pressure under
stagnation state, ρ∗ is the gas density under the stagnation
state, ρ is the gas density, T is the gas thermodynamic tem-
perature, T∗ is the gas thermodynamic temperature under
the stagnation state, and Ma is the Mach number, which
means

Ma = V
a
, ð10Þ

where a is the corresponding local air sound velocity in this
state, which can be obtained from a =

ffiffiffiffiffiffiffiffiffi
kRT

p
; R is the gas

constant, and the value for air is 287.06 J/(kg·K); T is the
gas thermodynamic temperature.

According to formulas (8) to (10), the flow velocity at the
nozzle exit section can be obtained from formula (11) com-
bining the total pressure at the nozzle inlet, the total temper-
ature at the nozzle outlet, and the external back pressure at
the nozzle outlet:

U0 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

k − 1
P∗

P

� � k−1/kð Þ
− 1

" #vuut ⋅
ffiffiffiffiffiffiffiffiffi
kRT

p

Mamax ⋅
ffiffiffiffiffiffiffiffiffi
kRT

p
, Ma =Mamax,

8>>><
>>>:

, Ma <Mamax,

ð11Þ

where Mamax is the maximum Mach number that can be
reached at the outlet under the given nozzle parameters.

2.2.2. Mathematical Model of Development Stage. The gas jet
is ejected from the nozzle into the environmental medium
until it strikes a certain wall. The development characteris-
tics of the jet can be divided into three typical zones,
namely, the free jet zone, the impinging zone, and the wall
jet zone [32, 33]. The zoning diagram is shown in
Figure 3.

In the free jet zone, the shear driving interactions exist
between the outer boundary of the jet and the surrounding
air medium. The existence of shear stress would lead to
the generation of turbulence, which causes the attenuation
of the jet velocity in the axial direction. Meanwhile, it
would aggravate the entrainment of the air fluid around
the jet, resulting in the increase of the total jet flow and
the continuous expansion of the jet cross-section along
the radial direction. However, the static pressure of the

Air compressor

Pressure gauge

High pressure
air storage tank

Laval nozzleHigh pressure
pipeline

Sample
Regulating valve

Switch

Fixing device

Figure 1: Schematic diagram of full impinging system.
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jet on the wall begins to rise, showing a large pressure gra-
dient and forcing the jet streamline to produce rapid
bending. The jet flow changes from the original axial flow
to the near wall flow, which is characterized by the exis-
tence of a stagnation point and the radial bending of the
jet streamline. In the wall jet zone, the jet generally pre-
sents along the diameter. Due to the shear interaction
between the wall and the air medium, the jet velocity
begins to decay to zero after a long distance from the stag-
nation point.

The influence factors of the development stage of the gas
jet include nozzle radius b0, nozzle plate distance H, inci-
dence angle θ, and jet initial velocity U0: In order to facilitate
the analysis, a rectangular coordinate system (x, y) is estab-
lished in the jet flow field to analyze the free jet zone and
the impingement zone, and the coordinate system (x1, y1)
is used to analyze the impinging zone and the wall jet zone,
as shown in Figure 4.

The axial pressure of a jet is defined as Pm. The pressure
at the stagnation point and the wall pressure are PS and PW ,
respectively. Um represents the jet velocity, and Um1 is the
maximum value of Um in the x1 direction of any cross-
section. bu represents the radial length dimension of the
fluid cross-section velocity of 1/2Um in the free jet section.
According to the analysis, starting from the stagnation point,
Um1 increases with the increase of x1 until the maximum
value. Then, the velocity decreases and tends to be zero at
Um1 far away from the jet axis due to the fact that the turbu-

lence is mixed with the surrounding air medium. In the free
jet zone, the axial velocity Umf and radial length bf can be
expressed as follows:

Umf , bf = f1,2 M0, ρ, xð Þ, ð12Þ

where M0 = ρ · 2b0 ·U2
0; it is the momentum flux of the noz-

zle section.
In the impinging zone, the jet velocity Um, the section

length size bu, and the pressure distribution Pm exist as fol-
lows:

Um, bu = f3,4 M0, ρ, x,Hð Þ, ð13Þ

Pm = f5 M0, ρ, x,Hð Þ: ð14Þ
By using dimensional analysis and referring to relevant

research conclusions in similar fields [34], we establish the
following:

Um

U0

ffiffiffiffiffiffiffi
H
2b0

s
= g1

x
H

	 

: ð15Þ

bu
H

= g2
x
H

	 

: ð16Þ

Pm

ρU2
0/2

H
2b0

= g3
x
H

	 

: ð17Þ

For the free jet zone, the following could be obtained:

Umf

U0

ffiffiffiffiffiffiffi
x
2b0

r
= C: ð18Þ

According to the simultaneous equations (14) and (17),
the following results can be obtained:

Um

Umf
= h

x
H

	 

: ð19Þ

Based on the analysis of the pressure in the jet impinging
zone, combined with equation (16), the pressure value at the
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Figure 2: Schematic diagram of a scaled nozzle structure.
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Figure 3: Schematic diagram of gas jet development zones.
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stagnation point can be obtained as follows:

Ps

ρU2
0/2

⋅
H
2b0

= g3
x
H

= 1
	 


: ð20Þ

According to the simultaneous equations (16) and (19),
the following results can be obtained:

Pm

Ps
= g4

x
H

	 

: ð21Þ

When the jet impinges on the coal, the wall pressure dis-
tribution at x1 away from the jet axis is as follows:

Pw

ρU2
0

H
2b0

= g5
x1
H

	 

: ð22Þ

For the simultaneous equations (19) and (21), the pres-
sure on the inner wall of the impinging zone has the follow-
ing relationship with the pressure at the stagnation point:

Pw

Ps
= g6

x1
H

	 

: ð23Þ

According to the conclusion in Beltaos and Rajaratnam’s
work [35], equation (22) can be written as follows:

Pw

Ps
= e−38:5 x1/Hð Þ2 : ð24Þ

The pressure distribution of the jet acting on the wall of
the coal body is directly related to the feasibility of the jet
breaking coal. The jet velocity and jet pressure in the

impinging zone are analyzed as follows:

∂
Δy

uvð Þy⟶0 = −K1, ð25Þ

u
Δv
Δy

+ v
Δu
Δy

� �
y⟶0

= −K1: ð26Þ

Equation (25) can be written by using the following con-
tinuity equation:

−u
Δu
Δx

+ v
Δu
Δy

� �
y⟶0

= −K1: ð27Þ

When y is 0, in the direction of the jet axis, we have

d
dx

U2
m = 2K1: ð28Þ

The integral treatment of equation (28) is as follows:

U2
m = 2K1x + K2: ð29Þ

Combining with equation (15), the axial velocity distri-
bution of the jet flow can be written as follows:

Um

U0

� �2 H
2b0

= K3
x
H

	 

+ K4, ð30Þ

Um

U0

� �2 H
2b0

= K2
5 1 − x

H

	 

+ K6: ð31Þ

In combination with the law of momentum conserva-
tion, the pressure value at the stagnation point can be

Nozzle

Free flow zone

Impinging zone

Wall jet zone
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y
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U=Um/2

P=Pm/2

x1
y1

Figure 4: The coordinate system of gas jet development stage.
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expressed as follows:

PS =
ρU2

0
2 ⋅

2b0
H

⋅
1

Kpw
, ð32Þ

where Kpw =
Ð∞
0 ðPw/PsÞ ⋅ dðx1/HÞ, which can be set as 0.13

[34].
In the impinging zone, it is assumed that the turbulence

phenomenon and gas viscosity effect caused by jet impinging
can be ignored, and we have

Pw + ρU2
m1
2 = Ps: ð33Þ

By combining equations (20) and (24), the velocity dis-
tribution along the x1 direction of the wall surface can be
obtained as follows:

Um1
U0

ffiffiffiffiffiffiffi
H
2b0

s
= 2:77 1 − e−38:5 x1/Hð Þ2

h i1/2
: ð34Þ

2.2.3. Mathematical Model of Impact Stage. The ideal elastic-
plastic material failure process is different from the elastic-
plastic fracture theory [36] and forging extrusion theory
[37]. This is because coal is a brittle material with dual
medium characteristics of fracture and pore. When the
instantaneous jet impinges on coal under a certain kinetic
energy, the instantaneous jet velocity decreases rapidly and
produces a back pressure gradient, which produces a blast-
ing shock wave. Meanwhile, it strongly influences the energy
compression force of coal, which destroys the coal wall and
leads to the formation of a plastic compression crushing
zone. Under the action of the blasting shock wave, stress
waves are generated inside the coal and rock mass. Under
the tensile action of the stress incident wave and the free sur-
face reflected wave, the coal and rock mass are damaged to a
certain extent. The particles inside the coal and rock mass
are dislocated. Meanwhile, the medium units are tangentially
stretched and radially compressed, leading to the further
generation of an initial radial crack.

Given that the high-viscosity liquid water is different
from the high-pressure gas jet in a continuous impact wave
damage to the formation of a break zone and the initial
crack, the low viscous gas flows quickly within the crack
space. The pressure effect on the crack wall (Figure 5) fol-
lows the law of quasistatic pressure distribution, which can

be approximately equal to the pressure of a jet under the
action of the stagnation pressure [38]. The quasistatic pres-
sure promotes the initial crack propagation, extension, and
communication, and it generates a cross crack network
inside the coal body. If the tensile stress of the gas in the
fracture exceeds the tensile strength limit of the coal mass,
the coal body will be destroyed and the coal particles will
peel off, thus forming a plastic failure zone centered on the
jet axis and forming erosion pits. The entry of the high-
pressure gas in these cracks decreases gradually after expan-
sion, and the crack stops cracking when the pressure drops
to the point where it is not sufficient to support further crack
expansion.

Because the action time of the gas quasistatic pressure is
much longer than that of the shock wave, it is generally
believed that in the stage of gas jet impingement on rock
breaking, quasistatic pressure failure is the main part, and
tensile failure should be the main mechanism of gas jet
impingement on coal pit formation.

For coal with jet action on the surface, the stress concen-
tration in the crushing core and the extended crack is com-
posed of the jet stagnation pressure and induced stress. The
coal failure criterion can be defined by the following for-
mula:

P + σt ≥ St , ð35Þ

where P is the normal pressure acting on the crack. P is the
induced tensile stress generated and developed under the
action of the jet impact. It can be understood as the stagna-
tion pressure of the jet, and the induced pressure depends on
the characteristics of the jet impact and the geometry of the
crack.

Considering that an infinite plate is subjected to the ver-
tical impact of a high-pressure gas jet (shown in Figure 5),
the pressure distribution along the normal direction of the
wall is P = Pðx, yÞ. The stress distribution in the column
coordinate system can be expressed as follows:

σr =
P
2π 1 − 2vð Þ 1

r2
−

Z
r2

r2 + Z2� �−1/2� �
− 3r2Z r2 + Z2� �−5/2� �

,

σZ = −
3P
2πZ3 r2 + Z2� �−5/2,

σθ =
P
2π 1 − 2vð Þ −

1
r2

+ Z
r2

r2 + Z2� �−1/2 + Z r2 + Z2� �−3/2� �
,

8>>>>>>>><
>>>>>>>>:

ð36Þ

Distribution of pressure within a crack

Broken nuclear

Edge-opened crack

Figure 5: Schematic diagram of pressure inside a crack.
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In equation ((36)), r is the radial distance from the z
-axis. The equation represents the pressure at any point of
the object induced by the existence of normal pressure.
When the pressure P applied to the object is known, the
stress induced by normal pressure can be obtained by inte-
gration. When a jet impinges on the flat panel wall surface,
there is a point Q on the surface of the panel. And x and y
point to the tangent direction of point Q, respectively. The
superposition principle is used at Z = 0, as follows:

σx = σr l, θð Þ cos θ2 + σθ l, θð Þ sin θ2
� �

ldldθ,

σy = σr l, θð Þ sin θ2 + σθ l, θð Þ cos θ2� �
ldldθ:

(
ð37Þ

The two formulas of equation (37) are divided into the
local term with Z and the nonlocal term without Z. The local
term can be expressed as follows:

σr1 =
P
2π 1 − 2vð Þ −

Z
r2

r2 + z2
� �−1/2� �

− 3r2Z r2 + Z2� �−5/2� �
,

σθ1 =
P
2π 1 − 2vð Þ Z

r2
r2 + z2
� �−1/2 + Z r2 + Z2� �−3/2� �

:

8>>><
>>>:

ð38Þ

The analysis of the above equation shows that the value
of Z is very small, and the values on the right side of the
equation are very small except the value near point Q. Since
the pressure distribution around point Q is not obvious, it is
approximately considered that the pressure is equal to that
at point Q. In this case, the pressure is not affected. By inte-
grating equation (37), we can obtain the following:

σx1 = σy1 =
PQ

2π − 1 − 2νð Þ l2 + Z2� �−5/2 × 3πr2Z + Z l2 + Z2� �−3/2
π

h i
ldl:

ð39Þ

By integrating the above formula within a circle with a
small radius (when l is set to a), we can get the following:

σx1 = σy1 =
PQ

2 − 1 + 2νð Þ + 2 1 + 2νð ÞZffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 + Z2

p −
Zffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2 + Z2
p

� �3
" #

:

ð40Þ

When Z approaches 0, there is

σx1 = σy1 = −
PQ

2 1 + 2νð Þ: ð41Þ

For the nonlocal phase, there is

σx2 = −σy2 =
1
2π 1 − 2νð Þ − P x, yð Þ

l2
cos θ2 − sin θ2
� �

ldldθ:

ð42Þ

Considering that the value of the nonlocal phase is much
smaller than that of the local phase and the value of the non-
local phase gradually disappears as it approaches the axis

direction, only local terms are generally considered. Com-
bining the local stress failure criterion and local terms, the
relationship between jet pressure and Poisson’s ratio and
tensile strength of a coal body under the tensile failure crite-
rion of a coal body would be established as follows:

P ≥
2

1 − 2ν St: ð43Þ

2.2.4. Criteria for Identification of Coal Breaking Capacity
and Erosion Pit Characteristics by Gas Jet. Combining with
the mathematical model that illustrates the continuous pro-
cess of coal breaking by a gas jet, when the jet pressure is
greater than the critical failure pressure of coal, erosion holes
will be formed. After combining equations (9), (11), (32),
and (43), the criteria for determining whether a gas jet can
break coal can be obtained:

7:7kRb0
H

⋅
T

P∗/Pð Þ k−1/kð Þ ⋅
ρ

P∗/Pð Þ1/k

⋅
2

k − 1
P∗

P

� � k−1/kð Þ
− 1

" #
≥

2
1 − 2ν St ,

ð44Þ

where the adiabatic coefficient k is 1.4 for air, the gas con-
stant R is 287.06 J/(kg·k) for air, b0 is the section area of
the nozzle outlet, H is the initial jet impact distance, and
other relevant parameters are defined as equation (9). The
ratio of gas stagnation parameters to static parameters is
defined as follows:

a = P∗

P

� �1/k
: ð45Þ

After the simplification of equation (44), we can obtain
the following:

1:54 × 104Tρb0 a0:4 − 1
� �

H ⋅ a1:4
≥

2
1 − 2ν St: ð46Þ

When the coal particles are eroded and stripped by a
jet, the impact distance of the jet gradually increases, and
the pressure value at the stagnation point gradually
decreases. When the pressure is less than the critical fail-
ure pressure of coal and rock mass, the jet is insufficient
to cause damage to the coal body. Under the premise that
the nozzle geometric parameters, gas state parameters, and
coal mechanics parameters are known, the initial impact
distance of the jet is determined, and the axial depth of
the hole formed by jet erosion can be obtained from the
following formula:

Δh = kRb0 1 − 2νð Þ
k − 1ð ÞStkpw

P∗

P

� � k−1/kð Þ
− 1

" #
TρP
P∗ −H, ð47Þ

Δh = 7:7 × 103Tρb0 1 − 2νð Þ ⋅ a0:4 − 1
 �

Sta1:4
−H: ð48Þ
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In terms of the radial pressure distribution of the jet
impact on the coal, when the pressure is greater than
the critical failure pressure, the radius of the erosion hole
at the corresponding impact distance can be calculated as
follows:

x = 7:7 × 103Tρb0 a0:4 − 1
 �

St ⋅ 1 − 2νð Þ−1a1:4 ⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
log P∗

w/P∗
sð Þ

−38:5 ,
r

ð49Þ

where P∗
w represents the critical failure pressure of the

wall under the action of the jet impact, and P∗
s represents

the pressure value at the stagnation point under the
impact distance H.

It can be seen from equations (48) and (49) that, in addi-
tion to environmental factors, the coal-fracturing capacity of
a gas jet could be also affected by jet pressure, target distance,
nozzle radius, and coal strength.

2.3. Mass Flow Rate at Nozzle Outlet. According to the con-
tinuity equation of gas steady flow, the flow rate of gas is the
same through any section of the nozzle. However, the flow
rate of all kinds of nozzles is limited by their minimum

Table 1: The theoretical values of the parameters under different jet pressures.

P2 (MPa) T (K) Ma H (mm) Pw (MPa) Ps (MPa) U0 (m/s) Δh (mm) x (mm)

2 298 3.5 30 2.667 54.181 652.104 3.647 1.80

4 298 3.5 30 2.667 108.362 652.104 37.293 3.99

6 298 3.5 30 2.667 162.543 652.104 70.940 4.30

8 298 3.5 30 2.667 216.724 652.104 94.587 4.69

10 298 3.5 30 2.667 270.905 652.104 108.234 5.13

12 298 3.5 30 2.667 325.086 652.104 111.880 5.62

4 MPa
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Figure 6: Characteristics of erosion pit under different jet conditions.

Table 2: Pressure at pipeline inlet under different jet pressures.

P2 (MPa) l (m) d (m) A (m2) λ G P1 (Pa)

2 1000 0.2 0.0314 1.6 0.47 2000037.43

4 1000 0.2 0.0314 1.6 0.94 4000074.87

6 1000 0.2 0.0314 1.6 1.40 6000112.30

8 1000 0.2 0.0314 1.6 1.87 8000149.73

10 1000 0.2 0.0314 1.6 2.34 10000187.17

12 1000 0.2 0.0314 1.6 2.81 12000224.60

Table 3: Mass flow rate at nozzle outlet under different jet
pressures.

P2 (MPa) T (K) Radius of nozzle throat, b1 (mm) m (kg/s)

2 298 1 0.0147

4 298 1 0.0294

6 298 1 0.0441

8 298 1 0.0588

10 298 1 0.0735

12 298 1 0.0882

Figure 7: Physical diagram of a test block fixing device.

Figure 8: Physical diagram of nozzle.
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cross-section. Therefore, the flow rate is usually calculated
according to the minimum cross-section [39, 40].

qm = Sa∗ρ∗, ð50Þ

where S is the area of the nozzle throat; a∗ is the velocity of
the jet in the throat, and ρ∗ is the density of the jet in the
throat.

When the gas velocity through the nozzle reaches the
speed of sound, the gas mass flow will reach the maximum
value. In this work, the gas jet reaches the speed of sound
at the nozzle throat. Therefore, the mass flow at the nozzle
outlet is equal to that speed at the throat.

3. Theoretical Calculation and
Experimental Verification

3.1. Theoretical Calculation. In order to preliminarily ana-
lyze the coal-breaking capacity of a gas jet and the law of
pit formation, the coal-breaking law of a gas jet is theoreti-
cally calculated according to an established mathematical
model. Due to space limitations, only the theoretical values
of the parameters under different jet pressures are listed in
Table 1.

In order to visually investigate the characteristics of ero-
sion pits formed by a gas jet impinged on coal and rock
mass, the initial impact distance is selected to be 30mm,
and the nozzle specification is 3Ma. According to equations
(48) and (49), the shape of erosion pits under different jet
pressures is calculated, and the results are shown in
Figure 6. With the increase of the pressure at the nozzle
inlet, the depth and radial length of erosion pits formed by
a jet impact increase continuously, but the increase of the
axial depth of holes is much larger than that of radial length.
When the pressure at the nozzle inlet increases, the jet
impact kinetic energy increases and the gas stagnation pres-
sure acting on the crack increases, which is reflected in the
expansion of the axial and radial crushing range of the ero-
sion hole. Because the wall pressure attenuates rapidly from
the axial direction, the increment of hole radial length is
much smaller than that of axial depth. Further observation
shows that with the increase of nozzle inlet pressure, the
shape of the erosion hole formed by the jet impact on the
same coal and rock mass gradually changes from the initial
conical shape to an elliptical shape.

For the pipeline part, a new seamless steel tube is
selected as the research object (at this point, the absolute
friction degree of the pipeline ε = 0:15). Under the condition
that the temperature T = 298K and the outlet pressure of the
pipeline is known as the inlet pressure of the nozzle, the

pressure value at the inlet of the pipeline is calculated, as
shown in Table 2.

It can be found from Table 2 that the pressure at the out-
let of the pipeline is slightly higher than that at the inlet
under the assumption that the gas flows in the pipeline are
in a constant temperature environment.

In the case of only changing the jet pressure, the mass
flow rate at the nozzle outlet under different jet parameters
is calculated, as shown in Table 3.

It is found from the Table 3 that the mass flow rate at the
nozzle outlet only increases with the increase of jet pressure
under the condition of constant external back pressure.

3.2. Experimental Verification of the Size of the Erosion Pit.
According to the established mathematical model, the the-
oretical values of the depth and radius of the erosion pit
under different jet parameters are calculated and verified
by experiments. Considering the difficulty and safety of
obtaining gas raw materials, air was selected for the exper-
iment in this task. The following analyses include the
influence of Mach number Ma, target distance H, jet pres-
sure P, and tensile strength St on the coal-breaking ability
of a gas jet.

3.2.1. Experimental System. As shown in Figure 1, the exper-
imental system consists of three parts: high-pressure super-
sonic gas jet forming and controlling device, test block
fixing device, and nozzle system. These three parts of the
experimental system are independent of each other in struc-
ture and are easy to assemble and disassemble. They are con-
nected with each other through a high-pressure rubber hose
and a high-pressure steel pipe. When the gas is repeatedly
compressed by the air compressor, the normal temperature
and atmospheric pressure gas is stored in the high-pressure
gas storage tank. After the manual pressure regulating valve
is opened, the high-pressure gas flows through the pipeline
and nozzle and ejects outwards. Then, the jet continuously
impacts on the wall of the coal and rock mass, resulting in
erosion damage. The following are the details of the
experiment.

(1) The High-Pressure Supersonic Gas Jet Forming and Con-
trolling Device. The gas jet forming and controlling device in
the system is composed of a piston air compressor, a high-
pressure gas storage tank, a high-pressure pipeline, a pres-
sure gauge, and a pressure regulating valve. The air with nor-
mal temperature and atmospheric pressure is first repeatedly
pressurized by the air compressor and then stored in the
high-pressure gas storage tank. The pressure is read by the
pressure gauge installed on the intake pipeline, and the

Table 4: Material ratio and mechanical parameters.

No. Cement Gypsum Sand Water Sand cement ratio Water solid ratio St υ

1 3 1 10 3 2.5 0.214 0.64 0.24

2 3 1 8 2 2.0 0.167 0.70 0.26

3 3 1 6 1.5 1.5 0.150 0.78 0.29

4 1 3 8 2 2.0 0.167 0.50 0.22
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(a) H = 30mm (b) H = 40mm

(c) H = 50mm (d) Ma = 2

(e) Ma = 2:75 (f) Ma = 3:5

(g) P = 4MPa (h) P = 8MPa

Figure 9: Continued.
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start-up and stop of the air compressor are controlled. When
the specified pressure is reached, the required gas pressure is
manually adjusted by the pressure regulating valve.

(2) Test Block Fixing Device. Due to the large impact
dynamic pressure in the process of gas jet impingement, it
is necessary to fix the test block in order to ensure that the
test block is not displaced in the impact process. The
RLCJ-1 device produced by Nantong Renlong Scientific
Research Instrument Co., Ltd. was used to fix the test block.
The loading pressure is 0-60MPa, the loading accuracy is
0.01MPa, and the size of loading chamber is 250mm × 250
mm × 300mm. Because the size of the test block made of
similar material is 100mm × 100mm × 100mm and the
stroke of the piston column of the loading device is limited
(30mm), in order to load the pressure to similar materials,
adding a gasket in the confining pressure loading chamber
was considered. Because the cabin space is larger than that
of similar materials, the size of the high-strength finish roll-
ing pad commonly used in confining pressure loading
should also be large enough. Considering the convenience
of the experimental process, a high molecular polyethylene
backing plate is used. The physical figure is shown in
Figure 7.

(3) Nozzle System. In order to realize supersonic flow, the jet
velocity must be realized by the Laval nozzle. In this test, a
high-pressure rubber pipe and a high-pressure steel pipe
were installed at the outlet of the pressure regulating valve,
and the screw thread was processed at the end of the high-
pressure steel pipe to connect the Laval nozzle. The nozzle
specifications include 2Ma, 2.25Ma, 2.5Ma, 2.75Ma, 3Ma,

3.25Ma, and 3.5Ma. The inlet diameter of the nozzle is
7mm, and the rear diameter is 2mm. The outlet diameter
is different. The larger the Mach number, the larger the sec-
tion diameter of the corresponding nozzle outlet. The phys-
ical figure is shown in Figure 8.

3.2.2. Experimental Method and Sample Preparation. The
pressure regulating valve is adjusted to the required experi-
mental pressure, the impact target distance and the nozzle
specification of the nozzle are adjusted, the air outlet valve
is opened, and the high-pressure gas flows through the noz-
zle to form a high-pressure supersonic gas jet, causing ero-
sion damage to the sample. After the jet pressure is
significantly reduced, the valve is closed. After impact, a ver-
nier caliper is used to measure the depth and width of the
erosion pit. After the measurement, the first test is com-
pleted. Other different test blocks are replaced for repeated
tests.

In order to achieve good results in the jet impingement
experiment, raw coal is the best impact material. However,
due to the randomness of the development of the actual coal
joints and fissures, the mechanical structure is complex, and
it is very easily broken in the process of sampling and sample
preparation. It is difficult to obtain coal blocks with regular
or similar mechanical parameters, and the number of test
blocks required in the experiment is large. Therefore,
cement, gypsum, river sand, and other similar materials are
considered as a replacement for raw coal for processing.
According to the mechanical parameters of raw coal, the
proportion of raw materials is carried out to ensure that
the stress-strain, compressive strength, tensile strength, elas-
tic modulus, and Poisson’s ratio of similar materials are as

(i) P = 12MPa (j) St = 0:3MPa

(k) St = 0:4MPa (l) St = 0:5MPa

Figure 9: Shape of erosion pit formed by different jet parameters (Ma, H, P, St).
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close as possible to the raw coal, as shown in Table 4. The
size of the test block is 100mm × 100mm × 100mm for
experimental verification.

3.2.3. Verification. After the installation of the experimental
device, we carried out four groups of experiments under the
condition of changing the jet parameters. The following
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Figure 10: Theoretical and measured values of erosion pit size under different fracture parameters (Ma, H, P, St).

x
 (m

m
)

26

24

22

20

18
2.00 2.25 2.752.50 3.00 3.25 3.50

Ma

𝛥
h 

(m
m

)

0

15

30

45

60

(a)

10 20 30 30 50 60 70
H (mm)

10

15

20

25

30

x
 (m

m
)

𝛥
h 

(m
m

)

0

10

20

30

40

50

60

(b)

𝛥h
x

P (MPa)

x
 (m

m
)

120 28

24

20

16

12

8

100

80

60

40

20

0
2 4 6 8 10 12

𝛥
h 

(m
m

)

(c)

0.3 0.4 0.5
St (MPa)

0.6

16

12

8

4

x
 (m

m
)

𝛥
h 

(m
m

)

0

10

20

30

40

50

(d)

Figure 11: Variation of depth and radius of an erosion pit with different jet parameters (Ma, H, P, St).
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analyses include the influence of Mach number Ma (2, 2.25,
2.5, 2.75, 3, 3.25, 3.5Ma), target distance H (10, 20, 30, 40,
50, 60, and 70mm), jet pressure P (2, 4, 6, 8, 10, and
12MPa), and tensile strength St (0.3, 0.4, 0.5, and 0.6MPa)
on the coal-breaking ability of a gas jet. The size of the ero-
sion pit directly reflects the coal-breaking ability of each jet
parameter, so the radius and depth of the erosion pit are
taken as the comparison parameters. The sample after the
experiment is shown in Figure 9. After measuring the ero-
sion pit, the experimental value is compared with the theo-
retical value, and the results are shown in Figure 10.

As shown in Figure 10, the theoretical and measured
values under some parameters have roughly the same varia-
tion trend after ignoring the large error in the experimental
data. However, with the increase of Mach number and target
distance, the theoretical value of erosion pit depth decreases
gradually, while the measured value increases first and then
decreases. With the increase of jet pressure, the change in
the radius of an erosion pit is opposite to the Mach number
and target distance.

Differently from the monotonic variation of theoretical
values, there is a turning point in the variation of experi-
mental values under some parameters. Taking the varia-
tion under different target distances as an example, the
depth of the erosion pit increases with the increase of
the target distance and reaches the deepest depth when
the target distance is 30mm. The radius of the erosion
pit also remains almost unchanged after the target distance
is 30mm. Therefore, the optimal impinging distance is
30mm, rather than that the smaller distance would cause
a better impinging effect.

In order to determine these optimal values within the
paper’s research scope, experimental data under various jet
parameters are analyzed, and the results are shown in
Figure 11.

Under the condition of a constant nozzle Mach number
and impingement distance, the depth of an erosion pit formed
by high-pressure gas jet impact and the area of an erosion pit
both increases with the increase of nozzle inlet pressure. Con-
sidering the influence of the depth and radius of an erosion pit
comprehensively, certain rock breaking can be achieved under
the action of jet impingement. The impact pressure of a gas jet
should be increased continuously.

Under the condition of a constant nozzle inlet pressure
and nozzle Mach number, the depth of an erosion pit formed
by high-pressure gas jet impact first increases and then
decreases with the increase of target distance. Besides the large
area peeling data of test block surface with 10mm spacing, the
erosion pit area also shows the trend of first increasing and
then decreasing. It is considered that an optimum distance
of 30mm exists under the action of jet impingement.

Under the condition of a constant nozzle inlet pressure
and impingement distance, the depth of an erosion pit
formed by high-pressure jet impingement increases with
the increase of nozzle Mach number, and the erosion pit
area reaches the maximum when the nozzle Mach number
is 2.75Ma. Considering the influence of the depth and radius
of the erosion pit, the rock-breaking effect is better when the
nozzle size is 2.75Ma.

Under the condition of constant nozzle inlet pressure,
nozzle Mach number, and impingement distance, the depth
of an erosion pit formed by high-pressure gas jet impact and
the area of an erosion pit both decreases with the increase of
coal strength.

4. Discussion

Gas jet breaking coal and rock is a new type of pressure relief
and permeability increasing technology. By studying the
continuous action mechanism of a gas jet and the influence
law of different jet parameters on erosion and coal breaking,
the theory of gas jet impacting coal and rock breaking is
enriched and developed, and the selection of jet parameters
is optimized, which is of great significance for the applica-
tion of gas jet engineering. Although the mechanism and
law of coal breaking by gas jet impingement have been stud-
ied in this work, there are still some deficiencies which need
to be further studied and improved. (1) Limited by the influ-
ence of a high-pressure gas source, it is impossible to realize
a high-pressure and long-time jet impingement experiment.
In the selection of experimental factors, the influence of
impact time on the experimental results is ignored, and the
optimal value of jet parameters cannot be completely accu-
rately selected. (2) Because the raw coal sample is not easily
obtained and its demand is usually large, it is replaced by
similar materials in this work. The results show that the sim-
ilar materials do not have the joint structure of raw coal, and
the experimental results will have a certain degree of devia-
tion. Moreover, raw coal exists in the complex stress field,
which is not easily achieved in the laboratory conditions.
Therefore, the field test of a gas jet breaking coal and rock
is needed in our future research.

5. Conclusion

(1) The mathematical model of the full impinging pro-
cess of coal and rock fracturing by a supersonic gas
jet is established. In particular, the transport of
high-pressure gas in a pipeline is included in the
model. The relationship between the pressure at the
inlet and the pressure at the outlet of the pipeline is
obtained, and the remote supply of high-pressure
gas can be achieved. Moreover, the criteria for distin-
guishing the coal-fracturing ability of a gas jet and
the characteristics of an erosion pit are deduced,
and it is found that the shape of the erosion pit is
ellipse, which lays a foundation for further theoreti-
cal research and field process design

(2) Laboratory experiment results show that different
from the monotonic variation of theoretical values,
a turning point exists in the variation of experimen-
tal values under some parameters. Taking the varia-
tion under different target distances as an example,
the depth of the erosion pit increases with the
increase of the target distance and reaches the dee-
pest depth when the target distance is 30mm. The
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radius of the erosion pit also remains almost
unchanged after the target distance is 30mm

(3) Considering the influence of the depth and radius of
erosion pit comprehensively, certain rock-breaking
effects can be achieved under the action of jet impinge-
ment. The impact pressure of a gas jet should be
increased continuously. The rock-breaking effect is
better when the nozzle size is 2.75Ma

Nomenclature

g: Gravitational acceleration (m/s2)
u1: Speed at pipeline inlet (m/s)
u2: Speed at pipeline outlet (m/s)
p1: Pressure at pipeline inlet (Pa)
p2: Pressure at pipeline outlet (Pa)
hf : Resistance loss (J/kg)
ρ: Density (kg/m3)
v: Specific volume of gas (m3/kg)
L: Length of pipeline (m)
d: Diameter of pipeline (m)
Re: Reynolds number
λ: Friction coefficient
μ: Viscosity (Pa·s)
qm: Mass flow rate (kg/s)
A: Section area of pipeline (m2)
G: Mass flow rate (kg/s)
R: Gas constant, 287.06 J/(kg·K) for air
T : Thermodynamic temperature (K)
M: Molar mass (g/mol)
S: Any cross-sectional area of nozzle (m2)
Se: Nozzle throat area (m2)
Ma: Mach number
Mamax: Maximum Mach number
k: Adiabatic coefficient, 1.4 for air
P: Gas pressure (Pa)
P∗: Gas pressure under stagnation state (Pa)
ρ∗: Gas density at stagnation state (kg/m3)
T∗: Thermodynamic temperature of gas in stagnation

state (K)
a: Sound velocity (m/s)
b0: Radius at nozzle outlet (m)
H: Target distance: the distance from the nozzle outlet

to the plate (m)
θ: Jet angle (°)
U0: Initial velocity of a jet (m/s)
Pm: Jet axial pressure (Pa)
Ps: Pressure at stagnation point (Pa)
P∗
s : Pressure value at stagnation point at impact dis-

tance H (Pa)
Pw: Pressure at wall (Pa)
P∗
w: Critical failure pressure at the wall (Pa)

Um: Jet velocity (m/s)
υ: Poisson’s ratio
St : Tensile strength (Pa)
Kpw: Constant (0.13)
Um1: Maximum value of Um in x1 direction of any cross-

section (m/s)

bu: Radial length dimension of fluid cross-section
velocity of 1/2Um in a free jet section (m)

Umf : Axial velocity of jet (m/s)
bf : Radial length of jet (m)
x: Radius of erosion pit (m)
Δh : Depth of erosion pit (m).
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Drilling of large-diameter boreholes is regarded as an effective measure for rockburst prevention. By investigating the
morphological characteristic and evolution of plastic zone in borehole surrounding rock, the pressure-relief mechanism of
large-diameter borehole was ascertained, and the engineering application of large-diameter boreholes was assessed in the 13230
working face of Gengcun Coal Mine, Henan Province, China. The results showed that (1) the plastic zone in surrounding rock
of borehole appear as circular, elliptical, and butterfly shapes, in which the maximum size of the butterfly wings of the plastic
zone is several times larger than the borehole diameter; (2) under certain stress conditions, multiple large-diameter boreholes
distributed in coal seam with rockburst risk lead to the generation and coalescence of large-range butterfly-shape plastic zone.
They reduce the stress concentration and capacity for storing elastic energy of coal seam, thus reducing the rockburst risk of
the coal seam; (3) large-diameter boreholes significantly decrease the stress concentration in front of the 13230 working face
and improve the stress environment in the head entry, promoting the safe mining of the working face.

1. Introduction

Rockburst is one of the major engineering disasters caused
by the violent release of accumulated strain energy in deep
underground projects [1]. This phenomenon is often accom-
panied with the ejection of rock fragments, which would
directly threaten the safety of workers [2, 3].

In recent years, rockburst have become more serious
due to the increasing mining intensity and depth. For a
long time, rockburst prevention and control in coal mines,
as one of major research topics on prevention and control
of mine disasters, has attracted much interest among
scholars and engineering technologists. In early studies,
many scholars elaborated the causes of static and dynamic
failure of coal and rock mass from different perspectives
and formed many classical theories, such as energy theory,
strength theory, stiffness theory [4, 5], burst proneness theory

[6], instability theory [7], and “three factors” theory [8]. With
the introduction of interdisciplinary disciplines such as
mathematics and mechanics into this research field, burst
start-up theory [9], catastrophe theory, and chaos theory
have been formed [10, 11].

At present, the consensus is that the stress concentration
degree and accumulation capacity for elastic energy in coal
and rocks can be artificially lowered to prevent and control
the rockburst. The type of pressure-relief measures in coal
seams mainly include coal-seam water infusion, deep-hole
blasting, and pressure relief through large-diameter bore-
hole. Due to some unique advantages such as convenient
and fast construction and small disturbance, large diameter
pressure-relief borehole has been widely used in many mines
prone to rockburst in China as an effective and conventional
measure for rockburst prevention [12]. In engineering prac-
tice, large diameter pressure-relief borehole was investigated
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in Yuejin Coal Mine, and more than 3100 boreholes were
drilled along the haulage gateway in the coal body [13]. In
order to reduce the influence of geo-stress distribution on
safety mining near the fault areas, the large diameter bore-
hole large diameter method was used to conduct in situ
geo-stress measurements [14]. Therefore, investigation on
the pressure-relief mechanism of large-diameter boreholes
is of significance for further enriching the theory on rock-
burst prevention and control and promoting the safe and
efficient working of mines prone to rockburst.

In terms of pressure-relief and rockburst-prevention
mechanism and the effect evaluation of large-diameter
boreholes, many scholars have conducted effective studies
from different perspectives. Jia et al. [15] thought that the
fundamental reason why large-diameter boreholes show
the pressure-relief effect is that cracks around borehole
propagate and coalesce, releasing the concentrated stress
accumulating in coal seams; moreover, the pressure-relief
effect of boreholes is directly proportional to the borehole
diameter and depth while inversely proportional to the
borehole spacing. Jiao et al. [16] suggested that large-
diameter boreholes distributed in coal seams may decrease
the peak particle velocity in dynamic conditions velocity
and degree of stress concentration and its extent in the rock
surrounding a roadway subjected to dynamic loads and
increase the attenuation length of the elastic energy, thus
greatly decreasing the possibility of a rockburst in the road-
way. To reduce the rockburst risk in large coal pillars, Li
et al. [17] realized the passive transfer of the concentrated
stress in large coal pillars by distributing large-diameter
boreholes with reasonable depth and spacing. Xiao et al.
[18] found that the area subject to stress-concentration on
the floor is shifted to greater depth by distributing large-
diameter boreholes across the floor and increasing their
diameter. In this way, the range of the stress-drop zone is
expanded, and the rockburst risk in the roadway floor is
decreased. By further exploring the pressure-relief mecha-
nism afforded by boreholes through the similar simulation
tests, Qi et al. [19] found that the borehole diameter
delivers a significant size effect on the pressure-relief effect
and they provided a reasonable range of the borehole diam-
eters acceptable to provision of pressure relief. By analyzing
the pressure-relief effects of boreholes with different diame-
ters through numerical simulation, Li et al. [20] showed that
the borehole diameter is directly proportional to the
pressure-relief effect, which is weakened when the spacing
between boreholes for pressure relief exceeds some critical
value. Zhu et al. [21] proposed to assess the residual hazard
of pressure-relieved coal seams with rockburst hazard by
using an energy dissipation index and proposed a method
with which to quantify the parameters of large-diameter
boreholes. Wei [22] suggested that the growth of the borehole
diameter and depth can improve the pressure-relief effect of
coal seams prone to rockburst. Many scholars have explored
the failure mechanism of brittle hard rock drilling by means
of laboratory experiments and numerical simulation and dis-
cussed the influence of drilling size, rock strength, load, and
other parameters on the failure range of drilling [23–27].
However, the above research is only limited to sandstone or

marble with high strength and rarely involved in coal with
low strength drilling. The research results provide a basis
for the present study.

By taking the specific engineering and geological condi-
tions in Gengcun Coal Mine, Henan Province, China, as the
research background, the rockburst-prevention mechanism
of large-diameter boreholes was analyzed by studying the
morphological characteristics and evolution of plastic zone
in the borehole surrounding rock based on the butterfly-
shape plastic zone theory. In addition, an engineering case
study was performed.

2. Pressure-Relief Mechanism of Large-
Diameter Borehole

2.1. The Formation Mechanism and Morphological
Characteristic of Plastic Zone of Large-Diameter Borehole
Surrounding Rock. The construction of large-diameter bore-
holes in coal seam is similar to the layout of a small roadway
[28]. After excavating a roadway or drilling a borehole in
coal and rocks, the stress in the surrounding rock of the road-
way or borehole is redistributed, and plastic zone appear in
the shallow part of the surrounding rock. Therefore, it is
feasible to establish a mechanical model (Figure 1) for the
surrounding rock of borehole in a nonconstant stress field
by taking the zone with borehole with a radius of a (generally
being five times the borehole radius) as the separator. The
loads on the boundary of the model are determined as P1
and P3.

The equation for the boundary of the plastic zone in sur-
rounding rock of circular borehole in nonuniform stress field
conditions derived according to literature [29] is described as
follows:
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where C and φ separately refer to the cohesion and internal
friction angle of the borehole surrounding rock; r and θ sep-
arately represent the polar coordinates of the boundary of the
plastic zone in the borehole surrounding rock; a stands for
the radius of the borehole; and P1 and P3 denote the loads
on the boundary of the model.
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Therefore, the morphological characteristic and size of
the plastic zone in the borehole surrounding rock depends
on the stress field (that is, the bidirectional boundary load
ratio P1/P3) of the boreholes and on fixed mechanical prop-
erties (C and φ) of the surrounding rock.

The morphological characteristics of the plastic zone in
surrounding rock of the borehole were analyzed by numeri-
cal simulation method. A numerical calculation model
(Figure 2) with dimensions of 40m × 40m × 1m (length ×
width × thickness) was established, with the borehole diam-
eter being 153mm. The displacements around the model
in three directions (x, y, and z) were fixed and that in the
y -direction was fixed as for both the front and back bound-
aries. The immediate floor of the model exhibits consistent
mechanical parameters with the coal seam, and the loads
on the vertical and horizontal boundaries were separately
set to P1 and P3. The mechanical parameters of coal seam
and floor are shown in Table 1.

Under different stress conditions, the plastic zone mor-
phological characteristics of borehole surrounding rock are
obviously different (Figure 3). As shown in Figure 3, when
the bidirectional boundaries load ratio P1/P3 is 1, Figure 1
shows a mechanical model under bidirectional constant

stress field, and Equation (1) for the boundary of plastic zone
in borehole surrounding rock is the standard equation for
circle. In this case, the boundary of the plastic zone is circular
(Figure 3(a)). When P3 remains unchanged and P1/P3
increases to 1.7, the boundary in the horizontal direction
gradually broadens while that in the vertical direction
becomes narrower. The maximum and minimum radii of
the boundary of the plastic zone separately occur in the trans-
verse and longitudinal axes, and the boundary of the plastic
zone becomes ellipse-like in shape (Figure 3(b)). When P1/
P3 reaches 2.5, the profile of the plastic zone boundary is con-
cave at coordinate axes while protrudes in four quadrants,
thus appearing as a butterfly shape (Figure 3(c)). Moreover,
the maximum radius of the boundary of butterfly-shape plas-
tic zone occurs in the vicinity of the angular bisector of the
included angle between coordinate axes.

2.2. The Pressure-Relief Mechanism of Large-
Diameter Borehole

2.2.1. Evolution of Plastic Zone of Large-Diameter Borehole.
According to the literature [30], Figure 4 shows the morpho-
logical characteristics of the plastic zone around boreholes
with different distances to the 13230 working face in
Gengcun Coal Mine when the working face is advanced by
30m, and the borehole diameter is 153mm.

As shown in Figure 4, at different distances to the work-
ing face, both the maximum and minimum principal stresses
differ as do the morphological characteristics and range of

P3P3

P1

P1

Elastic zonePlastic zone

a

Figure 1: The mechanical model for the surrounding rock of
borehole in nonconstant stress field.

Borehole
Coal seam
Floor

Figure 2: The numerical calculation model of borehole.

Table 1: The mechanical parameters of coal seam and floor.

Lithology σc /MPa σt /MPa C /MPa φ /°

Coal seam and floor 26 1.3 3 25

σc: compressive strength; σt: tensile strength; C: cohesion; φ: friction angle.

(a) (b)

(c)

Figure 3: The plastic zone morphological characteristics of
borehole surrounding rock under different stress conditions.
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the plastic zone around the large-diameter boreholes. In the
range of 100m from the working face, the plastic zone of the
surrounding rock is elliptic and butterfly shape influenced
by mining stress, and the smaller the distance to the working
surface, the larger the size of plastic zone. At a position to
the working face not lower than 20m, the ratio of the max-
imum principal stress to the minimum principal stress is
about 1.9, and the plastic zone is distributed in an elliptical
shape, with the maximum radius occurring along the trans-
verse axis.

The plastic zone around four shoulder angles of a bore-
hole extend outwards at a position 10m from the working
face. With decreasing distance from the working face, the
ratio of the maximum principal stress to the minimum prin-
cipal stress gradually rises, and the boundary of the plastic
zone in vertical and horizontal directions varies (albeit only
slightly). The maximum size of the plastic zone gradually
extends to the deep part along the angular bisector of the
included angle between coordinate axes, and the plastic zone
gradually evolves into a butterfly shape. At positions 4m and
6m from the working face, the maximum sizes of the butter-
fly wings of plastic zone are 0.91m and 0.65m, which are
11.9 and 8.5 times of the borehole radius.

2.2.2. The Pressure-Relief Mechanism of Large-Diameter
Borehole. When constructing large-diameter boreholes in
coal seam with rockburst hazard, a certain range of plastic
zone is generated after coal around the boreholes is
subjected to mining stress. Under certain stress conditions,
the maximum radius of the plastic zone of a single borehole
can be several times larger than the borehole diameter. In
the case that large range plastic zones are generated and coa-
lesce around multiple large-diameter boreholes (Figure 5),
the elastic energy accumulated in the coal seam is slowly
released, and the peak stress reduced as well; thus, large
pressure-relief areas are formed, and the area of stress

concentration is shifted to greater depth in the coal seam.
Therefore, in terms of the prevention and control of rock-
burst, the large-diameter borehole mainly function in two
ways. One is relieving pressure, that is, the coalesced plastic
zone around boreholes can alleviate the stress concentration
and the rockburst hazard in coal seam. The other way is by
changing the mechanical properties of coal seam, that is,
the generation of plastic zone around boreholes weakens
the capacity of coal seam to store elastic energy, thus
decreasing the risk of rockburst [15, 31].

3. Engineering Application

3.1. Engineering Background. The Gengcun Coal Mine,
located in the middle part of Yima Coalfield, Henan Prov-
ince, China, is the main mine of Yima Coal Company,
Henan Energy and Chemical Industry Group Co., Ltd. In
the mine, the 2-3 coal seam with a dip angle of 9° to 13° is
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mainly mined, showing strong rockburst proneness. In
December 2015, a severe rockburst accident happened in
the head entry of the 13230 working face affected by the
mining stress. It caused different degrees of burst failure in
the roadway about 150m in front of the working face of
the head entry and led to casualties and economic loss.
The layout of the working face is shown in Figure 6.

Both the crosssection of the head entry and tail entry of
the 13230 working face appeared as a semicircular arch mea-

suring 6:2m × 4:15m (width × height). A coal pillar with the
width of 8m was set between the tail entry of the 13230
working face and the goaf of the adjacent 13210 working
face.

3.2. The Engineering Application of Large-Diameter
Boreholes for Pressure Relief. To reduce the risk of the burst
failure occurring again in roadways during the mining of the
13230 working face, large-diameter boreholes were drilled
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Figure 6: The layout of the working face of Gengcun Coal Mine.
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Figure 7: The layout of large-diameter boreholes drilled in tail entry. (a) The plan view of the large-diameter boreholes layout. (b) The
crosssection of the layout of large-diameter boreholes.
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Figure 8: The distribution of large-diameter boreholes drilled in the head entry. (a) The plan view of the large-diameter boreholes layout.
(b) The crosssection of the layout of large-diameter boreholes.
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from the lower side of the tail entry and upper and lower
sides of the head entry within the range of 300m ahead of
the working face (as shown in Figures 7 and 8). To alleviate
the stress concentration of the advanced abutment pressure
on the working face, the depths of the large-diameter bore-
holes drilled from the lower side of the tail entry and the
upper side of the head entry in the 13230 working face were
no less than 30m and that from the lower side of the head
entry were no less than 25m. In addition, the dip angle of
the large-diameter boreholes was adjusted (as appropriate)
to guarantee that the boreholes were always distributed
within coal, in which the dip angle of those boreholes drilled
from the upper side of the head entry was within 10° to 13°

and those from the lower side of the tail entry and the lower
side of the head entry were between 1° and 3°. Existing stud-
ies showed that the larger the borehole diameter, the better
the pressure-relief effect; moreover, large-diameter boreholes
were difficult to construct, resulting in a certain loss of
construction efficiency [32]; therefore, according to the
existing equipment and technical conditions, the diameter
of the large-diameter boreholes for pressure relief in the
13230 working face was determined as 153mm, and the
distance between the outlet of boreholes and the roadway
floor was not less than 1m. To ensure coalescence of plastic
zone around boreholes, the borehole spacing was set to 1m.

3.3. Analysis of the Pressure-Relief Effect of Large-
Diameter Boreholes

3.3.1. In Situ Monitoring. After the resumption of production
in the 13230 working face, multiple rockburst-prevention
measures (such as pressure relief with large-diameter bore-
hole and coal-seam water injection) were implemented in
Gengcun Coal Mine, and a monitoring and warning system
(involving microseismic (MS) event monitoring and drill-
cutting monitoring) was established.

Figure 9 shows MS event monitoring data from Decem-
ber 2017 to January 2018: the peak energy recorded reaches
105 J, and the maximum energy does not increase constantly

within 3 days. Through observation for two months, the
maximum energy within each month was found to be 7:5 ×
105 J and 5:7 × 105 J, respectively.

During the mining of the 13230 working face, the
advance length of the working face and the borehole depth
and maximum amount of drill-cuttings monitored on each
occasion (with a borehole diameter of 75mm) were recorded
according to the preset monitoring range and various
parameters such as the borehole depth and spacing.

The monitored results of the advance length of the work-
ing face and the maximum amount of drill-cuttings are
shown in Figure 10: the 13230 working face was excavated
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Figure 9: Curves of the energy and its frequency obtained based on MS monitoring. (a) MS monitoring data in December 2017. (b) MS
monitoring data in January 2018.
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Table 2: The critical mass of drill-cuttings to be monitored.

Borehole depth/m 4~7 7~10 10~13 13~16 16~20
Critical mass/kg 8 11 17 23 29
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for 36m in total during the monitoring period; the amounts
of drill-cuttings at different borehole depths were all lower
than the critical value, showing insignificant fluctuations
therein. The maximum amount of drilling cuttings was
12.37 kg, which corresponded to a borehole depth of 17m,
and it was much lower than the critical value (Table 2).
Additionally, no burst failure appeared in the two roadways
in the 13230 working face after resumption of production,
allowing safe production from the mine.

3.3.2. Numerical Simulation Analysis. Before and after dis-
tributing large-diameter boreholes in segments ahead of the
two roadways in the 13230 working face of Gengcun Coal
Mine, the pressure-relief effect of large-diameter boreholes
is compared in terms of the distribution of vertical stress in
coal seam by way of numerical simulation. At first, a large
numerical calculation model is established by FLAC3D; after-
wards, boreholes are excavated in the two roadways, and the
13210 and 13230 working face is mined in turn. Finally, the
vertical stress on the roof of coal seam is extracted. Boundary
conditions and other information about the numerical simu-
lation analysis can be obtained from the literature [30]. After
graphical postprocessing, the nephogram of the vertical
stress is plotted (Figure 11).

As shown in Figure 9, the concentrated areas of vertical
stress are found in front of the 13230 working face near
the goaf of the 13210 working face both before and after
distributing large-diameter boreholes in segments ahead of
the head entry and tail entry in the 13230 working face. After
large-diameter boreholes are drilled, the stress concentration
in segments ahead of the head entry decreases to a signifi-
cant extent. When large-diameter boreholes are not drilled
to relieve this pressure, by taking the 34MPa contour as an
example, the lengths of the contour along the dip the
13230 working face are about 120 (Figure 9(a)); after reliev-
ing pressure by constructing large-diameter boreholes, the
lengths of the same contour (34MPa) along the dip of the
13230 working face are 70 (Figure 9(b)). Through compari-
son, it can be found that the distribution of large-diameter
boreholes in two roadways can decrease the degree of stress
concentration in front of the working face, thus improving
the stress field around the head entry.

4. Discussion

As an effective measure for rockburst prevention, large-
diameter boreholes are widely used in coal seam with rock-
burst risk. Many scholars have studied the pressure-relief
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Figure 11: Distributions of vertical stress. (a) Without large-diameter boreholes. (b) With large-diameter boreholes.
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mechanism of large-diameter boreholes from different
angles. In this paper, based on the plastic zone morphology
of the surrounding rock of boreholes, it is considered that a
large range of butterfly-shaped plastic zone will be produced
and connected by several large-diameter boreholes in the coal
seam under the mining pressure, so as to reduce the stress
concentration degree of the coal seam and the capacity of
storing elastic energy. Combined with the research results
of existing literature, the research results of this paper will
further enrich the prevention theory of rockburst and pro-
mote the safe and efficient mining of rockburst mines. In
addition, there are still some limitations, such as butterfly
shape plastic zone is formed in a certain surrounding rock
and stress condition, and butterfly-shape plastic zone is
directional, only when the butterfly wing and coal seam
direction is consistent; the pressure relief effect of large-
diameter drilling is the best.

5. Conclusion

Through the systematic study on the pressure-relief mecha-
nism of large-diameter boreholes and the engineering appli-
cation, we mainly get the following conclusions.

(1) The plastic zone of borehole surrounding rock
appeared in three forms, i.e., circular, elliptical, and
butterfly shape. When the bidirectional boundaries
load ratio reached a certain value, the length of the
butterfly wings of a butterfly-shape plastic zone
could be several times greater than the borehole
diameter

(2) Under certain stress conditions, multiple large-
diameter boreholes drilled in coal seam with rock-
burst hazard induce the generation and coalescence
of large-range butterfly-shaped plastic zone; more-
over, they alleviate the stress concentration therein
and capacity for storing elastic energy of coal seam,
thus reducing the rockburst proneness of coal seam

(3) An engineering case study was analyzed based on the
performance of two roadways in the 13230 working
face of Gengcun Coal Mine. The results showed that
the use of large-diameter boreholes can significantly
decrease the degree of stress concentration in front
of the working face and improve the stress field in
the head entry, thus promoting the safe mining of
the working face
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Because of the existence of multiscale pores from nano- to macroscale, a multimechanistic shale gas flow process involving the
Darcy and Knudsen flows occurs during gas shale well depletion. The respective contribution of the Darcy and Knudsen flows
to the permeability is constantly changing with pressure evolution. In this study, laboratory measurements of shale
permeability with CO2 injections were carried out under hydrostatic conditions, using the transient pulse-decay method. The
“U”-shape permeability curve resulted in both positive and negative effective stress coefficients (Biot’s coefficient) χ. A
permeability turning point was thus created to partition permeability curves into the Darcy and Knudsen sections. The
Knudsen effect was proven to be significant at low pressure/late time in the laboratory. Effective stress and sorption-induced
deformation have been found to govern the Darcy permeability evolution under the tested experimental conditions. Thus,
negative effective stress coefficients, together with the positive ones, should be applied to a nonmonotonic pressure-
permeability evolution to explain the concurrent effect of the Darcy flow and Knudsen flow at different pore pressures.

1. Introduction

Gas shale reservoirs have played an important role in natural
gas world supply. Hydraulic fracturing stimulation is an
effective method to create fracture networks that can connect
shale formations to horizontal boreholes [1]. However, low
matrix permeability retards gas migration from the tight
matrix into the fracture networks. Pore diameters of the shale
matrix can be smaller than 2nm, which is significantly
smaller than average pore size in conventional sandstone
and carbonate reservoirs [2–5]. The shale matrix, which
includes organic matter and clay minerals, serves as the
storehouse for gas but limits gas transport due to its low per-
meability and low diffusivity. The tight structure can involve

a variety of flow dynamics processes, making the evaluation
of gas migration behaviors intricate and challenging.

Gas transport in shales contains Darcy flow and Knud-
sen flow [6, 7] and the shrinkage/swelling response of
organic components of shale due to gas desorption/adsorp-
tion [8–10]. The extremely tight structure of a shale core
sample without apparent fractures can limit the gas trans-
mission flux under high effective stress conditions during
shale permeability laboratory tests. Since permeability test-
ing time scales with the square of diffusion length, shorter
shale core samples were used for permeability measurement
which practically made laboratory testing feasible and time
effective. In addition, permeability values obtained using
classic Darcy’s law may not be valid if non-Darcian flow is
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taking place [11]. Nanopore and micropore gas flow along
with sorption effect needs to be separately characterized
and integrated to account for the multimechanistic shale
gas flow process [12]. In the above laboratory and modeling
researches, they have massively discussed gas flow mecha-
nisms in shale with different stress conditions under various
pore scales. However, there is no certain conclusion either
on how to reflect those flow types in a gas permeability test
or on giving a comprehensive physical understanding to
the effective stress in a shale gas flow process. In an actual
shale gas flow process, due to the extremely small pore size
and/or volume in shale formations and the complex matrix
shrinkage/swelling effect, conventional Darcy flow and diffu-
sion models cannot, on their own, describe gas flow trans-
port in shale formations [6]. A multimechanical method
includes the analysis and breakdown of the Darcy viscous
flow, and the Knudsen flow is thus needed.

In this study, two cut and polished shale samples were
used to conduct permeability tests using the pulse-decay
method. The Darcy flow and Knudsen flow were separately
analyzed to determine their respective contributions to total
gas transport. Other important effects—such as effective
stress and sorption-induced deformation, which have been
frequently reported in unconventional rock studies—were
considered to influence gas transport properties. Gas flow
mechanisms and effective stress law were fully considered,
and their physical meaning was discussed in a laboratory
scale through data analysis.

2. Background

2.1. Shale Gas Flow Regimes. During shale gas reservoir pro-
duction, the Darcy flow permeability is still a prevailing term
used to quantify gas deliverability through shale fractures
and matrices. However, the Knudsen diffusion is just as
important as Darcy’s convective flow in unconventional
gas production prediction. Figure 1 shows multiple flow
mechanisms during gas shale reservoir depletion according
to some existing flow partitioning criteria [13, 14]. The aver-
age monthly production for 15 wells in the Eagleford Shale
formation shows that peak production occurred late in the
second month after the fracturing treatment. This was
followed by a rapid decline until the 20th month; then, there
was a production plateau at a relatively low production rate.
Early in production, fracture (Darcy) flow dominated since
free gas molecules were flowing through hydraulic fractures
(large-diameter flow channels) and occupying the flow path,
driven by pressure gradient. Production reached its peak
very quickly due to fracture flow. Following peak produc-
tion, rapid decline occurred due to quick depletion of com-
pressive fracture gas storage.

However, desorption could be involved during the pres-
sure decline stage; only a negligible amount of matrix gas
contributed to production because of the slow diffusion pro-
cess [16–18]. Generally, the Knudsen diffusion flow at this
stage does not dominate total gas production compared to
the free gas flowing through the fractures. Gas transport
mechanism moves from continuum flow to a transition zone
between the Darcy flow and Knudsen diffusion. This transi-

tion zone includes slip flow (0:001 < Kn < 0:1) and transition
flow (0:1 < Kn < 1), where neither continuum flow nor free
molecular flow is valid [16]. Gas flow in this zone can be
considered a combination of the Darcy flow and Knudsen
diffusion. After the fractures are depleted, a late-time asymp-
totic flow takes place, when reservoir fracture pressure
becomes very low. At this stage, although fracture perme-
ability is sufficient, gas influx from the matrix towards the
fractures will take over the role of fracture permeability to
control the well production. This mass influx from the
matrix towards the fracture is a multimechanistic micro/na-
noscale transport. Methane molecules first desorb from the
internal surfaces of the matrix within the nanopore system
due to fluid pressure driving force and become free gas
[19, 20]. During the desorption process, the distance
between the shale gas surface molecule layer and the adja-
cent molecules decreases, and the effective surface energy
on the shale kerogen surface increases [21]. As a result, ker-
ogen shrinkage also occurs in the shale matrix and enhances
the nanopore flow path for gas molecules (Figure 2). Because
of the wide range of pore sizes within the shale matrix, a
combination of multiple flow regimes can be expected. Most
gas molecules migrate through the nanopores by means of
the Knudsen diffusion flow. The diffusion-dominated flow
can remain operational for decades, contributing to the late
production flat tail. Gas flow permeability evolution at the
late-time production stage is critical and significantly influ-
ences the production behaviors [18]. In short, shale gas
transport during production includes different flow regimes
(Darcy, slip flow, transition flow, and Knudsen diffusion
with gas desorption) at every stage, but their respective con-
tributions to the total production change with decreasing
pore pressure as the depletion continues.

The breakdown of different flow regimes, such as the
Darcy flow, slip flow, and transition flow, can be classified
and distinguished by the Knudsen number (Kn), which is a
function of pore size and pore pressure [22, 23]:

Kn =
λ

2r
, ð1Þ

where λ is the gas mean free path, defined in Nomenclature
and Greek Symbols:

λ =
kBTffiffiffi
2

p
πdm

2P
: ð2Þ

The relationship between Kn, pore size, and pressure for
CO2 is also plotted in Figure 3, over the experimental pres-
sure range used for the subsequent laboratory study. The
temperature was at 296K (room temperature). For Marcel-
lus Shale reservoirs, the pore diameter is expressed in nano-
meters and micrometers [24]. Within the pore size range
given in Figure 3, gas flow in the shale matrix lies mostly
within the transition flow and slip flow region. It can poten-
tially involve the Darcy flow regime if the pressure is suffi-
ciently large or include the Knudsen diffusion when this
pressure is low. In order to assess these flow mechanisms,
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the permeability measurements in this work were all con-
ducted at relatively low pore pressures (<10MPa) to
ensure that 2~3 flow regimes can be covered. Since transi-
tion flow and slip flow can be modeled as a weighted com-
bination of the pure Poiseuille flow (Darcy) and Knudsen
flow [13, 25], coupled flow regimes were applied to describe
gas flow and permeability evolution for gas flow in the shale
matrix.

2.2. Permeability Measurement. Brace et al. first introduced
the pulse-decay technique as a transient method derived
from Darcy’s law and used to measure permeability by
applying a pressure difference between two sides of a core
sample [26]. Hsieh et al. derived more restrictive analytical
solutions of the differential equation, describing decay
curves from permeability measurement with compressive
storage effect [27]. The exact solution of the differential

equation for dimensionless pressure difference and dimen-
sionless time was improved and shown as [28]

ΔpD = 2〠
∞

n=1

a b2 + θ2n
� �

− −1ð Þnb
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 + θ2n
� �

b2 + θ2n
� �q

θ2n θ2n + a + a2 + b + b2
� �

+ ab a + b + abð Þ
× e −θ2ntdð Þ,

ð3Þ

where a and b are the ratio of the sample’s storage capacity
to that of the upstream reservoir and downstream reservoir
and θn is the nth root of the following equation:

tan θ =
a + bð Þθ
θ2 − ab

, ð4Þ

where a =Vp/Vu and b = Vp/Vd .
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Figure 1: Average monthly gas production of 15 production wells in the Eagleford Shale Group with flow regime breakdown from large-
scale Darcy/continuum flow to Knudsen diffusion/molecular flow, from [15].
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To simplify the above method, Jones introduced a factor
f as follows [29]:

f =
θ2

a + b
: ð5Þ

The pulse-decay equation can be described as

Pu tð Þ − Pd tð Þ = Pu t0ð Þ − Pd t0ð Þð Þe−αt , ð6Þ

α =
f kA
μcgL

 !
1
Vu

+
1
Vd

� �
: ð7Þ

Laboratory estimation of shale permeability for uncon-
ventional reservoir rocks conducted under hydrostatic con-
ditions with an adsorption effect was reported by Cui et al.
An effective adsorption porosity term was introduced to
account for the contribution of gas molecule adsorption.
The Langmuir model was used to quantify gas adsorption
volume as a function of pressure [30] and mathematically
described as follows:

Va =
VLP
PL + P

: ð8Þ

So, the sample storage capacity ratio in Cui et al.’s
approach becomes

a =
Vp 1 + ϕa/ϕð Þð Þ

Vu
,

b =
Vp 1 + ϕa/ϕð Þð Þ

Vd
,

ð9Þ

where ϕa = ρsð1 − ϕÞPLVa/ρVstdCgðPL + PÞ2. Recently,
Wang et al. pointed out that Cui et al.’s method highlighted
the contribution of the sorption effect in permeability calcu-
lation, demonstrating how the gas sorption effect can help to

predict gas permeability [31]. Since our study involved han-
dling organic-rich shale samples, the pulse-decay permeabil-
ity calculation method proposed by Cui et al. was chosen to
estimate apparent permeability for sorbing gas.

2.3. Effective Stress. To quantify the influence of effective
stress on gas permeability, confining and pore pressures
should be carefully related to rock and gas properties in
pulse-decay tests. Terzaghi effective stress (or simple effec-
tive stress), as a function of confining and pore pressure
according to Terzaghi’s principle, is defined as [32]

σTer = Pc − P: ð10Þ

However, for permeability tests, the effective stress law
with an appropriate coefficient has been used instead of Ter-
zaghi’s principle [14, 33, 34]:

σe = Pc − χP: ð11Þ

To experimentally calculate the effective stress coefficient
χ, the ratio of the slope method was presented by Kwon
et al.:

χ = −
∂ log k/∂pð Þ
∂ log k/∂pcð Þ : ð12Þ
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Figure 3: Kn changing with pressure and pore diameter for CO2 at 296K. Mostly, the flow is lying in the transition flow and slip flow region.

Figure 4: Photograph of a slice of the Marcellus Shale drilled core
sample cut into a disk with 5.39mm in thickness and 25.4mm in
diameter.
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The effective stress coefficient represents the sensitivity
of permeability to the changes in confining and pore
pressures.

3. Experimental Methods

3.1. Sample Procurement and Preparation. With tight struc-
ture, equilibrium time for pressure pulse-decay is extremely
long for long core samples. This long equilibrium time
reduces the efficiency of lab testing, and no pressure drop
was observed under very high stress conditions after a few
hours of pulse injection. Therefore, shale disks were prefera-
ble for permeability measurements; they can significantly
shorten equilibrium time and are commonly used for shale
permeability measurements [14]. Thus, in this study, Mar-
cellus Shale drilled cores were prepared as thin disks for
the gas apparent permeability tests. The prepared thin disks
ranged in thickness from 3 to 6mm and were 25.4mm in
diameter. All trimmed surfaces were polished to enable
proper placement in the triaxial cell. Two well-prepared
shale samples of different thickness are used in this work,
and one of them is shown in Figure 4. Each disk sample
has been weighed and placed in an oven for the first 24
hours at 150°C to remove the moisture. The second weighing
was conducted before they were put into the oven again. We
repeated this procedure until the sample weights remain sta-
ble. After the shale sample disks were dried in the oven, they
were weighed in a dry and clean plastic sample bag in a lab-
use alloy box for 3 hours before testing.

3.2. Experimental Stress Boundary Conditions. Hydrostatic
conditions were applied in this series of shale permeability
measurements, in which axial stress was equal to confining
pressure ðpcÞ at a constant value throughout the duration
of each experiment. Hydraulic stresses were regulated with
computer-controlled syringe pumps using software devel-
oped in the LabView environment.

3.3. Experimental Setup and Procedure. The measurements
presented in this study are recovered from a standard triaxial
apparatus arranged for flow-through or pulse permeability

testing as shown in Figure 5. The apparent permeabilities
of two Marcellus Shale samples of different thickness were
measured under hydrostatic pressure. Using carbon dioxide
as the test gas, the permeability of sorbing gas (CO2) was
compared by using a high-pressure pump for confining
pressure loading and gas pressurization. The experiment
process is as follows: (1) apply a certain confining pressure
to the sample chamber, and vacuum the fluid pipeline and
sample at the same time. (2) In the upstream of the system
to the part of valve 1, inject a certain pressure of the test
gas, the sample, and the downstream part of the original
state. (3) After the injection pressure is stabilized, open valve
1, drive the gas pulse through the shale sample by the pres-
sure difference between the upstream and downstream, read
the pressure data after the overall pressure balance of the
system, and close valve 1. (4) Repeat steps (1) to (3) until
all planned pressure levels are tested.

The balancing time lasts for 30 minutes to ensure that
the balancing process is complete. In the experiment, four
groups of complete cycle permeability tests were carried
out on samples of 5.39mm and 3.71mm with CO2 under
hydrostatic pressure of 11 and 21MPa, respectively. Each
group of tests was repeated once, and a total of 16 groups
of tests were carried out. Finally, based on multiple groups
of pressure data obtained in the experiment, equations (6)
and (7) were used to calculate sample permeability. An
entire CO2 injection cycle on the 5.39mm sample at
11MPa is displayed in Figure 6.

4. Results

The measured permeability results of CO2 for two disk sam-
ples (two cycles each) are shown in Figure 7. According to
Figure 7, the repeatability of the permeability measurements
is good. Also, the permeability data for the two samples are
extremely close to each other, with very similar trends. In
our experiments, the structures of the shale sample matrix
were not damaged due to the application of a high confining
and/or pore pressure. Our measured permeability values are
relatively high among some reported shale permeabilities
[35], due to the microfractures present in the shale disk

V2
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V4

Pressure
transducers

Downstream
reservoir

Upstream
reservoir

Gas cylinder

Triaxial cell
Sample

Steel packers

Syringe pumps

Porous disksRubber jacket

Loading caps

Gas flow
direction

Figure 5: Schematic view of the pulse-decay experimental setup for the permeability evolution test. V1 is the valve controlling inlet gas flow
from upstream, V2 is the valve controlling outlet gas flow to downstream, and V3/V4 is the valve controlling the confining/axial pressure
applied on the sample.
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samples. These permeability measurements are still reason-
able because Gensterblum reported a collection of permeabil-
ity data for an organic shale sample case, with permeability
ranging from 1E − 15m2 to 3E − 19m2 with a porosity of
2-8%. And the measured porosity of our Marcellus drilled
samples ranges from 2% to 5.1%, obtained using the Small-
Angle Neutron Scattering (SANS) technique, with a perme-
ability range of 1.5 to 7E − 16m2. Based on the two sample
observations in this study, the consistency of data between
samples different in length indicates that the matrix struc-
tures for the sample collected from the same source can be

very similar. Consistent and accurate results help us justify
the utility of collected experimental data and consolidate
any hypotheses and conclusions based on them.

4.1. Permeability Evolution with Pore Pressure. For both
samples, shale permeabilities showed similar evolution pat-
terns. All the permeability values initially declined when
pore pressure ranges from 0.35 to 4MPa, then started to
make a slight or sharp turn, and increased with the decrease
in the Terzaghi stress, since the Terzaghi stress is negatively
and linearly associated with pore pressure. At low pore
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Figure 6: Pulse-decay pressure responses for the CO2 injection test with the confining (hydrostatic) pressure at 11MPa.
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pressure, processed by using Cui et al.’s method.

6 Geofluids



pressure, nano-/microscale transport, such as the Knudsen
diffusion, dominates and has a decreasing contribution with
increasing average pore pressure. With decreasing Terzaghi
stress, shale gas permeability still has a decreasing tendency
in the pore pressure range 4 to 14MPa. This is because the
nano- and micropores and the low gas pressure limit the
contribution of the Darcy flow.

4.2. Permeability Evolution with Effective Stress. In order to
further study and address the impact of effective stress on
shale permeability, confining pressures (pc) and pore pres-
sures (p) were linearly plotted with the logarithm of
apparent permeability (k) to determine the effective stress
coefficient (χ) and the effective stress (σe). The result of
permeability versus confining pressures at constant pore
pressures for the 3.71mm shale sample is shown in
Figure 8(a). Almost the same slopes were obtained from
two pore pressure points, which led to Δ log k/Δpc equal to
-0.0112 when pore pressure is 0.4MPa and -0.0103 when
pore pressure is 6.5MPa. The negative values indicate that

apparent permeabilities decrease with the increase in confin-
ing pressure [14, 34].

Then, we plotted ∂ log k/∂p values when pc is equal to
11MPa and 21MPa for the 3.71mm sample, respectively,
breaking down the pressure at ~4MPa into two divisions.
In Figure 8(b), we can clearly observe that the slopes for
log k versus p are always positive at high pore pressure divi-
sion (>4MPa) and negative at low pressure division
(<4MPa). These unexpected slopes resulted from the change
of the controlling flow regime during pressure depletion.
The Knudsen diffusion and slip are more important because
the ratio of the mean free path to the pore throat is larger.
This is due to lower pressure and narrowing of pore throats
(flow paths).

On the other hand, Kwon et al. and Heller et al. obtained
only one positive slope when plotting log k versus p. They
may have assumed χ as one property for identical rock sam-
ples and only vary with the distribution of quartz and clay
minerals. This means that the number of effective stress
coefficients obtained depends on the monotony of the
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Figure 8: (a) CO2 permeability data of a 3.71mm shale disk linearized by plotting a logarithm of permeability versus confining pressures at
constant pore pressures to determine the sensitivity of confining pressure to permeability. (b) CO2 permeability data of a 3.71mm shale disk
linearized by plotting a logarithm of permeability versus p at constant confining pressures to determine the sensitivity of pore pressure to
permeability. The slopes are positive when pressures are above ~4MPa and negative when below ~4MPa.
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permeability data profile, and it may not be valid to apply a
unique χ value to evaluate the relationship between perme-
ability and effective stress.

Using equation (12), we calculated the effective stress
coefficients for each individual ∂ log k/∂p. Corresponding
to the ∂ log k/∂p values, χ became negative at low pressure
(<4MPa) and positive at high pressure (>4MPa). According
to equation (12), we will obtain a positive χ when ∂ log k/∂p
is positive and vice versa. Within both low and high pressure
sections, permeability decreases with the raise of effective
stress based on effective stress law, which is consistent with
previous results presented by Kwon et al. and Heller et al.
In this study, we applied both positive and negative effective
stress coefficients based on “U”-shape permeability evolution
trends at varying pressure levels. These two different χ
approaches will allow us to account for the non-Darcian flow
components using the traditional effective stress concept.

5. Discussion

5.1. Impact of Flow Mechanisms on Permeability. Our per-
meability measurements were conducted at a relatively low
pressure (<10MPa), in order to address the diffusion and
transition flow effect. Permeability values can reach an
extremely high peak due to opening of the transport pore
space resulting from confining pressure reduction. So, at
the early stage of gas shale well production, low confining
pressure (due to high initial reservoir pressure) and highly
opened fractures significantly promote the Darcy flow sug-
gested by high apparent permeability. The Darcy flow plays
a more important role at this circumstance while the Knud-
sen flow always happens simultaneously, according to
Figure 1. At the late stage, low pore pressure combined with

narrow flow paths not only increases the Knudsen number
but also increases the contribution of Knudsen flow compo-
nents [36]. This is one of the main reasons for researchers
to integrate multiple flow influxes into an apparent perme-
ability model framework to describe the pore pressure-
dependent gas transport property in the shale matrix.

We know that in CO2 capture in coal seams, carbon
dioxide acts as a “plasticizer” for coal, lowering the temper-
ature required to cause the transition from a brittle structure
to a plastic structure after CO2 is adsorbed by the coal matrix
[37]. Permeability can be thus affected by the sequent
changes of shale structure due to high stress and matrix
swelling/shrinkage. In the shale layer, kerogen softening
was observed quite significantly with CO2 injection (super-
critical CO2 in many cases) employed as an enhanced recov-
ery process [38]. So, our measured permeability data
increase with CO2 injection at higher pressure can be
explained, since this enhancement was found when p > 6:9
MPa at 295K when CO2 has encountered phase chan-
ge—CO2 transforms from gaseous condition to supercritical
condition. Supercritical CO2 can result in the decrease in its
maximum adsorption amount compared to gaseous condi-
tion [39]. With less adsorption, the shale matrix tends to
shrink and permeability will thus increase. This observation
proves that gas adsorption behavior and sorption-induced
matrix deformation in the shale matrix are very critical in
describing shale gas apparent permeability evolution. In
practice, the matrix swelling strain associated with gas
adsorption tends to close the cleat aperture and thus
decrease permeability [40]. With the increasing upstream
pressure from a very low level, a reduction in permeability
can be seen until the Darcian flow starts to take control,
and permeability increases again with the gradual loss of
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Figure 9: Permeability evolution curve evaluated by bivalued effective stress coefficients for the 3.71mm shale disk sample.
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effective stress. In conclusion, both sorption-induced defor-
mation and diverse flow behavior between gases explain
the CO2 permeability trends. We need to couple the influ-
ence of sorption-induced rock deformation and the change
of flow regimes to account for shale gas production.

5.2. Effective Stress Coefficient. When pressure is larger than
4MPa, the effective stress coefficient was found to be posi-
tive and less than unity, indicating that the shale sample is
experimentally more sensitive to changes in confining pres-
sure than changes in pressure. This may result from very low
clay content in the rock sample [34]. On the other hand, the
absolute value of χ is larger than unity at low pressure
(<4MPa), meaning that permeability is more sensitive to
pore pressure change. The difference in χ values and monot-
ony of permeability indicate that the “check”-shape or “U”-
shape permeability trends can be explained by certain phys-
ical theories rather than by random occurrence, as shown in
Figure 9. 4MPa was found to be a good reference pore pres-
sure for permeability turning point in most of our data.
Although this number may not be a guaranteed value for
other samples or other conditions, this phenomenon has
been captured a lot in theory and practice. The relationship
between effective stress and gas apparent permeability con-
tains critical information, not only about tectonic stress
change and geological deformation but also about the pore
pressure response that reflects how multiple flow regimes
influence permeability evolution at varying pressure condi-
tions. All these findings from shale permeability data and
effective stresses lead to the conclusion that it is critical to
consider the concurrent effect of both geomechanical defor-
mation and macro/microflows.

6. Conclusions

A laboratory study has been conducted to investigate the gas
transport in thin shale disk samples through CO2 injections.
The influence of effective stress and sorption-induced matrix
swelling/shrinkage on permeability was investigated. The
following conclusions are made and summarized:

(1) The non-Darcy flow effect, basically the Knudsen
flow and transition flow, has significant influence
on shale gas behavior and overall gas deliverability
at low reservoir pressure and in the late production
stage

(2) The relationship between permeability and pore
pressure results in both positive and negative slopes
when plotted. The negative slope indicates that the
Knudsen flow effect has more significant enhance-
ment on permeability than the reduction from
increasing effective stress. Thus, bivalued effective
stress coefficients (positive and negative) should be
applied to a nonmonotonic pressure-permeability
evolution profile

(3) For “U”-shape permeability evolution, the effective
stress coefficient can be estimated by partitioning
permeability into two regions at the turning point.

This bivalued effective stress coefficient approach
can use the effective stress law concept to explain
and model the Knudsen flow at the low-pressure
region. In the study, it was found that 4MPa is the
turning point, and we obtained bivalued coefficients
that modeled experimental data well

Nomenclature

A: Cross-sectional area of the sample (m2)
a: Ratio of the sample’s storage capacity to that of the

upstream reservoir (dimensionless)
b: Ratio of the sample’s storage capacity to that of the

downstream reservoir (dimensionless)
Cg: Gas compressibility (Pa-1)
dm: Molecular diameter (m)
f : Mass flow correction factor (dimensionless)
L: Sample length (m)
k: Gas apparent permeability (m2)
kB: Boltzmann constant (1:3805 × 10−23 J/K)
P: Pore pressure (Pa)
Pc: Confining pressure (Pa)
PdðtÞ: Pressure of downstream at time t (Pa)
Pdðt0Þ: Initial pressure of downstream (Pa)
PL: Langmuir pressure (Pa)
PuðtÞ: Pressure of upstream at time t (Pa)
Puðt0Þ: Initial pressure of upstream (Pa)
r: Pore radius (m)
T : Temperature (K)
Va: Gas adsorbed volume (cm3·g-1)
Vd : Downstream reservoir volume (m3)
VL: Langmuir volume (cm3·g-1)
Vp: Effective total sample pore volume (m3)
V std: Mole volume of gas at standard temperature

(273.15K) and pressure (101 325Pa)
(22:413 × 10−3 m3 · mol−1)

Vu: Upstream reservoir volume (m3).

Greek Symbols

α: Slope of the line when plotting the pressure decay Pu
ðtÞ − PdðtÞ against time on a semilog plot
(dimensionless)

ΔpD: Dimensionless pressure difference (dimensionless)
θn: The nth root of the transcendental equation

(tan θ = ða + bÞθ/ðθ2 − abÞ) (dimensionless)
λ: Gas mean free path (m)
μ: Gas viscosity (Pa·s)
ρ: Gas density (kg/m3)
ρs: Density of the solid adsorbent (kg/m3)
σe: Effective stress (Pa)
σTer: Terzaghi effective stress (Pa)
ϕ: Matrix porosity (dimensionless)
χ: Effective stress coefficient (dimensionless).
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Dust is one of the main pollutants in coal mines, which seriously affects the physical and mental health of workers, as well as the
safe production in underground mines. Dual-radial swirl shielding ventilation is a new ventilation method for a fully mechanized
excavation face and can effectively reduce the dust concentration in the underground. The dust control effect of dual-radial swirl
shielding ventilation is mainly affected by the thickness and integrity of the shielding air curtain, as well as the disturbance of the
flow field near the air curtain. By changing the blowing and suction air volume ratio of the air duct, the strength of the radial air
curtain can be improved, and the dust control effect of the dual-radial swirl shielding ventilation system can be effectively
improved. In order to determine the optimal operating parameters of the dual-radial swirl shielding ventilation system, a
numerical simulation method was used to conduct an in-depth study on the blowing and suction air volume ratio of the
system. The results showed that when the blowing and suction air volume ratio of the air duct was 1.5, the radial air curtain
had the highest strength. Under this condition, the dust concentration at the driver’s position of the roadheader was the
lowest, and the dual-radial swirl shielding ventilation system can achieve an ideal dust control effect.

1. Introduction

Coal resources are an important energy mineral resource.
China’s total coal consumption accounts for about 60% of
the country’s total energy consumption [1, 2]. With the
increasing level of intelligence, mechanization, and automa-
tion of mines, potential hazards such as gas, coal dust, and
fires have increased, especially dust pollution of mines, which
seriously affects the safety of enterprises and the occupational
health of workers [3–5]. In 2019, China reported 19,428 new
cases of various occupational diseases, of which 15,898 were
occupational pneumoconiosis, accounting for 81.8% of the
new cases of various occupational diseases [6–8]. The direct
economic loss caused by pneumoconiosis in China is more
than 8 billion RMB per year, and the indirect loss is even

more difficult to calculate. There is still a lot of room for
improvement in the development of dust control theory
and technology [9, 10].

The fullymechanized excavation face has themost serious
dust hazard in underground coal mines [11–13]. At present,
the fully mechanized excavation face mainly uses coal seam
water injection, spraying, and ventilation to reduce the dust
concentration. Due to the characteristics of large dust produc-
tion and small dust particle size in the fully mechanized exca-
vation face, compared with other dust removal technologies,
ventilation and dust control are the most convenient and effi-
cient technology to reduce the concentration of dust in the
fully mechanized excavation face without affecting the work-
ing environment in the roadway [14–16]. The ventilation
and dust control technology of the fully mechanized
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excavation face are to control the dust within a certain area
around the fully mechanized excavation face by regulating
the airflow field and to prevent the spread of dust from the
excavation face [17, 18]. Currently, coal mines in China and
other countries mainly adopt long-pressure and short-
extraction ventilation to dilute the excavated dust and suck
the dust-containing airflow into the dust collector for purifi-
cation [19, 20]. However, since the use of circulating air is pro-
hibited, the traditional long-pressure and short-exhaust
ventilation requires the air supply volume to be greater than
the suction air volume, so the dust-containing gas at the
tunneling end cannot be exhausted by the suction tube. As a
result, the dust is widespread in the roadway under the action
of the air supply flow [21–24]. In order to prevent the large-
scale spread of dust in the roadway, former West Germany
first developed a wall-attached air duct. A wall-attached duct
is a duct with an air outlet on the side of the air supply duct
to improve the distribution of the airflow field in the fully
mechanized excavation face. The airflow from the side air
outlet forms a shielding air curtain on the roadway to pre-
vent the spread of dust and improve the dust-catching effect
of the air inlet. The wall-attached air duct can greatly
improve the working environment of the fully mechanized
excavation face, prevent gas accumulation on the top of the
roadway, and ensure the safe production of the mine [25,
26]. However, the radial air curtain produced by the wall-
attached air duct has a relatively weak rotation ability, and
it is very easy to form a hollow air curtain due to the serious
impact of the roadway environment. As a result, the dust-
blocking ability is insufficient [27, 28].

In order to solve the problems of high dust concentra-
tion and turbulent air organization in the fully mechanized
excavation face, the wall-attached swirl ventilation system
was improved to form a new type of ventilation system for
the fully mechanized excavation face, i.e., the dual-radial
swirl shielding ventilation system. In this study, by taking
the fully mechanized excavation face of a coal mine in north-
ern China as the research object, a new dual-radial swirl
shielding ventilation system for the fully mechanized face
was designed. A simulated tunnel model was built to scale,
and the airflow field structure and dust movement rules in
the roadway under the dual-radial swirl shielding ventilation
system were studied using Fluent software, especially the
dust concentration in the working area of the roadheader
driver. The validity of the numerical simulation was verified
through a custom-built roadway model experiment plat-
form. Finally, numerical simulations were used to study the
dust control effect of the dual-radial swirl shielding ventila-
tion system under different air duct blowing and suction
volume ratios, and the working condition parameters for
the best dust control were obtained.

2. Principle of Dual-Radial Swirl Shielding
Ventilation and Dust Control

Dual-radial swirl shielding ventilation is a new ventilation
method for a fully mechanized excavation face. Its working
principle is somewhat similar to that of wall swirling ventila-
tion; that is, a radial air curtain is formed on the section of

the roadway to block the spread of dust. Compared with
the radial air curtain formed by the wall swirling ventilation,
the radial air curtain formed by the dual-radial swirl shield-
ing ventilation has a higher strength. It is because in the
dual-radial swirl shielding ventilation, the formed rotating
air curtain on the fully mechanized excavation face is pro-
duced by an arc-shaped wind deflector. Compared with the
rotating air curtain produced by the attachment of the road-
way, the shielding air curtain formed by the dual-radial swirl
shielding ventilation system has a larger radial wind speed,
evener distribution, and a larger thickness. Therefore, the
dual-radial swirl ventilation has a better effect in preventing
the spread of dust.

During the excavation, the dust concentration in the
roadway is extremely high. Turn on the dust removal fan
and the blower, adjust the air valve, and deliver all the air-
flow to the air pressure sleeve; then, the air is discharged
radially from the air curtain generator device at both ends
of the sleeve. Under the action of the air curtain generating
device, a rotating radial solid air curtain is formed between
the tunneling end and the driver’s cab of the roadheader,
and another radial air curtain is formed between the driver’s
cab and the transfer point. Under the negative pressure of
the suction port, the 1# air curtain near the tunneling end
forms an umbrella-shaped swirling air curtain that rushes
toward the tunneling end to control the dust produced by
the tunneling within a small area. The controlled dust is
drawn out by the suction tube to prevent the dust from
spreading to the driver’s cab, thus providing a good working
environment for the driver. The 2# air curtain located in
front of the transfer point isolates the dust at the transfer
point from the driver’s position, thus preventing dust from
spreading from the transfer point to the driver’s position.
The synergistic action of the two air curtains can effectively
isolate the two main dust sources of the fully mechanized
excavation face from the area of the driver of roadheader,
providing a good working environment for the driver.
Figure 1 shows a schematic diagram of dual-radial swirl
shielding ventilation on the fully mechanized excavation face
when the roadheader works normally.

3. Calculation Model and Validation

3.1. Calculation Model and Meshing. By taking the fully
mechanized excavation face of a coal mine in China as a pro-
totype, a numerical simulation geometric model with a ratio
of 1 : 1 was established by Solidworks software. The fully
mechanized excavation face is a semicircular arched road-
way with a cross-section of 4:6m × 4:5m and a cross-
sectional area of 15.81m2. The fully mechanized excavation
face is tunneled with an EBZ160 roadheader. Figure 2 shows
the diagram of the roadway model. From the figure, the air
supply tube I has a diameter of 0.8m and a tube length of
25m. It is attached to a sidewall of the roadway. Its axis is
2.7m away from the ground of the roadway, and the air out-
let at the end is 5m away from the excavation face. The
sleeve is composed of air supply tube II and the air suction
tube. The air supply tube II is outside, and the suction tube
is inside. The center axis of the sleeve is 2.7m from the
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ground of the roadway. There is an annular slit with a width
of 0.09m at each end of the air supply cylinder II, and an air
curtain-generating device is arranged outside the annular
slit. The diameter of the suction tube is 0.6m, and its suction
outlet at the end is 2.3m away from the excavation face. A
1.8m high roadheader, a first conveyor, and a second
conveyor are arranged under the sleeve. The driver is 5m
from the excavation face.

Mesh software was used to mesh the built roadway
model. Because the geometric model was relatively complex,
the model was meshed with an adaptable unstructured grid
and the global grid size was set to 0.4mm. For arc-shaped
wind deflectors and annular slits, 0.01m grids were used
for local densification. For other more complex structures,
0.05m grids were used for local densification. A total of
932,351 grids were generated.

3.2. Mathematical Model. Since the volume fraction of dust
in the fully mechanized excavation face was far below 10%,
when using Fluent software to analyze the characteristics of
the wind flow field and dust distribution, the k-ε double
equation model from the Euler model was used to establish
the mathematical model of the wind flow field in the fully
mechanized excavation face. In addition, according to the
characteristics of the gas-dust particle two-phase flow and
the theory of the gas-solid two-phase flow, the Euler-Euler
model and the Euler-Lagrangian model were combined
for calculation.

3.2.1. Hydrodynamic Equation. Based on the law of conser-
vation of energy, the law of conservation of momentum,
and the law of conservation of mass, the characteristics of

fluid motion are expressed in terms of continuity equation,
momentum equation, and energy equation [29, 30].

Continuity equation:

∂ρ
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ρuið Þ = Sm:: ð1Þ

Momentum equation:

∂
∂t

ρuið Þ + ∂
∂xj

ρuiuj

� �
= −

∂p
∂xi

+
∂τij
∂xj

+ ρgi + Fi: ð2Þ

Energy equation:

∂
∂t

ρEð Þ + ∂
∂xi

ui ρE + pð Þð Þ = ∂
∂xi

keff
∂T
∂xi

−〠
j′
hj′ J j′ + uj τij

� �
eff

0
@

1
A + Sh,

ð3Þ

where Sm is the mass added to the continuous phase from
the dispersed secondary phase; p is the static pressure; τij is
the stress tensor that will be described below; ρgi and Fi

are the gravitational volume force and external volume force
in i direction, respectively; keff is the effective heat transfer
coefficient; J j′ is the diffusion flow of component j’; and Sh
includes the heat of chemical reaction and the volume heat
source term.

3.2.2. Turbulence Equation. Turbulence occurs where the
velocity changes. Compared with the standard k-ε model,
the realizable k-ε model can accurately predict the diver-
gence ratio of the cylindrical jet and it has been used to

Suction hood Wind curtain generator Forced tube Suction tube Forced fan

FanBeltReprintSleeveEBZ160 roadheader

Figure 1: Schematic diagram of dual-radial swirl shielding ventilation.

Y

X

Z

Figure 2: Schematic diagram of meshing.
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describe uniform shear flow with the rotating, free flow of
the mixed flow and boundary layer flow effectively. And
the realizable k-ε model in the turbulence model can achieve
a higher degree of simulation in terms of the vortex, strong
streamline bending, and rotation. In addition, among many
k-ε models, the realizable k-ε model has a good effect on the
complicated secondary flow and separation flow. The realiz-
able k-ε model consists of a k equation (turbulent energy
equation) and an ε equation (turbulent energy dissipation
rate equation) [31, 32]. Therefore, this study selected realiz-
able k-ε for describing airflow motion.

κ equation:
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ε equation:
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In the formulas, μt is the eddy viscosity coefficient; σk
and σε are the Prandtl coefficients corresponding to k and
ε, respectively; Gk is the turbulent flow energy generation
term caused by the average velocity gradient; C1 and C2
are constants; u is the fluid velocity; and Ji is the material
diffusion flux produced by the concentration gradient.

3.2.3. Equations of Motion for Particles. ANSYS Fluent pre-
dicts the trajectory of a discrete phase particle (or droplet
or bubble) by integrating the force balance on the particle,
which is written in a Lagrangian reference frame. This force
balance equates the particle inertia with the forces acting on
the particle and can be written as

mp

dup
!
dt

=mp

u! − u!p

τr
+mp

g! ρp − ρ
� �
ρp

+ F
!
, ð6Þ

where mp is the particle mass, u! is the fluid phase velocity,

up
! is the particle velocity, ρ is the fluid density, ρp is the den-

sity of the particle, F
!
is an additional force, mpððu! − u!pÞ/τrÞ

is the drag force, and τr is the droplet or particle relaxation
time calculated by

τr =
ρpd

2
p

18μ
24

Cd Re
, ð7Þ

where μ is the molecular viscosity of the fluid, dp is the par-
ticle diameter, and Re is the relative Reynolds number,
which is defined as

Re =
ρd up

!− u!
			 			
μ

: ð8Þ

3.3. Model Validation. In order to verify the validity of the
numerical simulation model of dual-radial swirl shielding
ventilation, similar experiments were carried out on the
dual-radial swirl shielding ventilation system of a fully
mechanized excavation face. A custom-developed dual-
radial swirl shielding ventilation experiment system for a
fully mechanized excavation face was used to record the
airflow field structure and dust concentration distribution
in the roadway under the dual-radial swirl shielding ventila-
tion, and the experimental results were compared with the
numerical simulation results.

3.3.1. Experimental System and Equipment. This verification
experiment used a custom-designed experimental model
and a custom-built experimental platform. The roadway
model was built according to the actual roadway of a coal
mine in China at the ratio of 1 : 10. The main body of the
semicircular arched roadway was assembled by three pieces
of transparent plexiglass. The total length of the roadway
was 3.00m, the width was 0.46m, the height was 0.45m,
and the cross-sectional area was 0.16m2. There were 10 cm
round holes on the end surface of the roadway and one
sidewall, which can be connected with the dust generator
to simulate the dust production of tunneling and the dust
emission at the transfer point, respectively. The interior of
the tunnel was equipped with air supply ducts, suction ducts,
blowers, dust removal fans, simulated roadheaders, and
simulated conveyors. The layout of the experimental model
is shown in Figure 3.

In the flow field analysis experiment, the PIV particle
image velocity measurement system produced by LaVision,
Germany, was used to record the flow field of different
sections in the roadway model. The flow situation and the
spatial distribution of the flow field were obtained. In the
dust similarity verification experiment, the German AG420
aerosol generator was used to generate dusts, and com-
pressed air was used as the driving force to transport the
dust from the tunneling end and the round holes on the
sidewall of the tunnel to the tunnel model to simulate dust
production in the tunnel and dust emission at the transfer
point. An FCC-25 explosion-proof dust sampler was used
for dust sampling to measure the dust concentration at the
measurement points.

3.3.2. Experimental Program. The verification experiment
tested the flow field and the dust control effect. In the flow
field verification experiment, smoke particles with a suffi-
ciently small and uniform particle size were used as tracer
particles. The smoke was transported to the study area
through a blower. When the flow field was stable, the flow
field of the studied roadway section was recorded using a
PIV system. The velocity vector diagram of the tunnel
section obtained by the experiment was compared with the
numerical simulation for verification. In the dust control
effect verification experiment, the dust collected by the dust
sampler at different measurement points was weighed, and
the dust concentration at differentmeasurement points under
different working conditions was calculated according to the
sampling time and sampling flow rate set by the sampler.
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Based on the dust concentration at different points, the dust
control capability of the dual-radial swirl shielding ventilation
system was investigated. The dust concentration distribution
obtained from the experiment was compared with the numer-
ical simulation to verify the validity of the simulation.

We selected three representative flow field measurement
surfaces that were not disturbed by the model and used the
PIV system to record the flow field. The 1# measurement
surface was in parallel with the tunneling end face and
5 cm away from the tunneling end face, the 2# measurement
surface was perpendicular to the tunneling end face and the
ground and passed through the center of the sleeve, and the
3# measurement surface was in parallel with the ground and
passed through the center of the sleeve. The three dust sam-
pling points were arranged in the model roadway along the
length of the roadway (x-axis), i.e., at the tunneling end
(point A, x = 3 cm), at the roadheader’s cab (point B, x =
50 cm), and the transfer point (point C, x = 100 cm). The
flow field measurement surfaces and the arrangement of
dust sampling points are shown in Figure 4.

3.3.3. Experimental Results and Analysis. Figures 5(a)–5(c)
show the PIV experimental record results of the flow field
test in the surfaces of 1#, 2#, and 3#, respectively, and
Figures 5(d)–5(f) are the corresponding simulation results.
Comparing Figure 5(a) with Figure 5(d), Figure 5(b) with
Figure 5(e), Figure 5(c) with Figure 5(f), it can be found that
the numerically calculated wind flow field structure is con-
sistent with the PIV results. Due to limited experimental
conditions, the appearance of the roadheader in the experi-
ment was much simpler than that in the numerical simula-
tion modeling. Compared with the internal flow in the
roadway model in the simulation, the airflow field in the
experiments was more idealized. Thus, the wind velocity in
similar experiments was slightly larger than the numerical
simulation results.

Figure 6 shows the dust concentration at different
measurement points under the same working condition by
experiment and numerical simulation. From the experimen-

tal data in the figure, among the three measurement points,
point A (the tunneling end area) has the highest dust concen-
tration and point B (the roadheader driver’s cab) has the
lowest dust concentration. Under the action of the dual-
radial swirl shielding ventilation and dust control system in
the fully mechanized excavation face, the tunneling dust
was controlled within the tunneling end area, and the dust
at the transfer point was also shielded in the area outside
the driver’s cab. Therefore, the radial air curtain can effec-
tively prevent the spread of dust from various dust sources.

Based on the comprehensive comparison of similar
experiments and numerical simulation results, we revealed
that the approximate numerical results had the same trend
as the experimental results. Therefore, the relevant mathe-
matical model established in this study can be used in the
numerical simulation research of the wind flow field in a fully
mechanized excavation face. Since the similar experimental
roadway model was built at a scale of 1/10 of the actual road-
way, the volume of the dust sampler in the roadway model
was relatively large, and the dust sampler had a large interfer-
ence to the airflow field inside the roadway model, destroying
the airflow field structure and reducing the dust control effect
of the ventilation system. Thus, the dust concentration at
each measurement point measured by similar experiments
was higher than the numerical simulation result. Comparing
the results of similar experiments and numerical simulations,
it can be found that although the dust concentrations
obtained by similar experiments and numerical simulations
were different in numerical values, the dust concentration
distribution patterns were the same.

4. Analysis of Dust Control Effect and
Parameter Optimization of Dual-Radial
Swirl Shielding Ventilation

The blowing and suction air volume ratio γ of the air duct
plays a decisive role in the overall movement direction of
the airflow in the tunnel. When the value of γ is less than

Smoke
generator 

CCD Camera
Laser transmitter

Laser generator

Camera stand

Figure 3: Experimental model of the fully mechanized excavation face.
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1, the airflow in the roadway moves towards the suction
outlet of the suction tube, and the dust at the transfer point
will spread to the driver’s cab of the roadheader with the 2#
air curtain. When the value of γ is large, the tunneling dust

spreads to the driver’s cab of the roadheader with part of
the wind flow of the 1# air curtain, and the insufficient
negative pressure at the suction outlet seriously reduces
the dust collection efficiency of the suction tube, resulting

1# 2# 3#

A B C

Figure 4: PIV measurement surfaces and dust sampling points.
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in an increase in the burden of the 1# air curtain and a
decrease in the shielding effect of the tunneling dust. There-
fore, a too small or too large γ value is not conducive to the
dust shielding of the air curtain on the fully mechanized
excavation face.

4.1. Parameter Settings. In order to investigate the influence
of the air duct blowing and suction volume ratio γ on the
effect of dual-radial swirl shielding ventilation and dust
control, this simulation sets a total of six air duct blowing
and suction volume ratios, i.e., 1.2, 1.3, 1.4, 1.5, 1.6, and
1.7. According to the relevant specifications of the air vol-
ume in the mine tunnel and on-site measured data, the
blowing volume of the air supply tube was set to 300
m3/min, and the air suction volume of the suction tube
was calculated by the air tube blowing and suction volume
ratio γ. The specific parameters are shown in Table 1.

4.2. Effect of the Blowing and Suction Air Volume Ratio on
the Flow Field. Figure 7 shows the speed vector diagram of
the section at Z = 2:3m perpendicular to the tunneling end
under different air duct blowing and suction air volume
ratios. It can be seen from the figure that a too small or
too large air duct blowing and suction ratio γ is not condu-
cive to shielding the dusts within the tunnel section by the
radial air curtain.

For the 1# air curtain, when the γ value was small, the
suction volume of the suction tube was relatively large, and
the 1# air curtain close to the air inlet was affected by the
large negative pressure at the suction outlet, and the airflow
from the 1# slit was caught by the suction tube before reach-
ing the roadway. As a result, the 1# air curtain was unable to
completely block the tunnel section, which was not condu-
cive to dust control. As the value of γ gradually increased,
the suction volume of the suction tube gradually decreased,
the negative pressure generated at the suction outlet also
gradually decreased, the airflow gradually reached the road-

way wall, and the 1# air curtain moved toward the tunneling
end face in an umbrella shape to completely block the road-
way. When the γ value was 1.5, the airflow from the 1# slit
was blown to the roadway wall at a certain angle under the
action of negative pressure, moved along the tunneling end
face of the roadway wall, and finally flowed to the air suction
outlet under the action of the negative pressure at the air
suction outlet. Under this condition, the 1# air curtain
achieved a complete wrapping effect in the tunneling end
area, and the best flow field in the tunneling end area was
achieved. When the γ value was too large, the suction
volume of the suction tube was small, and it was difficult
for the negative pressure generated by the suction outlet to
affect the high-speed airflow from the 1# slit. The high-
speed airflow blew vertically to the roadway wall, causing
strong wind flow disturbance in the area near the roadway
wall. As a result, local vortex wind flow was produced, which
led to wind flow turbulence in the tunneling end area and
reduced the strength of the 1# air curtain.

For the 2# air curtain, when the γ value was small, the
suction volume of the suction tube was much larger than
the air volume of the 1# slit, and a large part of the airflow
from the 2# slit moved toward the tunneling end face, reduc-
ing the strength of the 2# air curtain to block the roadway
and weakening the movement of the 2# air curtain in the
direction away from the tunneling end. As the γ value
increased, the air suction volume gradually decreased, the
air volume of the 2# air curtain flowing toward the tunneling
end area decreased, the shielding ability of the 2# air curtain
gradually increased, and the ability of the air curtain to move
away from the tunneling end gradually increased.

Figure 8 shows the velocity vector diagram at the 1# and 2#
slits in the roadway section in parallel with the tunneling end
face under different air duct blowing and suction ratios γ. It
can be seen from the figure that under the action of the exter-
nal arc-shaped wind deflector, a radial air curtain with a good
rotating effect was formed in the entire roadway section. Due
to the complex environment in the tunnel, the integrity of the
1# and 2# air curtains was greatly affected. The 2# air curtain
was approximately in parallel with the tunneling end face,
which can be seen more completely in the figure. Since the
1# air curtain rushed toward the tunneling end in an umbrella
shape, the wind flow of the 1# air curtain at the 1# slit was
higher at the center of the roadway but lower near the wall
of the roadway. When the value of γ was smaller, the inclina-
tion of the 1# air curtainwas larger, the central areawith larger
wind speed on the cross section was smaller, and the lowwind
speed area was larger. With the increase in the γ value, the
inclination amplitude of the 1# air curtain was reduced, and
a more obvious wind velocity flow field appeared in the entire
roadway section. As the γ value increased, the 2# air curtain
had no obvious change.When the value of γwas larger, a large
wind speed appeared on the wall of the roadway, and the wind
flow with a large wind speed blowing vertically to the wall can
easily generate turbulence and reduce the anti-interference
ability of the air curtain.

4.3. Effect of the Blowing and Suction Air Volume Ratio on
Dust Distribution. Figure 9 is a cloud diagram of the
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distribution of dust concentration in the cross section of Y
= 1:7m, which is the height of the breathing zone, under
different air duct blowing and suction volume ratios. It can
be seen from the figure that as the γ value gradually
increased, the dust concentration at the driver’s position first
decreased and then increased and the dust shielding ability
of the dual-radial swirl shielding ventilation system first
strengthened and then weakened. When the γ value was

smaller, the negative pressure generated by the large suction
volume caused a relatively small wind speed of the 1# air
curtain at the wall of the roadway, which destroyed the
integrity of the 1# air curtain. As a result, the dust in the
tunneling end area broke through the shielding of the 1#
air curtain along the roadway wall and spread to the driver’s
cab of the roadheader. Since most of the air volume flowed
out to the tunneling end area, the strength of the 2# air
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Table 1: Parameter setting of boundary conditions.

Blowing and suction
air volume ratio γ

The air volume of the suction
tube (m3/min)

Suction outlet wind
speed (m/s)

Air volume out of
annular

slit (m3/min)

Outlet wind
speed of annular

slit (m/s)
1# 2# 3# 4#

1.2 250.00 14.74

175.00 125.00 12.90 9.22

1.3 230.77 13.61

1.4 214.29 12.64

1.5 200.00 11.80

1.6 187.50 11.06

1.7 176.47 10.41
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curtain moving away from the tunneling end face was insuf-
ficient, so a large amount of dust accumulated at the transfer
point, which increased the burden of the 2# air curtain. As a
result, the dust control capacity of the 2# air curtain was
seriously inadequate, and the dust at the transfer point
spread to the driver’s position of the roadheader. As the
value of γ increased, the dust blocking ability of 1# and 2#
air curtains gradually increased, the dust diffusion ability of
each dust source to the driver’s position of the roadheader
was weakened, and the dust concentration at the driver’s
position of the roadheader gradually decreased. When the
γ value was 1.5, the air curtain showed the best dust shield-
ing effect. When γ continued to increase, the dust control
ability of the 1# air curtain weakened and the dust control
ability of the 2# air curtain increased. When the γ value
was too large, large turbulence can be formed near the 1#
air curtain, resulting in the turbulence of the flow field in
the tunneling end area. Under this condition, it was difficult
for the dust to accumulate. At the same time, due to the
reduction of the air suction volume, the dust catching capac-
ity of the suction tube was also reduced, so the dust removal
capacity in the tunneling end area was reduced, and the dust

concentration increased, which increased the burden of the
1# air curtain. As a result, the dust control ability of the 1#
air curtain was weakened, and the dust produced by the
tunneling was diffused to the driver’s position of the road-
header. Increasing the γ value can improve the strength of
the 2# air curtain. Since the total air supply volume was
much larger than the suction volume, under the action of
the blowing and suction airflow, the 2# air curtain had a
strong ability to move away from the tunneling end, so the
dust shielding ability of the 2# air curtain at the transfer
point continued to increase.

Figure 10 shows the variation curve of the dust concentra-
tion at the driver’s position with the blowing and suction air
volume ratio. From Figure 10, as the blowing and suction vol-
ume ratio of the air duct increased, the dust concentration at
the driver first decreased and then increased. The dust concen-
tration at the driver’s position reached the lowest value when
the blowing and suction volume ratio γ is 1.5. From the above
analysis, it can be concluded that using the dual-radial swirl
shielding ventilation in the fully mechanized excavation face,
when the blowing and suction air volume ratio was set to
1.5, the best dust control effect can be obtained.
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5. Conclusions

In this study, based on the actual geometric dimensions of
the fully mechanized excavation face, the dual-radial swirl
shielding ventilation system was modeled using Solidworks
software, and the model was numerically simulated by the
Fluent software. The validity of the model was verified by a
custom-designed experimental model which is geometrically
proportional to the real roadway. In the experimental model,
the PIV particle image velocimetry system and the FCC-25
explosion-proof dust sampler were used to record the flow
field and the dust concentration in the experimental model,
respectively. Under the same working conditions with the
numerical simulation, the experimental results and numeri-
cal simulation results were compared to verify that the
numerical model of the dual-radial swirl shielding ventila-
tion system was effective and can be used for more in-
depth researches on system dust control optimization. From
this research, it can be seen that the blowing and suction air
volume ratio of the air dust has a significant impact on the
dust control effect of the dual-radial swirl shielding ventila-
tion system in the fully mechanized excavation face. A
proper setting of the ratio can greatly improve the air

0
1.

15
2.

30
3.

45
4.

60
0 2.85 7.45

X (m)
Z 

(m
)

0
1.

15
2.

30
3.

45
4.

60

Z 
(m

)

0
1.

15
2.

30
3.

45
4.

60

Z 
(m

)

0
1.

15
2.

30
3.

45
4.

60

Z 
(m

)

0
1.

15
2.

30
3.

45
4.

60

Z 
(m

)

0
1.

15
2.

30
3.

45
4.

60

Z 
(m

)

0 2.85 7.45

X (m)

0 2.85 7.45

X (m)

0 2.85 7.45

X (m)

0 2.85 7.45

X (m)

0 2.85 7.45

X (m)

Particle mass concentration [mg.m^–3]

(a)

(c)

(e) (f)

(d)

(b)

Figure 9: Cloud diagram of dust concentration distribution at the cross section of Y = 1:7m under different blowing and suction ratios: (a)
γ = 1:2; (b) γ = 1:3; (c) γ = 1:4; (d) γ = 1:5; (e) γ = 1:6; (f) γ = 1:7.

800

700

600

500

400

Pa
rt

ic
le

 m
as

s c
on

ce
nt

ra
tio

n 
(m

g/
m

3 )

Particle mass concentration
Ratios of blowing and suction

300

200

100

0
1.2

406.2

712.8

297.7

83.2
170.6

423.1

Driver

1.3 1.4 1.5 1.6 1.7

Figure 10: Dust concentration at the driver’s position.

10 Geofluids



organization of the dual-radial swirl shielding ventilation
system, thereby improving the dust control effect of the sys-
tem. A too small blowing and suction air volume ratio
destroyed the integrity of the 1# air curtain that was used
to block the roadway section. A too large blowing and suc-
tion air volume ratio led to gradual turbulence of airflow
and local circulating air. Therefore, a too large or too small
blowing and suction volume ratio can decrease the dust con-
trol capability of the ventilation system. As the blowing and
suction volume ratio of the air duct increased, the dust con-
trol effect of the dual-radial swirl shielding ventilation sys-
tem showed a trend of first strengthening and then
weakening. When the blowing and suction air volume ratio
of the air duct was 1.5, the dust shielding effect was the best.

Due to the limitation of research time and experimental
conditions, as well as the complex equipment layout and
operation process of the actual fully mechanized mining
face, the research results need to be further tested on-site.
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In order to study the seepage law of broken coal seams affected by multiple mining operations, a cyclic loading and unloading
seepage experiment was carried out. For this purpose, the seepage law of broken samples with different coal and rock ratios
was analyzed. The results of our study demonstrated that the permeability of the broken samples showed a decreasing trend.
After a loading and unloading cycle, the permeability was significantly reduced. The impact of the loading stage on the
broken sample was higher than that of the unloading phase. When the proportion of coal particles in the mixed samples
of broken coal and rock was 50%, the irreversible permeability loss rate and permeability loss rate of the samples showed
the highest values. The irreversible permeability loss rate and permeability loss rate of the broken rock mass were greater
than those displayed by the broken coal mass. The stress sensitivity coefficient curves of the 5 types of broken coal and
rock masses presented the same changes. The stress sensitivity coefficient curve and the effective stress displayed an
exponential relationship.

1. Introduction

As coal mining is gradually performed at deeper depths, the
occurrence of coal seam groups is more frequent [1]. During
the mining of deep coal seams, the mining stress path expe-
rienced by the coal seams, the evolution of the surrounding
rock fissure field, and the gas seepage become complex and
unstable. This makes difficult to understand the characteris-
tics of gas migration and enrichment during repeated min-
ing of the coal seams. The reason is that coal seam mining
produces pressure release and pressurization on unmined
coal seams. This causes that some coal seams repeatedly
undergo loading and unloading processes during coal seam
mining [2]. As effect of periodic pressure, as the working
face advances the overlying rock in the goaf redistributes
the stress field. This causes that the overlying rock in the
goaf is always present in the pressurization zone or pressure
relief zone. Under this repeated loading and unloading
action, the coal seam gradually changes from a complete

state to a broken state. This process changes the pore struc-
ture of the coal seam, and in consequence, the gas seepage
law cannot be accurately determined. When the coal body
is broken, the coal seam includes the broken coal particles.
It is particularly important to study the pore structure and
permeability of the broken coal rock mass that is subjected
to cyclic loading and unloading processes.

Scholars have carried out research on the pore structure
and seepage law of broken coal and rock mass under stress.
Mccorquodale et al. [3] conducted multiple permeability
tests and obtained dimensionless equations for the perme-
ability coefficients of broken rocks with various particle
sizes. Pradeepkumar et al. [4] determined that the seepage
flow of broken rock obeys the Forchheimer equation and
the Missbach equation. Qian et al. [5] summed up a large
number of test results and concluded that, under high pres-
sure, the permeability coefficient of broken rock masses
increased an order of magnitude as compared with that of
intact rock masses. In addition, the seepage of broken rock
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masses during in situ mining generally does not conform to
Darcy’s law. Shang et al. [6] obtained the porosity of broken
coal samples at various particle sizes. According to their
results, porosity gradually decreased with the increase of
effective stress. In addition, this parameter was negatively
correlated with the changing law of confining pressure.
Wang et al. [7] found out that the main reason for the
decrease in pore space and permeability loss of broken coal
and rock samples under loading and unloading cycles is
the rebreaking of coal and rock particles. According to
Chu et al., the porosity and permeability of the broken coal
sample gradually decreased with increasing stress. During
the stress loading process, the inner physical structure of
the broken coal sample changed, and the coal particles broke
again. This process further affected their permeability. Yu
et al. [8] determined that in the initial stage of stress loading,
as porosity decreased, the permeability decreased in a linear
way. Later, the permeability decreased more slowly, and
finally, the permeability suddenly decreased with the
decrease in porosity. Zhang et al. [9, 10] reported that the
larger the proportion of coal in the mixed sample of broken
coal and rock, the smaller the permeability, and the higher
the stress sensitivity of permeability. As the number of load-
ing and unloading cycles increased, the stress sensitivity
gradually decreased. Wang et al. [11] identified that the
relationship between seepage velocity and permeability and
porosity can be fitted using power and exponential func-
tions. When the porosity of a broken coal sample is high,
the permeability is related to the stress loading process.
When the porosity is small, the permeability tends to stabi-
lize and does not show a relationship with the stress loading
process. Zhang et al. [12] found out that the higher the
proportion of large coal particles (20-25mm) in the broken
coal samples, the higher the permeability and stability. In

addition, the larger the proportion of small coal particles
(5-10mm), the greater the permeability. Small coal particles
presented a filling effect on large coal particles.

These researchers have also analyzed the seepage law of
broken coal using data on stress effect and pore structure
and compared and analyzed coal samples of different parti-
cle sizes. However, in the experimental research on broken
samples, there are few researches on the broken samples
mixed with coal and rock particles, and there are fewer
researches on cyclic loading and unloading as the stress path.
Therefore, in this paper, combining the above two aspects,
five kinds of broken samples with different coal-rock ratios
are made, and the permeability changes of the five kinds of
samples are studied under the action of cyclic loading and
unloading. The purpose of testing the permeability of broken
samples is to improve the efficiency of coal seam gas
drainage. The model established in the literature [13, 14]
effectively reflects the law of gas permeability changes under
fracturing.

2. Experiments

2.1. Laboratory Equipment. The gas flow and displacement
testing equipment consisted of a loading system, autoclave,
air supply and pressure reduction system, temperature sim-
ulation system, and acquisition control system, as shown in
Figure 1. The loading system is able to load the coal sample
and at the same time maintain a radial pressure. The gas
passes through the coal sample and enters the flow meter
in order to measure permeability. The principle of the exper-
imental device is shown in Figure 2.

2.2. Experimental Samples. The coal and rock blocks were
selected from Huaibei coalfield 32 coal seam, located in the
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Figure 1: Gas flow and displacement testing equipment [15].
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Anhui Province. The mine ground elevation was +24.5~
+25.2m, and the working face elevation was −509~−680m.
The coal seams selected for these experiments corresponded
to bituminous coal shown between medium and high
metamorphic degrees. The rock mass was selected from the
caving zone of this working face. The coal and rock blocks
were ground until particles with approximately the same
diameter were obtained. The diameter of the selected coal
and rock particles was between 5 and 10mm. The coal and
rock particles were mixed in order to obtain samples with

a diameter of 50mm and a height of 100mm, as shown in
Table 1 and Figure 3.

2.3. Experimental Program. The cyclic loading and unload-
ing stress path is shown in Figure 2. After the sample was
placed in the experimental device, temperature was adjusted
to 20°C and tests were performed at a constant tempera-
ture. During the loading process, the axial pressure and
confining pressure were set up to 2MPa, the inlet pressure
was adjusted to 0.5MPa, helium was charged into the
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Figure 2: (a) Stress path and (b) effective stress path.
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experimental device, and the axial pressure and confining
pressure were maintained constant for 5 minutes. The shaft
confining pressure was loaded at intervals of 2MPa until
the axial pressure and confining pressure reached 16MPa.
The unloading process started with an interval of 20 minutes
after each loading. During the unloading process, the axial
and confining pressures were unloaded in steps of 2MPa,
until final values were 2MPa and the first loading and
unloading cycle and permeability test were completed [16].
Later, the same method was used to carry out the perme-
ability test during the second and third stages of axial and
confining loading and unloading processes. When the axial
and confining pressures in the third stage were unloaded
to reach 2MPa, the permeability test was completed. The
test for loading and unloading path and effective loading
and unloading stress path is shown in Figure 2.

Equation (1) has been widely used to calculate the aver-
age effective stress in cylindrical coal samples:

σe = σa − P, ð1Þ
where σe is average effective stress (MPa), σa is axial pressure
(MPa), and P1 is the inlet pressure in the coal sample (MPa).

Since coal is a porous medium, the gas flow in the coal
seam can be roughly described by a linear seepage law. The
formula used to calculate axial permeability of a compress-
ible gas can be obtained by normalizing the flow rate and
pressure in Darcy’s theorem permeability formula:

K = 2PQμL
A P1

2 − P2
2� � , ð2Þ

where K is coal permeability (md), Q corresponds to gas
flow rate (cm3/s), μ is the gas viscosity coefficient (Pa·s), L
indicates the coal sample length (cm), A is the coal sample
base area (cm2), and P1 and P2 correspond to the relative
gas pressures at the inlet and outlet of the raw coal sample,
respectively (MPa).

In order to eliminate potential differences in pore
structure caused by volume and shape variations of broken
coal and rock particles, the concept of dimensionless perme-
ability was introduced. The dimensionless permeability con-
siders the initial permeability as the benchmark and the
subsequent permeability as the benchmark and was used
to express the degree of permeability change at every stress
point:

k = Kn

K
, ð3Þ

where k is the dimensionless permeability and Kn corre-
sponds to permeability in the subsequent stress point,
excluding the first stress point (md).

3. Experimental Results and Discussion

3.1. Changes in Permeability of Broken Samples. According
to the stress path shown in Figure 2, the loading and unload-
ing cycles were performed to obtain five different ratios of
broken coal and rock mass permeability changes. As shown
in Figure 4, the permeability of broken coal and rock mass
showed a decreasing trend with increasing number of load-
ing and unloading cycles. Given the different compositions

Table 1: Basic data of coal samples.

Sample Size (mm) Coal to rock volume ratio
Volume (%) Quality (g)

Coal Rock Coal Rock

C1 50 × 100 1 100 0 162.1 0

C2 50 × 100 0.7 70 30 112.1 75.2

C3 50 × 100 0.5 50 50 83.4 130.1

C4 50 × 100 0.3 30 70 34.4 187.9

C5 50 × 100 0 0 100 0 263.7

(a) (b)

Figure 3: (a) Broken coal and rock and (b) coal samples.
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of the five types of broken coal and rock masses, they were
divided in two groups: C1/C5 and C2/C3/C4. In this case,
C1/C5 corresponded to coal and rock samples, respectively.
In addition, C2/3/4 indicated mixed samples. During the
three loading and unloading cycles of C2/3/4 broken coal
and rock samples, the permeability and effective stress were
inversely proportional. During the loading process, the
permeability of the broken coal rock decreased and later
increased during the unloading stage. Data indicated that
stress during loading and unloading stages presented two
maximum points. In addition, the permeability curve dis-
played three minimum points. Permeability of C2/3/4
decreased as the number of loading and unloading cycles
increased. It was also observed that the damage to the
broken coal and rock mass gradually increased after three
loading and unloading cycles. During the cyclic loading
and unloading of C1 crushed coal, the overall change was
the same as the one observed in C2/3/4. In addition, the
change range of the extreme point inside the permeability
curve was small, even smaller than the one observed in the
C2/3/4 sample. The permeability of C5 broken rock mass
always decreased, and no extreme point was present. These
results differed from those obtained for C1 fractured coal
mass. During cyclic loading and unloading processes of the

broken coal and rock mass, the particles resulted from three
different processes: extrusion deformation, particle crushing,
and structural adjustment; the permeability changes of
C1/2/3/4/5 at each stage are shown in Table 2. When coal
and rocks were mixed, for example, in C2/3/4, particle
crushing and extrusion deformation represented the main
factors. On the other hand, in broken coal and rock samples
mixtures (i.e., C1/5), structural adjustment and extrusion
deformation represented the main processes. The specific
shape is shown in Figure 5.

In order to further illustrate potential changes in perme-
ability of broken coal and rock mass subjected to three
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Figure 4: Permeability curve for samples C1/C2/C3/C4/C5.

Table 2: Permeability variation.

Sample C1 C2 C3 C4 C5

Loading 1 0.046 0.056 0.059 0.058 0.052

Unloading 2 -0.005 -0.021 -0.014 -0.018 0.014

Loading 2 0.011 0.028 0.045 0.041 0.022

Unloading 2 -0.005 -0.024 -0.007 -0.020 0.003

Loading 3 0.011 0.026 0.037 0.034 0.015

Unloading 3 -0.004 -0.022 -0.028 -0.019 0.003
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loading and unloading cycles, the deformation of the granu-
lar particles was calculated using the Hertz contact deforma-
tion principle [17]. Before loading and unloading of the
broken coal and rock mass, multiple particles presented high
porosity. Herein, particle size and volume of the fracture
channel present inside the sample were large. At this point,
permeability presented the highest value. It was observed
that, at high values of effective stress, no cohesion between
the particles occurred, and the multiparticle pore structure
started breaking down. At this time, the area of the pore
seepage channel was greatly reduced. As stress further
increased, a relatively stable pore structure was eventually
formed. At the same time, because of the low strength and
irregular shape of broken coal and rocks, samples were again
broken during the loading and unloading cycle (Figure 5).
The diameter of broken particles after loading and unload-
ing cycles was significantly smaller than that of large parti-
cles. Also, the fracture channels composed of tiny particles
were smaller than those composed of large particles. In addi-
tion, some small broken particles were able to fill the pore
space of large particles, and at the same time, the particle
structure was again adjusted [18], as shown in Figure 6.
The pore structure of broken coal rocks was not restored
during the unloading stage. This process produced a signifi-
cant loss of permeability of the broken coal rock sample dur-
ing the first loading and unloading process. In subsequent
loading and unloading cycles, the coal and rock samples
were broken again to a much lower degree as compared to
the first loading process, and the structure between the par-
ticles was relatively stable [19]. Therefore, the permeability
of the broken coal and rock samples during the secondary
and tertiary loading and unloading processes decreased to
a small extent. In addition to the irreversible permeation loss
that resulted from changes of the pore structure of the bro-
ken coal samples and recrushing, the squeezing deformation

of the broken particles during the formation of the pore
structure was also the reason for the reduction of porosity.

In order to determine the cause for the continuous
decrease in permeability of broken coal and rock masses
during the cyclic loading and unloading processes [20], the
concept of the cubic law was introduced. Different
researchers have [21] studied the seepage mechanism of
water in rough fractures and have proposed use of the cubic
law. The formula is presented in

Q = e3

12μ
P2 − P1
JRC0:03 , ð4Þ

where Q represents the flow through the pipeline (m3/s), e is
the crack opening (m), μ corresponds to the fluid viscosity
coefficient, JRC is the roughness coefficient, and P2 − P1 is
the pressure difference between adjacent fluid domains
(MPa), and a positive value indicates that the direction of
flow velocity occurs from fluid domain 2 to fluid domain 1.

Different researchers [22] have used the root mean
square Z of the structural surface to estimate the roughness
coefficient JRC and have obtained

JRC = 32:2 + 32:47 lg Z: ð5Þ

The root mean square Z formula of the surface profile is
shown in

Z = 1
L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðx=L
x=0

dy
dx

� �2
ⅆx

s
, ð6Þ

where L corresponds to the length of the pipe (m). As shown
in Figure 7, L = r1 + r2.

During the experiments, the broken coal and rock mass
underwent three processes including deformation, particle
crushing, and structural adjustment. The initial particle size
was relatively large. After loading and unloading cycles, the
coal and rock mass broke again and the particle size was
reduced. The width of the cracks between them was reduced,
as well as the length of the cracked pipes. According to
Equation (4), L decreased and the root mean square Z2 of
the surface profile increased. In addition, as shown in
Equation (3), in general, JRC increased. Furthermore,
according to Equation (2), the flow rate of crushed coal
and rock mass decreased, and coal was compressed. The per-
meability of the coal and rock mass decreased accordingly.
Thus, the permeability of the broken coal rock always

Extrusion deformation

Particle crushing

Structural adjustment

Figure 5: Three different processes occurring during loading and
unloading of broken coal and rock mass samples.

Figure 6: Changes in pore structure of broken coal and rock mass.
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showed a decreasing trend during the loading and unloading
cycles.

According to our results, significant changes in perme-
ability were observed when broken coal rock masses
C1/2/3/4/5 passed through one loading and unloading cycle.
Figures 8 and 9 show the permeability curves for 5 different
types of broken coal rock masses with effective stress as the

independent variable. Figure 8 shows data obtained in the
first cycle. In addition, Figure 9 presents the permeability
of the samples during the second and third loading and
unloading cycles. Data indicated that, throughout the load-
ing stage, the highest slope of the permeability curve corre-
sponded to the C3 sample, followed by that of C4 and C2.
At the beginning of the first loading step, small differences

r1

r2

a1

r3

r4

r5

a2

Fluid
domain 2

Fluid
domain 1

Figure 7: Seepage channel changes in broken coal and rock mass during loading and unloading processes.
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Figure 8: Permeability curve for the first loading and unloading cycle.
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in permeability were observed in the three samples. How-
ever, as effective stress increased, the permeability of the
C3 sample decreased, and the slope increased. This occurred
because the n value for the samples C2, C3, and C4 was 0.7,
0.5, and 0.3, respectively. Thus, the volume of coal and rock
particles in the sample accounted for 70%, 50%, and 30%.
During the loading process, the internal particles were
mainly ground by extrusion. Since the hardness of the rock
was higher than that of the coal, the internal coal particles
were fractured again during the loading process. These par-
ticles filled the internal cracks of the rock. When the propor-
tion of coal particles was 30%, the volume of the internal
fissures present in the rock particles was larger, the filling
volume of the coal particles was smaller, and the structural
change of the pores was smaller than the ones observed in
samples containing a coal ratio of 50%. When the propor-
tion of coal particles was 70%, the coal particles in contact
with the rock units were broken through particle crushing.
On the other hand, when coal particles were not in contact

with the rock particles, fragmentation was mainly due to
extrusion, deformation, and structural adjustment. More-
over, when the proportion of particles was 50%, the coal
and rocks were fully mixed and in full contact. For this rea-
son, coal particles were fragmented again after being
squeezed [23]. Figure 10 shows that, after three loading
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Figure 9: Permeability curves for the second and third loading and unloading cycles.

Figure 10: C2 and C3 samples after loading and unloading cycle.

8 Geofluids



and unloading cycles, the degree of fragmentation in the C3
sample was greater than that observed in the C2 sample.
When the coal-to-rock ratio was 0.5, significant deformation
of the broken coal and rock was observed, and the pore
structure was notably damaged.

3.2. Permeability Damage Rate. In order to explore the influ-
ence of cyclic loading and unloading processes on the perme-
ability of broken coal and rocks, the concept of irreversible
permeability damage rate was introduced. The irreversible
permeability damage rate represents the change in the perme-

ability of the broken sample during the cyclic loading and
unloading process, considering that this change is irreversible.
The irreversible permeability damage rate (%) is expressed as
shown in Equation (7) and indicates to which degree the
permeability of the coal reservoir cannot be recovered [24]:

Dk1
= k1 − k1r

k1
· 100%, ð7Þ

where Dk1
corresponds to the irreversible permeability dam-

age rate after stress is returned to the first stress point, k1
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Figure 11: Irreversible permeability loss rate of C1~5 during three loading and unloading cycles.
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indicates the permeability at the first stress point (md), and k1r
is the permeability after the stress returns to the first stress
point (md).

According to the data shown in Figure 11, the irrevers-
ible loss rate of the five broken samples gradually decreased
when the number of loading and unloading cycles increased.
Results for samples C1 and C5 indicated that, during the
three loading and unloading cycles, the irreversible damage
rate of the broken rock sample was higher than that of the
broken coal sample. The coal used for the broken sample

was taken from the 32 coal seam of the Huaibei Coal Field.
This coal seam corresponds to an outburst coal seam. There-
fore, the coal sample displayed a plastic change relative to
the rock sample during the cyclic loading and unloading
process. The compression deformation during the loading
and unloading process caused that the ratio of the broken
rock was higher than that of the coal. In C2/3/4, which cor-
responds to three different types of crushed mixed samples,
the irreversible damage rate after three loading and unload-
ing cycles followed the order C3 > C4 > C2. When the coal-
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C5 broken rock sample
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Figure 12: Rate of permeability loss in samples C1~5 under three loading and unloading cycles.
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to-rock ratio was 0.5, the coal-rock was fully mixed and the
refragmentation of the internal particles resulted in a large
difference in permeability of C3 crushed coal and rock, as
well as a high irreversible damage rate. For C2 and C4 sam-
ples, differences in the irreversible damage rate between the
first loading and unloading cycle were small. In addition,
this difference increased as the number of loading and
unloading cycles increased. The irreversible permeability of
the C4 sample was greater than that of C2. In broken coal
and rocks, when the proportion of rock particles was rela-
tively large, the degree of damage in the internal particles
and the degree of pore structural change increased. More-
over, when the proportion of coal and rock was the same,
the degree of change presented the highest value.

In order to determine the impact of the test on each
section of the broken coal and rock mass during loading
and unloading processes, the concept of permeability
damage rate (%) was introduced, and it is shown in [25]

Dk2
= k1 − k2

k1
· 100%, ð8Þ

where Dk2
represents the permeability damage rate at a

certain loading and unloading stage, k1 is the permeability
corresponding to a stress point at the beginning of a given
loading or unloading stage (md), and k2 indicates the perme-
ability corresponding to a stress point at the end of a given
loading or unloading stage (md).

Figure 12 shows that the permeability damage rate of the
five types of broken coal and rock masses gradually
decreased during the loading stage. In the case of C1/5, the
permeability damage rate of the broken rock sample was
greater than that of the broken coal sample. In addition,
when performing the three loadings of the C2/3/4 broken
mixtures, it was observed that the permeability damage rate
of the C3 broken sample was greater than that of the C2/4
broken samples. The permeability damage rate of the C4
broken sample with a proportion of coal particles of 0.3
was greater than that of C2. The internal particle change
law and the permeability differences were in agreement. In
the unloading stage, the permeability damage rate of C5
fractured rocks was all greater than “0,” and the permeability
damage rate of samples containing coal particles was less
than “0.” This occurred because of the inverse relationship
between permeability and effective stress. In relation to
C2/3/4 crushed mixed samples, the permeability damage
rate of C3 was smaller than that of C2/4. It was also observed
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that, in the third unloading stage, the penetration damage
rate of C3 was greater than the one observed in C2/4 broken
samples.

3.3. Stress Sensitivity Analysis. In order to quantify the sensi-
tivity of permeability to stress changes under cyclic loading
and unloading conditions, the stress sensitivity coefficient
Ck of permeability was determined using

Ck =
∂k
∂σe

����
����, ð9Þ

where K represents the permeability of the coal sample (md)
and σe is the effective stress (MPa).

In order to perform the analysis, permeability data for sam-
ples C1~5 were loaded into the formula, and the relationship
between stress sensitivity and effective stress of broken coal
sample permeability under cyclic loading and unloading condi-
tions was calculated. Results are shown in Figure 13.

Data shown in Figure 13 indicated that the stress sensi-
tivity of the permeability of the broken coal and rock mass
in the cyclic loading and unloading process gradually
decreased with the increase of the effective stress. It was also
observed that, regardless of the stage, the stress sensitivity of
permeability in broken coal samples gradually decreased
with the increase in the number of loading and unloading
cycles. The stress sensitivity of coal sample permeability at
the loading stage was greater than the stress sensitivity in
the corresponding unloading step. From the first loading
and unloading to the third loading and unloading cycles,
the stress sensitivity coefficient of the broken coal and rock
mass gradually decreased.

Figure 14 presents a comparison of the stress sensitivity
of the five broken samples. The ordinate in Figure 14 is dif-
ferent from that in Figure 13. The ordinate corresponds to
the stress sensitivity resulting from the real permeability of
the broken coal sample. As this figure shows, the highest
point in the stress sensitivity curve gradually increased as
samples went from C1 to C5, which is related to the initial
permeability of the broken sample when the effective stress
was 1.5MPa. The higher the initial permeability, the initial
stress sensitivity coefficient increased. In addition, the range
of stress sensitivity variation for samples C1~5 gradually
increased. The higher the amount of rock particles inside
the broken sample, the higher the sensitivity of the sample
to the effective stress and the greater the degree of change.

4. Conclusion

(a) The internal particles in broken coal and rock
were mainly caused by extrusion, deformation, and
structural adjustment. In the case of broken coal
and rock, the main processes were extrusion, defor-
mation, and particle crushing. The permeability of
the broken sample showed a decreasing trend. In
addition, the permeability of the broken sample was
significantly reduced after a loading and unloading
cycle. The loading stage had a greater impact on the
broken sample as compared to the unloading stage

(b) When the proportion of coal particles in the broken
sample was 50%, the irreversible permeability dam-
age rate and the permeability damage rate of the
sample presented the highest values. This result
was bigger than that obtained for the broken samples
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containing a proportion of coal particles of 0.3 and
0.7. The irreversible permeability damage rate and
permeability damage rate of the broken rock mass
were greater than those of the broken coal mass. In
relation to broken coal rock, when the proportion
of rock particles was relatively large, the damage
degree of the internal particles and the degree of
change of the pore structure were significantly
higher. When the proportion of coal and rock was
the same, the degree of change presented the highest
value

(c) The stress sensitivity coefficient curves of the five
types of broken coal and rock masses were consis-
tent. In addition, the stress sensitivity coefficient
and effective stress can be fitted to the Darcy equa-
tion. The higher the number of rock particles inside
the broken sample, the higher the sensitivity of the
sample to effective stress and the greater the degree
of change

Abbreviations
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The microscopic pore and fissure structure is the key factor affecting the exploitation, storage, and migration of coalbed methane
and coal spontaneous combustion tendency. For further research of the microstructure of deep soft coal rock, such as pores and
fissures, the coal samples from the Yangdong mining area were qualitatively and quantitatively analyzed in terms of
morphological characteristics, pore shape, pore specific surface area, pore volume, and pore diameter by a scanning electron
microscope (SEM) and a low-temperature liquid nitrogen adsorption experiment. The results show that there are three major
categories and five minor categories of pores with different genetic types, including metamorphic pore, exogenous pore, and
mineral pore, and there are endogenous fissures, exogenous tensile fissures, and exogenous shear fissures developed in the coal
body. According to the results of the low-temperature liquid nitrogen adsorption experiment, the hysteresis curves of coal
samples can be divided into two types. The I type curve produces a loop. There is a “hysteresis loop” which is obvious, and
there is an inflection point that is not obvious. The pore system is mainly composed of open pores. The II type curve has no
adsorption back line and no obvious inflection point. The pore structure is mainly composed of an impermeable hole closed at
one end. The BET specific surface area of coal samples ranges from 0.2810 to 4.7569m2/g, with an average of 1.27984m2/g.
The BJH pore volume ranges from 0.002864 to 0.007377 cm3/g, with an average of 0.0041246 cm3/g. The average BJH pore
diameter of coal samples ranges from 4.3935 to 20.1501 nm, with an average of 16.0313 nm. The pore specific surface area of
coal is mainly contributed by micropores, and the transition pores contribute the most to pore volume. The distribution of
pore volume in each pore section of a coal sample has the rule that the transition pore is larger than the micropore, and the
micropore is larger than the mesopore, and the maximum ratio is 66.2%. The distribution of pore specific surface area has the
rule that the micropore is larger than the transition pore, and the transition pore is larger than the mesopore. The maximum
ratio is 91.2%.

1. Introduction

Coal is a kind of porous medium material, and its micro-
scopic pore structure determines the adsorption, desorption,
diffusion, seepage, and mechanical properties of coal. [1, 2]
The pore and fissure structure of a coal body has a signifi-
cant influence on the exploitation, storage, migration, and
spontaneous combustion tendency of coal, and it is also a
key factor affecting the extractability of coalbed methane
[3, 4]. As early as the 1960s, domestic and foreign scholars

have begun to study the micropore structure of coal. Gan
et al. believes that with the demand for energy and the devel-
opment and utilization of coal and coalbed methane, people
pay more and more attention to the study of coal pore struc-
ture [5]. The research methods of domestic and foreign
scholars on the distribution characteristics of coal’s micro-
structure and morphological development, pore and fracture
types, and pore volume and specific surface area mainly
include observation description and physical tests [6]. The
observation description method mainly includes
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macrodescription and imaging of coal samples with an opti-
cal microscope, while common physical test methods
include the densitometer algorithm, the mercury injection
method (MIP), the low-temperature nitrogen or CO2
adsorption method, the scanning electron microscope
(SEM), the nuclear magnetic resonance method, and the
microscopic CT scanning method [7–9].

Li et al. [10] studied the relationship between the pore
structure characteristics and structural deformation of tec-
tonic coal in the Hancheng mining area using the micro-
scopic CT test, and the study showed that cataclastic coal
had the best pore connectivity and permeability, while mylo-
nite coal had the worst. Meng et al. [11] studied Dongqu
coking coal by using the microscopic CT and mercury injec-
tion test, and they obtained its pore diameter and morphol-
ogy and other characteristics and believed that micropores
were the main cause of poor permeability and connectivity.
Thompson et al. and Kueper et al. [12, 13] first studied the
porous material and calculated its fractal dimension. Wang
et al. [14] studied the influence of coalification on the pore
structure of the middle and high rank coal, and they found
that micropores and transition pores accounted for the larg-
est proportion of volume and specific surface area in middle
and high rank coal. With the increase of coal rank, the frac-
tal dimension of micropores gradually increased. Nie et al.
[15] labeled the pore types in SEM images of coals with dif-
ferent metamorphic degrees. According to Mahamud’s
research [16], when the pressure of mercury injection is
greater than 10Mpa, the coal sample will produce a com-
pression effect and destroy the coal’s primary pore system.
Cai et al. [17] used a small-angled ray combined with a scan-
ning electron microscope to study and find out if the coal
pores are mostly spheroid in low coal rank and ellipsoid in
high coal rank. Klimenko et al. [18] used the conditional
moment model to study the fractal characteristics of trans-
portation, storage, and adsorption processes in the pores of
CO2 porous media. Li et al. [19] adopted SEM, low-
temperature liquid nitrogen adsorption methods, and CO2
adsorption methods for 8 kinds of coals with different meta-
morphic degrees to analyze parameters such as pore volume,
pore diameter, specific surface area, and pore shape, and
they obtained the heterogeneity of the pore morphology of
coals with different ranks. Jiang et al. [20] studied the pore
characteristics of structural coal and divided the low-
temperature liquid nitrogen adsorption loop lines of coal
samples into three categories. It is considered that there are
four kinds of pores in coal: cylindrical pores with openings
at both ends, cylindrical pores with openings at one end,
ink bottle pores, and slit flat pores. Sun, Li and Wang, and
Li et al. [21–23] also conducted low-temperature liquid
nitrogen adsorption experiments under different metamor-
phic coals, different temperatures, different coal body struc-
tures, and different coal mines, so as to study the pore
structure, pore volume and pore diameter distribution, and
adsorption characteristics of coals under different
conditions.

The pore-fissure structure of coal rock is closely related
to coal seam mining and gas extraction, and it has a certain
influence on coal spontaneous combustion. The pore-fissure

structure in deep soft coal rock is extremely complex, and
the pore size distribution varies from millimeter to nanome-
ter. The different pore sizes control the adsorption, appor-
tionment, diffusion, and seepage of coalbed methane. The
traditional scanning electron microscope method only qual-
itatively studies the pore and crack parameters on the
polished surface of a coal sample, but it cannot deeply study
the internal pore structure of coal, which has limitations. In
this paper, the method of SEM and low-temperature liquid
nitrogen adsorption experiment is adopted. It is of great sig-
nificance to the coalbed methane resource evaluation, explo-
ration, and development for a qualitative and quantitative
characterization of the innovative ways of combining differ-
ent scales of deep soft coal rock micropore structure research
and analysis of the changing rule of the specific surface area
and pore volume of coal and the pore size distribution of
laws and so on.

2. Experimental Samples and Methods

The coal sample in this experiment is taken from the Yang-
dong well field of the Fengfeng coalfield, which is located in
the east wing of the middle part of the Fengfeng coalfield.
The coal quality belongs to the section of coking coal, thin
coal, and lean coal in the metamorphic zone of the Fengfeng
coalfield. The industrial analysis of raw coal quality is shown
in Table 1:

According to the relevant standards of “GB/T482-2008
Coal Sample Method for Coal Seam” and “SY/T6154-1995
Determination of Static Nitrogen Adsorption Capacity by
Rock Specific Surface and Pore Diameter Distribution,” the
no. 2 coal (large coal) of the Permian Shanxi Formation in
Yangdong Mine was collected as experimental coal samples,
and the collected coal samples were sealed and stored in
sealed bags with labels and transported to the laboratory.

2.1. Scanning Electron Microscope Observation Method.
According to the test requirements of the samples in the lab-
oratory, the collected large coal samples are cut at a slow
speed. The size of the cut is generally about 1 cm × 1 cm ×
1 cm, which is a relatively regular cube. If there is secondary
damage to the coal in the cutting process, the sample will be
scrapped. One side of the qualified small sample is ground
and disassembled; that is, the gauze is used for smooth and
slow grinding, respectively. The side after disassembling is
selected as the observation surface, and its surface is purged
for clean treatment, and then dried. Then, conductive treat-
ment (the observation surface is plated with a conductive
layer) is conducted for experimental observation. The exper-
imental instrument utilized here was the JSM-5510LV scan-
ning electron microscope from Japan Electron Optics
Laboratory Co., Ltd., as shown in Figure 1. The instrument
resolution was 3.2 nm, and the magnification was continu-
ously adjustable from 18 to 300,000. The surface of the sam-
ple was observed by secondary electronic imaging, and the
apparent morphology and pore-fissure structure of the sam-
ple were analyzed.
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2.2. Low-Temperature Liquid Nitrogen Adsorption Method.
According to the requirements of the experimental test, the
large coal samples collected were crushed with a crusher in
the laboratory, and then the crushed coal samples with a
particle size of 60 to 80 mesh were screened out by a stan-
dard sieve. The prepared coal samples were put into a
105°C electric heating blast drying oven to dry, and then
they were bottled and sealed for storage for experimental
use. The experimental instrument utilized here was the
ASAP-2000 automatic specific surface and aperture analyzer
produced by Micromeritics Instrument Co., Ltd., as shown
in Figure 2. The test was carried out according to the
national standard “Determination of specific surface area
of solid substance by gas adsorption BET method”
(GB/T19587-2017). The instrument has high testing accu-
racy, the specific surface area analysis range is from
0.0005m2/g to none, the pore diameter analysis range is
0.5 to 500.0 nm, and the pore volume minimum can detect

0.0001 cm3/g. The nitrogen adsorption method is used to
measure the pore structure distribution characteristics of
the coal sample, such as the specific surface area, pore diam-
eter, and pore volume.

3. Analysis of Microstructure Characteristics of
Coal under Scanning Electron Microscope

3.1. Analysis of Pore Characteristics of Coal Body. The pore
and fissure results observed by a large number of scanning
electron microscopy (SEM) analyses are shown in
Figures 3 and 4. The coal samples are observed at different
magnification ratios, and the pore and fissure characteristics
of each coal sample can be clearly seen.

According to the scanning electron microscopy results of
the coal samples in Figure 3, five types of pores are devel-
oped in the coal samples, including the granular pore, the
breccia pore, the friction pore, the intergranular pore, and
the air vent. The coal body as a whole is a collection of bro-
ken particles; the structure is loose, the whole coal body is
flaky, the granular pore is attached to the surface of the coal
body, and they have different shapes and sizes, irregular
shapes, and relatively developed pore structures. Most of
the pores are filled and stacked with minerals, including
granular pores (Figure 3(a)), breccia pores (Figures 3(a)
and 3(b)), and intergranular pores (Figure 3(c)). The coal
body is damaged by the weak tectonic stress field or external
factors, and it forms a sharp corner shape with a relatively
regular shape. There is basically no displacement between
the holes, and the connectivity is good. The holes formed
between the breccia (i.e., the breccia holes) are exogenous
holes. The pore diameter generally ranges from 2μm to
10μm, which is usually found in cataclastic coal. There are
some clastic minerals filling in the pore, but it will not seri-
ously block the pore fissure and has a certain permeability. A
fragmentary hole is a kind of exogenous hole formed after
being damaged by strong tectonic stress, and the shape of
the crushed grain is mostly a sheet, block, or semicircle. It
is small in volume and easy to accumulate. It is a displace-
ment hole formed between the crushed grains and has good
connectivity. The pore diameter range is generally 0.5 to
5μm, and it is mostly found in cataclastic coal and crushed
coal. Because severe fissures will block the pore and fissure,
it has a certain influence on the permeability of a coal reser-
voir. Intergranular pore is the pore between the mineral
grains, and it is a mineral pore. The pore diameter is gener-
ally micron sized, which is less developed in the coal body
and has little influence on the permeability of a coal
reservoir.

It can also be seen from the figure that the structure on
the surface of the coal body is becoming denser, with fewer
fissures and macropores. The pores are more elliptical and

Table 1: Raw coal industry analysis results.

Coal sample Mad (%) Ad (%) Vdaf (%) Std (%) Qgrad (MJ/kg) GR·I CR·C (1-8)

Large coal
0:54 ~ 2:08 11:97 ~ 38:34 16:78 ~ 33:75 0:20 ~ 0:70 20:74 ~ 31:93 3 ~ 79 4 ~ 7

1.31 25.16 25.27 0.32 26.34 41 6

Figure 1: JSM-5510LV scanning electron microscope.

Figure 2: ASAP-2000 automatic surface and aperture analyzer.
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(a) Granular hole and breccia hole

(b) Breccia hole and friction hole

(c) Intergranular pore and friction hole

Figure 3: Continued.

4 Geofluids



angular, the size is not uniform, there are few endogenous
fissures, and primary bedding and fine bedding are rare.
The surface of the coal sample is smooth, the structure
development is relatively complete, there are few and thin
holes on the surface, the connectivity between holes is poor,
and the fissures are not developed. Friction pores
(Figures 3(b) and 3(c)) and air vents (Figure 3(d)) were

developed. Under the action of compressive stress, and due
to friction or the sliding movement between the coal face
and the surface, there is the formation of grooves, round
lines, and long triangular or linear holes (namely friction
holes) that are exogenous holes. The pore diameters vary
from 1 to 2μm to dozens of microns. The pores are partially
connected, which has a certain effect on the migration of

(d) Air vent

Figure 3: Pore characteristics under a scanning electron microscope.

(a) Endogenous fissure (b) Exogenous tensile fissure

(c) Exogenous shear fissure (d) Exogenous tensile fissure are filled with debris

Figure 4: Fissure characteristics under scanning electron microscope.
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coalbed methane. The pores exist in cataclastic coal and
crushed coal. The air vent is a kind of metamorphic pore,
which is mostly round, oval and tubular with smooth edge
and formed by “gas generation” and “gas accumulation”
due to coalification in the coal-forming period. The common
stomata size is 0.1 to 3μm, the development is more concen-
trated, about 1μm is more common, the stomata are inde-
pendent of each other, the connectivity between the pores
is not good, and the pores are developed in both primary
coal and structural coal.

3.2. Analysis of Coal Fissure Characteristics. The fissure in
the coal body is due to the coal seam in the coal-forming
period by the nature of various stresses, such as tectonic
stress and geological stress, resulting in the coal body fissure,
section opening or fissure, and other non-closed-state fissure
phenomena. Research on coal microfissures began last cen-
tury, but research progress is relatively slow. It was not until
the 1960s, when Ammosov and Eremin [24], both scholars
of the former Soviet Union, put forward their ideas in the
book “Fissures in Coal.” Since then, the research on coal
body fissures gradually became mature. Later, the term
“cleat” was proposed to describe endogenous fissures, and
cleat can be divided into facet cleat and end cleat [25]. On
the basis of previous research, this paper also divides the fis-
sures in the coal into two types: endogenous and exogenous.

As can be seen from Figure 4, there are endogenous fis-
sures and exogenous fissures developed in the coal samples,
and their morphology, size, and genesis are different. In the
endogenous fissure, coal is densely developed, with few fill-
ings and no scratches on the surface, which are relatively flat
and have tensile characteristics (as shown in Figure 4(a)).
Fills in cleats are generally autogenic minerals and rarely fill
broken coal particles. Under certain tectonic action, disloca-
tion or extrusion occurs between coal bodies, resulting in fis-
sures or openings, and exogenous tensile fissures and shear
fissures can be seen (as shown in Figures 4(c) and 4(d)).
Due to the effect of tensile stress, the exogenous tensile fis-
sure has a large opening, appearing as a narrow and long
opening (as shown in Figure 4(d)). There is no scratch on
the surface, and some debris will be filled in the fissures, with
cracks ranging from a few microns to dozens of microns.
Exogenous shear fissures rupture due to the action of shear
force, showing staggered small fissures and long extension.
The fissure has a small opening and is basically closed (as
shown in Figure 4(c)). Most fissures are imbricated or
stepped, and some are also X-shaped, with good ductility
and debris filling.

4. Analysis of Low-Temperature Liquid
Nitrogen Adsorption Experiment Results

The pore structure of coal is complex, and the pore diameter
distribution varies from millimeter to nanometer. Therefore,
the study of the pore structure of coal not only needs quali-
tative characterization but also needs to be combined with
quantitative calculation to be more accurate. The above
SEM results are used to qualitatively characterize the mor-
phological characteristics of pore fissures on the surface of

a coal body. The observed coal body morphological charac-
teristics were relatively rough. The characteristics of micron
and millimeter pores and fractures in coal samples can be
clearly observed, but the nanosized pores cannot be detected.
Therefore, the low-temperature liquid nitrogen adsorption
experiment can be used to characterize the finer pore struc-
ture and morphological characteristics in coal.

4.1. Isothermal Adsorption Curve Analysis. Isotherma
adsorption curve can well reflect the surface adsorption
characteristics of coal samples, and pore morphology char-
acteristics of experimental coal samples and pore diameter
distribution which plays a major role in adsorption can be
seen from the adsorption curve and desorption loop. The
adsorption isotherm of each coal sample is shown in
Figure 5.

The International Union of Pure and Applied Chemistry
(IUPAC) classify the isotherm adsorption curve into six
types [26]. Compared with the six adsorption isotherms,
the nitrogen adsorption isotherm of coal samples tends to
belong to the IV adsorption isotherm as a whole, but it is
not the same as it. The overall adsorption curve shows an
upward trend, and the adsorption curve is lower, while the
desorption curve is higher. When the relative pressure is
greater than 0.9, the curve rises steeply, and the adsorption
volume increases sharply. The curves show that at the begin-
ning, the single-layer adsorption transitions to multilayer
adsorption at the low pressure stage. As the relative pressure
continues to increase, multilayer adsorption begins to
appear, and the adsorption amount gradually increases until
the multilayer adsorption gradually forms, and the adsorp-
tion layer is infinite when the saturated vapor pressure is
reached. In the middle and high pressure stage (the relative
pressure is greater than 0.5), the separation phenomenon
of the adsorption curve and the desorption curve gradually
appears, and the hysteresis loop is produced, namely, the
hysteresis loop. The appearance of the adsorption hysteresis
ring is caused by capillary condensation on the surface of
coal under high pressure (the relative pressure is greater
than 0.9).

It can be seen from the hysteresis loop of the coal sample
in this experiment that its hysteresis loop type does not
strictly belong to the specific type divided by IUPAC. Each
type of adsorption hysteresis loop represents different pore
structures and reflects the adsorption capacity and air per-
meability of coal. Referring to the study of adsorption exper-
iments on a large number of coal samples by Chen and Tang
[27], the adsorption isothermal hysteresis curve characteris-
tics of coal samples in this experiment were observed and
compared, and the adsorption isothermal hysteresis curves
were divided into two types:

(1) I type: nos. 1, 2, 3, and 4 coal samples are represen-
tative, the normal type curve produces a loop, the
desorption curve and the adsorption curve do not
completely coincide, the curve “hysteresis loop” is
obvious, and the inflection point is not obvious, indi-
cating that there is no “ink bottle” like hole in the
coal sample. The adsorption curve and desorption
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curve basically overlap at low and high relative pres-
sure, and the inflection point occurs when the rela-
tive pressure is about 0.5. In the region of 0.45 to
0.95, the capillary condensation phenomenon occurs
in the coal body, and the “hysteresis loop” is gener-
ated, which is because the pressure required for the
capillary condensation of the coal body is less than
that of evaporation. It shows that there are closed
holes at one end in the low pressure and high pres-

sure stages, which mainly include cylindrical holes,
parallel plate holes, wedge-shaped holes, and tapered
holes at one end. In the middle and high pressure
stage, the pore system is mainly composed of open
pores, including cylindrical pores at both ends and
parallel plate pores at four sides, and part of slit
pores. Such pore structure is conducive to the migra-
tion of coalbed methane, and has good permeability
and connectivity
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(2) II type: the no. 5 coal sample is representative, the
normal type curve does not produce the adsorption
back line, the desorption curve and the adsorption
curve almost completely coincide, and the hysteresis
phenomenon is not obvious, i.e., there is no obvious
inflection point; this is because this kind of coal sam-
ple coal capillary condensation and evaporation
required pressure that is basically equal. This shows
that the pore structure of this kind of coal sample
is mainly composed of impermeable pores with one
end closed, including cylindrical holes, parallel plate
holes, wedge-shaped holes, and tapered holes with
one end closed. The pore connectivity is poor, which
is not conducive to the exploitation and migration of
coalbed methane. The poor connectivity between
pores is not conducive to the exploitation and migra-
tion of coalbed methane

4.2. Specific Surface Area and Pore Volume Analysis. As a
solid material of porous medium, coal’s specific surface area
is a powerful index to show the adsorption capacity of coal
seam, and the adsorption capacity of coal presents a positive
correlation with the change of the specific surface area. The
specific surface area results obtained by different calculation
models are also different. The specific surface area obtained
by the BET calculation model is the most common method.
In this experiment, the BET equation [28] based on the mul-
timolecular layer adsorption theoretical model is used to
characterize the specific surface area:

1
W p0/pð Þ − 1½ � =

1
WmC

+ C − 1
WmC

p
p0

� �
, ð1Þ

where W is the weight of adsorbed gas at the relative pres-
sure (P/P0); Wm is the weight of adsorbed gas covered by a
single surface; P/P0 is the adsorption relative pressure; P is
the equilibrium partial pressure of adsorbed mass; P0 is the
saturated vapor pressure of the adsorbent; C is the BET con-
stant, which is related to the adsorption energy of the first
adsorption layer.

In physical adsorption, the adsorption between solid and
gas is dependent on the intermolecular gravity and occurs.
The molecules that have been adsorbed still have gravity;
so, on top of the first layer of adsorption, they can also
adsorb a second layer, a third layer …, that is, multimolecu-
lar layer adsorption. Pore volume (also called pore volume)
mainly shows the total pore volume per unit mass. Table 2

shows the distribution characteristics of pore structure
parameters of coal samples obtained under the low-
temperature liquid nitrogen adsorption experiment.

The results show that the BET specific surface area of
coal samples ranges from 0.2810 to 4.7569m2/g, with an
average of 1.27984m2/g. The specific surface area of BJH
ranges from 0.5686 to 6.7164m2/g, with an average of
1.9034m2/g. The BJH specific surface area is larger than that
of BET on the whole, but the changing trend remains consis-
tent. The total pore volume of the single point method of a
coal sample ranges from 0.002865 to 0.007375 cm3/g, with
an average of 0.004132 cm3/g. BJH pore volume ranges from
0.002864 to 0.007377 cm3/g, with an average of
0.0041246 cm3/g. Generally speaking, the difference between
the two is very small. The BJH average pore diameter of a
coal sample varies greatly from 4.3935 nm to 20.1501 nm,
with an average of 16.0313 nm.

Figure 6 is the fitting curve of the relationship between
specific surface area and pore volume. It can be seen that
there is a positive correlation between specific surface area
and pore volume, and both specific surface area and pore
volume of coal samples in the mining area are small.

Figure 7 shows the pore specific surface area and pore
volume increment diagram under different pore diameters.
The relation diagram of the pore specific surface area and
pore diameter shows that the curve trends of coal samples
01, 02, 03, and 04 are similar, with peaks at about 3 to

Table 2: Pore structure parameters of coal samples.

Coal
sample

BET surface area
(m2/g)

BJH surface area
(m2/g)

Single point total pore volume
(cm3/g)

BJH pore volume
(cm3/g)

BJH average pore width
(nm)

1 0.3699 0.6433 0.002967 0.002942 18.2940

2 0.4405 0.7358 0.003224 0.003252 17.6790

3 0.2810 0.5686 0.002865 0.002864 20.1501

4 0.5509 0.8529 0.004229 0.004188 19.6399

5 4.7569 6.7164 0.007375 0.007377 4.3935

Average 1.27984 1.9034 0.004132 0.0041246 16.0313
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Figure 6: BET specific surface area and BJH pore volume fitting
curve.
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4nm and 20 to 40nm, indicating that micropores and tran-
sition pores have a large contribution to the specific surface
area of coal samples. However, the curve of coal sample 05 is
different from the other four coal samples. As can be seen
from the figure, the peak appears at the aperture of about
2 nm, and then it gradually decreases, but it still keeps a large
value. After 10nm, it becomes very low and flattens out,
indicating that the micropores within the range of 2 to
10 nm make a great contribution to the specific surface area
of coal samples.

As can be seen from the diagram of the relationship
between pore volume increment and pore diameter, the pore

volume increment increases continuously with the increase
of pore diameter. The peak value of coal samples 01, 02,
03, and 04 is mostly at the aperture of 30 nm and 100 nm,
while the peak value of coal sample 05 is at 10 nm and
50nm, indicating that the transition hole plays a major con-
tribution to the pore volume of coal sample.

4.3. Analysis of Pore Diameter Distribution Characteristics.
The classification methods of apertures usually include the
B.B. Hodot decimal division and the IUPAC classification.
There are many calculation models for apertures, including
BJH, D-H, HK, DFT, and NLDFT. [29] In this paper, the
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Figure 7: Increment diagram of specific surface area and pore volume of coal sample.
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BJH theoretical model is used for pore diameter analysis of
coal samples, and the B.B. Hodot decimal division method
[30] is used for the coal pore type division system. According
to the classification system, the pore diameters of coal can be
divided into four types: macropore (>1000 nm), mesopore
(100-1000 nm), transition pore (10-100nm), and micropore
(<10nm). The pore diameter distribution range of each
sample recorded by the instrument in this experiment is
1.7 nm to 300nm. Figure 8 shows the pore diameter distri-
bution characteristics of a coal sample obtained under the
low-temperature liquid nitrogen adsorption experiment.

In Figure 8, dV/dD represents the differential of total
pore volume to pore diameter, and it represents the distribu-
tion function of pore volume density. The peaks protruding
from this curve represent the most concentrated pore diam-
eter range in the measured coal sample. As shown in
Figure 8, the pore diameter distribution of each coal sample
in the region of 2 to 20 nm presents a single peak distribu-
tion phenomenon, which indicates that the pore diameter
of a coal sample is mainly distributed in the region of 2 to
20 nm, and the main peak is mainly around 2 to 5nm.
Therefore, the micropores and transition pores larger than
2nm contribute greatly to the pore volume. Generally speak-
ing, pores with pore diameter less than 100nm, especially
micropores, are the main factors that determine gas adsorp-
tion, storage, and migration. Therefore, the distribution of
micropore diameter in coal plays a leading role in gas stor-
age and migration in coal seams.

According to the classification of coal samples according
to the low-temperature liquid nitrogen adsorption isotherm
above, the pore diameter distribution curve is also divided
into two kinds. The peak value of coal samples 1 to 4 appears
at around 4nm, and both ends of the peak value plummet,
indicating that the pore diameter distribution is most con-
centrated when the pore diameter is 4 nm. The curve has a
flat trend in the range of 5 to 20nm, indicating that there

are a large number of micropores and transition pores in this
range, and the pore diameter distribution is uniform, but
there is no particularly concentrated distribution of pores.
The peak value of coal sample 05 appears at 2 nm, indicating
that the pore diameter distribution is most concentrated at
the pore diameter of 2 nm. The curves at both ends of the
peak value did not drop suddenly, but the peak value gradu-
ally decreased with the increase of pore diameter until
20 nm, indicating that the micropores and transition pores
at 2 to 20 nm accounted for the majority of the coal sample
05. In general, micropores and transition pores play an abso-
lute role in controlling the specific surface area and pore vol-
ume of coal samples, respectively.

Table 3 shows the pore diameter distribution and pro-
portion characteristics of coal samples obtained under the
low-temperature liquid nitrogen adsorption experiment,
and Figure 9 shows the specific surface area and pore volume
proportion of each pore diameter segment. It can be seen
that the percentage of pore volume in each pore diameter
section of a coal sample is dominated by transition pores,
and transition pores make the largest contribution to pore
volume. Micropore volume accounts for 12.4% to 61.1% of
the total pore volume, transition pore volume accounts for
25.8% to 66.2%, and middle pore volume accounts for
13.1% to 26.1%. The specific surface area of each pore sec-
tion of a coal sample is dominated by the proportion of
micropores, which contributes the most to the specific sur-
face area. The proportion of micropores was 56.2% to
91.2%, the proportion of transitional pore specific surface
area was 7.6% to 40.87%, and the proportion of middle pore
specific surface area was 1.2% to 3.9%. The results of aper-
ture ratio analysis are consistent with those in Figure 8.
The distribution of pore volume in each pore section of a
coal sample has the rule that the transition pore is larger
than the micropore, and the micropore is larger than the
mesopore, and the maximum proportion is 66.2%. The dis-
tribution of pore specific surface area show that the micro-
pore is larger than the transition pore, and the transition
pores are larger than the mesopores. The maximum ratio
is 91.2%.

5. Discussions

By comparing the results of scanning electron microscopy of
the coal samples in the study area, it can be found that there
are metamorphic pores, exogenous pores, and mineral pores
in the coal, and there are endogenous fractures, exogenous
tensile fractures, and exogenous shear fractures in the coal.
This is because the tectonic stress fields or external factors
cause different degrees of damage to the coal body, resulting
in different types of pore fractures. By comparing the iso-
thermal adsorption curves of coal samples and referring to
previous studies and distinguishing from their classification
criteria, the analysis shows that the isothermal adsorption
curves of coal samples in the study area can be divided into
two types, and the pore structure system of coal samples is
mainly composed of open pores and impermeable pores
closed at one end. This condition is because different holes
will produce different hysteretic curves.
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Figure 8: Distribution characteristics of pore diameter of a coal
sample.
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According to Figure 10, qualitative analysis was made on
the variation of specific surface area and pore volume with
pore diameter of coal samples in the study area. It can be
seen from the overall trend of the relation curve between

incremental pore area and pore diameter that there are dif-
ferent peaks in the range of the pore diameter of coal, espe-
cially in the range of a micropore, indicating that a
micropore has a large contribution to the specific surface

Table 3: Characteristics of pore diameter distribution proportion of coal sample.

Coal sample Pore volume (cm3/g)
Pore size ratio (%)

Surface area (m2/g)
Pore size ratio (%)

<10 nm 10 ~ 100 nm >100 nm <10 nm 10 ~ 100 nm >100 nm
1 0.002967 15 60 25 0.3699 61.1 35.3 3.6

2 0.003224 16.4 59.7 23.9 0.4405 64.5 32.6 2.9

3 0.002865 12.4 61.5 26.1 0.2810 56.2 39.9 3.9

4 0.004229 12.92 66.2 20.9 0.5509 56.3 40.9 2.8

5 0.007375 61.1 25.8 13.1 4.7569 91.2 7.6 1.2
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Figure 9: Specific surface area and pore volume ratio of each pore diameter segment of a coal sample.
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area of a coal sample, accounting for the largest proportion.
From the overall trend of the relation curve between incre-
mental pore volume and pore diameter, it can be seen that
the incremental pore volume increases with the increase of
pore diameter and presents the characteristics of multipeak
distribution. The most obvious peak value is mostly located
within the range of the transition hole, indicating that the
transition hole plays a major contribution to the pore vol-
ume of a coal sample and accounts for the largest
proportion.

On the basis of qualitative analysis, quantitative analysis
was carried out on the average proportion of specific surface
area and pore volume of each pore section of coal sample. As
can be seen from Figure 11, the micropores accounted for
23.56% of the total pore volume, the transition pores
accounted for 21.80%, and the mesopores accounted for
54.64%. The specific surface area of micropores, transition
pores, and mesopores accounted for 65.86%, 31.26%, and
2.88%, respectively. The results show that the distribution
of pore volume in each pore section of a coal sample has
the rule that the transition pore is larger than the micropore,
and the micropore is larger than the mesopore. The distribu-
tion of the pore specific surface area has the rule that the
micropore is larger than the transition pore, and the transi-
tion pore is larger than the mesopore. This is because micro-
pores and transition pores make major contributions to the
pore specific surface area and pore volume of coal samples,
respectively, and the greater the contribution, the greater
the proportion. The research results have certain practical
significance for the design of gas extraction, coal seam min-
ing, and migration in the study area.

6. Conclusion

(1) SEM results show that there are three types of pores,
namely, metamorphic pores, exogenous pores, and
mineral pores, and there are five subtypes of pores
with different genetic types, such as air vent, granular
hole, breccia pores, friction pores, and intergranular
pores. The pore diameter is generally in the transi-
tion range from nanometer to micron. There are
endogenous fractures, exogenous tensile fractures,
and exogenous shear fractures developed in the coal
body. The overall development is relatively compact

and flat. The research on fractures is on the micron
scale, generally ranging from a few to dozens of
microns

(2) The low-temperature liquid nitrogen adsorption
experiments show that there are two main types of
hysteresis curve. The I type curve produces a loop.
A “hysteresis loop” is obvious, and an inflection
point appears, but it is not obvious. The II type curve
does not produce an adsorption back line and has no
obvious inflection point. The pores of coal samples
are mainly composed of open pores and imperme-
able holes closed at one end. The average pore diam-
eter is 16.0313 nm, and the pore specific surface area
and total pore volume are small, averaging
1.27984m2/g and 0.0041246 cm3/g, respectively

(3) The pore specific surface area and pore volume of
coal are mainly contributed by micropores and tran-
sition pores at 2 to 20nm. The distribution of pore
volume in each pore section of a coal sample has
the rule that the transition pore is larger than the
micropore, and the micropore is larger than the
mesopore, and the maximum ratio is 66.2%. The dis-
tribution of specific surface area has the rule that the
micropore is larger than the transition pore, and the
transition pore is larger than the mesopore, and the
maximum ratio is 91.2%.
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Coal permeability plays an important role in the simultaneous exploitation of coal and coal-bed methane (CBM). The stress of
mining-disturbed coal changes significantly during coal mining activities, causing damage and destruction of the coal mass,
ultimately resulting in a sharp increase in permeability. Conventional triaxial compression and permeability tests were
conducted on a triaxial creep-seepage-adsorption and desorption experimental device to investigate the permeability evolution
of mining-disturbed coal. The permeability evolution models considering the influence of the stress state and stress path on the
fracture propagation characteristics were established based on the permeability difference in the deformation stages of the coal
mass. The stress-strain curve of the coal was divided into an elastic stage, yield stage, and plastic flow stage. As the axial stress
increased, the permeability decreased and then increased, and the curve’s inflection point corresponded to the yield point. The
permeability models exhibited a good agreement with the experimental data and accurately reflected the overall trends of the
test results. The results of this study provide a theoretical basis for coal mine disaster prevention and the simultaneous
exploitation of coal and CBM.

1. Introduction

Coal-bed methane that is also called gas is an unconven-
tional natural gas generated during coalification and accu-
mulates in coal seams. Although CBM is a clean and
efficient energy source, it is also a disaster factor and green-
house gas in coal mining. The exploitation of CBM can
reduce the occurrence of coal mine accidents and green-
house gas emissions and minimize energy shortages. The
permeability of coal seams is the decisive parameter affecting
CBM exploitation. In China, coal seams are characterized by
high in situ stress, strong adsorption features, and low per-
meability, making the extraction of CBM relatively difficult
[1, 2]. Therefore, improving the permeability of coal seams
is crucial for the efficient extraction of CBM. When coal
seams are mined, the stress of mining-disturbed coal
undergoes complex changes, resulting in the deformation,

damage, and permeability enhancement of the coal. There-
fore, the simultaneous exploitation of coal and CBM has
been widely promoted and applied in China.

Permeability models of coal are the basis for planning
gas drainage boreholes and improving gas drainage effi-
ciency. Scholars conducted numerous studies on coal seam
permeability models. Shi and Durucan [3] presented a per-
meability model that considered gas desorption in linear
elastic coal-beds under uniaxial strain conditions. Liu et al.
[4] established a dual-porosity model considering coal defor-
mation caused by gas adsorption. Connel et al. [5] estab-
lished a permeability model of coal for triaxial stress and
gas adsorption conditions based on the porous elastic the-
ory. Perera et al. [6] derived a triaxial stress coal permeability
model based on the theory of elasticity with the gas injection
pressure, confining stress, axial load, and gas adsorption as
control variables. Lu et al. [7] calculated porosity changes
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from the perspective of coal matrix-fracture interactions and
established permeability models with different mechanical
boundaries under the joint action of effective stress and
adsorption deformation. The above permeability models
do not consider the effect of coal damage and destruction
on permeability. In coal mining activities, the stress of the
mining-disturbed coal changes significantly, causing dam-
age and destruction of the coal mass, ultimately resulting
in a sharp increase in permeability. Therefore, it is urgent
to study the permeability evolution model of mining-
disturbed coal.

Scholars have focused on the effect of damage and
destruction on coal permeability in recent years. Xie et al.
[8] considered the damage caused by the shrinkage of the
coal matrix after gas drainage and established a coal perme-
ability model to describe the spatial and temporal distribu-
tion of coal permeability within the effective influence zone
of the borehole. Zhang et al. [9] established a damage vari-
able that is directly related to the effective strain and devel-
oped a dynamic model of the permeability evolution using
a scalar damage variable. Xue et al. [10] considered the influ-
ence of excavation damage on coal permeability and estab-
lished a postpeak permeability model based on the parallel
plate model. The stress path experienced by the coal mass
determines the propagation characteristics of the fractures,
determining the change law of permeability. On the other
hand, the initial stress state also significantly influences frac-
ture propagation and permeability. However, few studies
investigated the influence of the initial stress state and stress
path on the propagation characteristics of fractures and per-
meability changes.

In this study, mechanical and seepage experiments of
coal were conducted to obtain the evolution law of perme-
ability with the strain. The permeability models considering
the influence of the initial stress state and stress path on the
fracture propagation characteristics were established and
verified by experimental data. The results of this study pro-
vide a theoretical basis for coal mine disaster prevention
and the simultaneous exploitation of coal and CBM.

2. Experimental Study on Permeability
Evolution of Mining-Disturbed Coal

2.1. Specimens. The coal used in the test was collected from
the No. 2 coal seam of the Zhongxing coal mine. The coal
deposits are broken and have low strength because of tec-
tonic stress, making it difficult to obtain a raw coal specimen.
Studies have shown that although reconstituted coal speci-
mens have larger deformation and permeability than raw
coal specimens, their deformation characteristics and per-
meability evolution are similar [11]. Therefore, reconstituted
coal specimens were used in the test.

Coal particles sieved through a 40-60 mesh were mixed
with a small amount of water and packed into a mold. A
pressure of 200 kN was applied to the mold for 1 h, and spec-
imens with a diameter of 50mm and a height of 100mm
were obtained. The specimens were placed in a 60°C vacuum
oven for 48h and wrapped with fresh film after cooling for
the subsequent analysis.

2.2. Experimental Method. Conventional triaxial compres-
sion and permeability tests were conducted on the triaxial
creep-seepage-adsorption and desorption experimental
device. The device consisted of a servo loading system,
adsorption-desorption-seepage system, gas pressure control
system, temperature control system, and deformation mea-
surement system.

The steady-state method was adopted to measure the
permeability of the specimens. The permeability was calcu-
lated as follows:

k = 2μP0LQ

A P2
1 − P2

0
� � , ð1Þ

where k is the permeability (m2), μ is the gas kinematic vis-
cosity, P0 is the gas pressure at the outlet of the specimens
(0.1MPa), L is the length of the specimens (m), Q is the
gas permeation rate (m3/s), A is the cross-sectional area of
the specimens (m2), and P1 is the gas pressure at the inlet
of the specimens (MPa).

Three specimens were selected, and the axial stress and
confining stress were applied at the same speed to the hydro-
static pressure state of 2, 4, and 8MPa, respectively. Subse-
quently, the confining stress remained unchanged, and the
axial stress was applied at the speed of 100N/s until the
specimens failed. During the test, the deformation and gas
seepage characteristics were recorded. For the convenience
of analysis, the unit of permeability (m2) was converted to
millidarcy; their relationship is 1m2 = 1015 mD.

2.3. Results and Analysis. Figure 1 shows the relationship
between the stress-strain curve and permeability-strain
curve. The stress-strain curve can be divided into the elastic
stage, yield stage, and plastic flow stage. After the yield stage,
the strain exhibits the characteristics of plastic flow, and the
specimens show no apparent signs of failure. The experi-
ments were stopped after the specimens showed plastic flow
characteristics to prevent the strain from exceeding the mea-
surement range and damaging the strain sensor. In Figure 1,
the #1 coal specimen is used as an example, and the points A
, B, C, and D represent the starting point of loading, the
expansion point, the yield point, and the end of the test,
respectively. In the initial stage, the volume of the specimen
is compressed continuously, and the volumetric strain
increases gradually. From point B, the specimen expands,
and the volumetric strain decreases. As the axial stress
increases, the permeability decreases and then increases,
and the curve’s inflection point corresponds to point C.

During the deformation, the permeability depends on
the effective porosity. There are few new fractures in the A
-B stage, and the primary fractures are elastically compacted
under the increasing axial stress. In this stage, the specimen
is in an elastic deformation state, and the permeability
decreases with the volume compression. From point B, the
volume expands, and the permeability continues to decline.
Tensile microfractures are gradually formed in the coal par-
allel to the direction of the axial stress, causing volume
expansion. However, these microfractures are not con-
nected, and the effective porosity does not increase. At the
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same time, the increasing axial stress causes the closure of the
primary fractures. Therefore, even if the volume expands, the
permeability continues to decrease. From point C, the connec-
tivity of the new fractures increases, and the permeability
increases with the volume expansion.

Figure 2 shows the failure characteristics of the coal
specimens after the experiments. The three specimens all
suffered shear failure, and the angle between the failure crack
and the axial direction increases with an increase in the con-
fining pressure. Specimens #2 and #3 also showed tensile
failure, which was likely caused by the mechanical properties
of the specimens and the limitations of the equipment
performance.

3. Permeability Model of Mining-
Disturbed Coal

3.1. Permeability Model in the Elastic Stage. The pores in
which the fluid can flow are called effective pores, whereas
the other pores are called invalid pores. Effective and invalid
pores exist in both raw coal and reconstituted coal under

certain stress conditions, and only the effective pores affect
the permeability.

The permeability of coal can be expressed using the
Kozeny-Carman equation as follows:

k = ϕ′3

CS2 1 − ϕ′
� �2 , ð2Þ

where k is the permeability (m2), ϕ′ is the effective porosity, S
is the surface area of the pores per unit volume of coal, and C is
a coefficient related to the tortuosity of the coal fractures.

When the coal undergoes elastic deformation due to
external stress, only the opening and shape of the fractures
change. Thus, the parameter S can be regarded as a constant.
Equation (1) can be rewritten as follows:

k
k0

= C0
C

ϕ′
ϕ0′

 !3 1‐ϕ0′
1‐ϕ′

 !2

= α
ϕ′
ϕ0′

 !3 1‐ϕ0′
1‐ϕ′

 !2

, ð3Þ
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Figure 1: The curve of permeability-strain and stress-strain of coal specimens.
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where C0, k0, and ϕ0′ and C, k, and ϕ′ are the coefficient, the
permeability, and the effective porosity before and after coal
mass deformation, respectively, (α = C0/C).

The total porosity of coal can be expressed by the follow-
ing equation:

ϕ =
Vp0 + ΔVp

Vb0 + ΔVb
= 1 − Vs0 + ΔVs

Vb0 + ΔVb
= 1 − Vs0 1 + ΔVs/Vs0ð Þ

Vb0 1 + ΔVb/Vb0ð Þ
= 1 − 1 − ϕ0ð Þ

1 + εV
1 + ΔVs

Vs0

� �
,

ð4Þ

where ϕ0 and ϕ are the total porosity before and after defor-
mation, respectively; Vp0, Vb0, and V s0 are the initial pore
volume, coal mass volume, and solid skeleton volume of
the coal, respectively; ΔVp, ΔVb, and ΔV s are the increment
of the pore volume, coal mass volume, and solid skeleton
volume, respectively; and εV is the volumetric strain.

If ΔVs = 0, i.e., regardless of changes in the volume of the
skeleton, then

ϕ = ϕ0 + εV
1 + εV

: ð5Þ

The volumetric strain in Equation (5) is solely caused by
pores in coal.

Only a change in the effective pores will affect the
permeability during the coal mass deformation. Here, a
coefficient λ1 is introduced to represent the ratio of the vol-
umetric strain caused by the effective pores to the total vol-
umetric strain in this stage (εV‐effective/εV = λ1, 0 ≤ λ1 ≤ 1).
According to Equation (5), the effective porosity of coal
after deformation is

ϕ′ = ϕ0′ + εV‐effective
1 + εV

= ϕ0′ + λ1εV
1 + εV

, ð6Þ

where εV‐effective is the volumetric strain caused by the
effective pores.

By substituting Equation (6) into Equation (3), we obtain

k
k0

= α

1 + εV
1 + λ1εV

ϕ0′

 !3 1‐ϕ0′
1 + εV‐ϕ0′‐λ1εV

 !2

: ð7Þ

Because the initial stress state and stress path affect the
propagation characteristics of the fractures, Equation (7)
reflects the influence of the initial stress state and stress path
on the fracture propagation characteristics and permeability
of the coal mass.

3.2. Permeability Model in the Damage Stage. When the coal
mass is damaged, the primary fractures expand, and new frac-
tures are created. Thus, the parameter S in Equation (1) is no
longer a constant, and the equation can be rewritten as follows:

k = ϕ′3

CS2 1 − ϕ′
� �2 = ϕ′3

C As/Vbð Þ2 1 − ϕ′
� �2 , ð8Þ

where As is the total surface area of the pores in the coal mass,
and Vb is the coal mass volume.

Then, the initial permeability becomes

k0 =
ϕ′30

C0 As0/Vb0ð Þ2 1 − ϕ0′
� �2 : ð9Þ

When the coal mass is damaged, the surface area of the
pores changes:

As = As0 1 + ψð Þ: ð10Þ

The permeability becomes

k = ϕ′3

C As0 1 + ψð Þð Þ/ Vb0 1 + εVð Þð Þð Þ2 1 − ϕ′
� �2 : ð11Þ

(a) #1 coal specimen (b) #2 coal specimen (c) #3 coal specimen

Figure 2: Failure characteristics of coal specimens.
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We obtain

k
k0

= α
ϕ′
ϕ0′

 !3 1‐ϕ0′
1‐ϕ′

 !2 1 + εV
1 + ψ

� �2
: ð12Þ

We assume that the change in the pore surface area can
be ignored; thus, Equation (12) can be simplified as

k
k0

= α
ϕ′
ϕ0′

 !3 1‐ϕ0′
1‐ϕ′

 !2

1 + εVð Þ2: ð13Þ

As shown in Figure 1, point B is the starting point of the
expansion and damage. For the B-C stage, Equation (13)
should be rewritten as

k
kexpansion

= α
ϕ′

ϕexpansion′

 !3 1‐ϕexpansion′
1‐ϕ′

 !2

1 + εV ‐εV‐expansion
� �2,

ð14Þ

where kexpansion, ϕexpansion′ , and εV‐expansion are the permeabil-
ity, effective porosity, and volumetric strain at the starting
point of the expansion, respectively, and k, ϕ′, and εV are
the permeability, effective porosity, and volumetric strain
in the B-C stage, respectively.

The coal specimen is being damaged from point B, and the
volume continues to expand. However, the effective porosity
has not increased because the tensile microfractures generated
in this stage are not connected. In addition, as the axial stress
increases, the primary fractures continue to close, resulting in
a decrease in permeability. The coefficient λ2 is introduced to
express the ratio of the volumetric strain caused by the effec-
tive pores to the total volumetric strain in this stage, i.e.,
εV‐effective/ðεV‐εV‐expansionÞ = λ2. The trend of the volumetric
strain caused by the effective pores is opposite to that of the
total volumetric strain; thus, ‐1 ≤ λ2 ≤ 0.

According to Equation (5), the effective porosity in B-C
stage can be obtained as

ϕ′ =
ϕexpansion′ + λ2 εV ‐εV‐expansion

� �
1 + εV‐εV‐expansion

: ð15Þ

According to Equation (6), we obtain

ϕexpansion′ =
ϕ0′ + λ1εV‐expansion
1 + εV‐expansion

: ð16Þ

By substituting Equations (15) and (16) into Equation
(14), we derive

Equation (17) is the theoretical model of permeability in
the B-C stage.

If the yield point is the initial condition, Equation (13)
should be rewritten as

k
kyield

= α
ϕ′
ϕyield′

 !3 1‐ϕyield′
1‐ϕ′

 !2

1 + εV‐εV‐yield
� �2, ð18Þ

where kyield, ϕyield′ , and εV‐yield and k, ϕ′, and εV are the per-
meability, effective porosity, and volumetric strain of the
coal at the yield point and in the C-D stage, respectively.

The permeability increases from point C because of the
increasing of effective porosity. The coefficient λ3 is intro-
duced to express the ratio of the volumetric strain caused
by the effective pores to the total volumetric strain at this
stage (εV‐effective/ðεV‐εV‐yieldÞ = λ3, 0 ≤ λ3 ≤ 1).

According to Equation (5), the effective porosity in the C
-D stage can be obtained:

ϕ′ =
ϕyield′ + λ3 εV‐εV‐yield

� �
1 + εV‐εV‐yield

: ð19Þ

According to Equation (15), we obtain

ϕyield′ =
ϕexpansion′ + λ2 εV‐yield‐εV‐expansion

� �
1 + εV‐yield‐εV‐expansion

: ð20Þ

By substituting Equations (16), (19), and (20) into Equa-
tion (18), we obtain

k = kexpansionα 1 + εV‐εV‐expansion
� �

1 +
λ2 1 + εV‐expansion
� �

εV‐εV‐expansion
� �

ϕ0′ + λ1εV‐expansion

" #3

×
1 + εV‐expansion‐ϕ0′‐λ1εV‐expansion

1‐λ2ð Þ εV‐εV‐expansion
� �

+ 1
� 	

1 + εV‐expansion
� �

‐ϕ0′‐λ1εV‐expansion

( )2

:

ð17Þ
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Equation (21) is the theoretical model of permeability
in the C-D stage. Equations (17) and (21) also reflect the
influence of the initial stress and stress path on the frac-
ture propagation characteristics and permeability of the
coal mass.

3.3. Verification of the Permeability Model. In the previous
section, the permeability evolution models in different
deformation stages were obtained through theoretical deri-
vation. Subsequently, the results of conventional triaxial
compression and permeability tests were used to verify
the permeability models. The initial effective porosity of
the specimens was determined first. According to the test
protocol [12, 13], the effective porosity of the specimens
with different confining stress values was measured using
the triaxial creep-seepage-adsorption and desorption
experimental device. The effective porosities are 0.08,
0.06, and 0.043 when the confining stress values are
2MPa, 4MPa, and 8MPa, respectively. As the confining
stress increases, the effective porosity decreases. In the per-
meability experiment, it is stipulated that εV is a positive
value when the specimen is compressed and a negative
value when it is expanded, which is opposite to the stipu-
lation in the permeability models. Therefore, negative signs
were added to the volumetric strains in the permeability
models. We used Equation (7) to fit the test data of the
A-B stage, Equation (17) to fit the test data of the B-C
stage, and Equation (21) to fit the test data of the C-D
stage. When fitting the test data with Equation (17), the
value of λ1 is the fitting result of Equation (7). Similarly,
when Equation (21) is used to fit the test data, the values
of λ1 and λ2 are the fitting results of Equations (7) and
(17), respectively.

Figures 3–5 show the fitting results of the permeability,
and Table 1 lists the results of the parameters. It can be seen
that the permeability models of the A-B stage and the C-D
stage fit the permeability data well. The parameters λ1 and
λ3 decrease with an increase in confining stress, indicating
that the ratio of the volumetric strain caused by the effective
pores to the total volumetric strain decreases with an
increase in the confining stress, and the sensitivity of the
permeability to the volumetric strain decreases. The fitting
results of the B-C stage are slightly worse, and the change
law of λ2 with confining stress is not obvious. However,
the overall trends of the permeability model and the test data
are the same.

4. Discussion

The stress state of mining-disturbed coal is changed by min-
ing activities, causing elastic deformation and even damage
and changing the coal permeability [14–16]. The results of
the experiments show that the effective porosity of the coal
decreases with the increasing axial stress during the elastic
deformation stage, resulting in a decrease in permeability.
Tensile microfractures begin to form in the coal from point
B, and the coal begins to expand. However, the tensile
microfractures are not connected, and the effective porosity
does not increase. At the same time, the original pores
decrease with the increasing axial stress. Therefore, although
the coal continues to expand, the permeability is still
decreasing in the B-C stage. From point C, the tensile micro-
fractures are connected, and the effective porosity increases.
The permeability increases with the expanding coal volume.
Therefore, the evolution law of permeability is closely related
to the propagation characteristics of the coal fractures.

Establishing a suitable permeability model of mining-
disturbed coal is crucial for understanding the fluid seepage
mechanism in coal [17, 18]. Most existing permeability
models are based on CBM exploitation and ignore the influ-
ence of damage on permeability. Xie et al. [19] considered
the volumetric change of damage coal with cracks induced
by coupling of the abutment pressure under different mining
conditions, pore pressure, and expansion caused by gas
adsorption and proposed a new word of mining-enhanced
permeability meaning the change in permeability by volu-
metric change of coal. Cheng et al. [20] put forward a new
model with strain as a variable for unloading fractured coal
by considering the effective stress and gas adsorption/de-
sorption deformation effects. Although these studies have
laid a foundation for describing the permeability evolution
law of mining-disturbed coal, they all ignored the influence
of the pore type on permeability. The permeability models
established in this paper consider the influence of the effec-
tive and invalid pores on permeability. The initial stress state
and stress path affect the propagation characteristics of coal
fractures [21, 22]. Therefore, the proposed models accurately
reflect the influence of the initial stress state and stress path
on permeability.

The permeability distribution law of mining-disturbed
coal is the basis for achieving the simultaneous exploitation
of coal and CBM. The initial stress affects the evolution
characteristics of the coal fractures, which, in turn, affect

k = kyieldα 1 + εV‐εV‐yield
� �

1 +
λ3 εV ‐εV‐yield
� �

1 + εV‐yield‐εV‐expansion
� �

1 + εV‐expansion
� �

ϕ0′ + λ1εV‐expansion + λ2 εV‐yield‐εV‐expansion
� �

1 + εV‐expansion
� �

" #3

×
1‐λ2ð Þ εV‐yield‐εV‐expansion

� �
+ 1

� 	
1 + εV‐expansion
� �

‐ϕ0′‐λ1εV‐expansion
1‐λ2ð Þ εV‐yield‐εV‐expansion

� �
+ 1 + 1 + εV‐yield‐εV‐expansion

� �
1‐λ3ð Þ εV‐εV‐yield

� �� 	
1 + εV‐expansion
� �

‐ϕ0′‐λ1εV‐expansion

( )2

:

ð21Þ
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Figure 3: Fitting results of #1 coal specimen.
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the permeability. The experimental results indicate that the
higher the initial confining stress, the lower the sensitivity
of the permeability to the volumetric strain is, explaining
the poor permeability enhancement of long-distance pro-
tected coal seams. The permeability distribution law can be
obtained using the proposed permeability models with the
volumetric strain of the protected coal seam, enabling the
simultaneous exploitation of coal and CBM.

5. Conclusion

(i) The stress-strain curve of coal was divided into the
elastic stage, yield stage, and plastic flow stage. As
the axial stress increased, the permeability decreased
and then increased, and the inflection point of the
curve corresponded to the yield point

(ii) The stress state of the coal mass is changed during
mining activities, causing elastic deformation and

even damage. Effective and invalid pores exist in
both raw coal and reconstituted coal under certain
stress conditions, but only the effective pores affect
the permeability

(iii) As the confining stress increased, the ratio of the
volumetric strain caused by the effective pores to
the total volumetric strain decreased, and the sensi-
tivity of the permeability to the volumetric strain
decreased. The initial stress state and stress path
affected the propagation characteristics of the coal
fractures, influencing the evolution law of
permeability

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Table 1: Fitting results of the parameters.

Specimen
A-B stage B-C stage C-D stage

α λ1 R2 α λ2 R2 α λ3 R2

#1 1.0019 0.9748 0.9848 0.9957 -0.0745 0.8076 1.0117 0.0912 0.9866

#2 0.9996 0.9142 0.9959 0.9769 -0.2348 0.7424 1.0026 0.038 0.9883

#3 0.9954 0.8948 0.9916 0.99 -0.0923 0.7738 1.0035 0.0232 0.9911

0.420

0.0000 0.0005 0.0010 0.0015
Volumetric strain

Fitting result of A-B stage

Pe
rm

ea
bi

lit
y 

(m
D

)

0.425
0.430
0.435
0.440
0.445
0.450
0.455
0.460
0.465

Fitting result of B-C stage

0.399

−0.004 −0.003 −0.002 −0.001 0.000 0.001 0.002
Volumetric strain

Pe
rm

ea
bi

lit
y 

(m
D

)

0.405

0.408

0.402

0.417

0.411

0.414

0.420

Experimental data
Fitting curve

Fitting result of C-D stage

0.405

−0.12 −0.10 −0.06−0.08 −0.04 −0.02 0.00
Volumetric strain

Pe
rm

ea
bi

lit
y 

(m
D

)

0.400

0.410

0.425

0.420

0.415

0.430

0.435

0.440

Figure 5: Fitting results of #3 coal specimen.

8 Geofluids



Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This research was financially supported by the National Nat-
ural Science Foundation of China (Grant No. 51704164).

References

[1] T. Xia, F. Zhou, J. Liu, S. Hu, and Y. Liu, “A fully coupled coal
deformation and compositional flow model for the control of
the pre-mining coal seam gas extraction,” International Jour-
nal of Rock Mechanics and Mining Sciences, vol. 72, pp. 138–
148, 2014.

[2] H. Wang, X. Yang, F. du et al., “Calculation of the diffusion
coefficient of gas diffusion in coal: the comparison of numeri-
cal model and traditional analytical model,” Journal of Petro-
leum Science and Engineering, vol. 205, p. 108931, 2021.

[3] J. Q. Shi and S. Durucan, “Drawdown induced changes in per-
meability of coalbeds: a new interpretation of the reservoir
response to primary recovery,” Transport in Porous Media,
vol. 56, no. 1, pp. 1–16, 2004.

[4] J. Liu, Z. Chen, D. Elsworth, X. Miao, and X. Mao, “Evaluation
of stress-controlled coal swelling processes,” International
Journal of Coal Geology, vol. 83, no. 4, pp. 446–455, 2010.

[5] L. D. Connell, M. Lu, and Z. Pan, “An analytical coal perme-
ability model for tri-axial strain and stress conditions,” Inter-
national Journal of Coal Geology, vol. 84, no. 2, pp. 103–114,
2010.

[6] M. S. A. Perera, P. G. Ranjith, and S. K. Choi, “Coal cleat per-
meability for gas movement under triaxial, non-zero lateral
strain condition: a theoretical and experimental study,” Fuel,
vol. 109, pp. 389–399, 2013.

[7] S. Lu, Y. Cheng, and W. Li, “Model development and analysis
of the evolution of coal permeability under different boundary
conditions,” Journal of Natural Gas Science and Engineering,
vol. 31, pp. 129–138, 2016.

[8] J. Xie, M. Gao, B. Yu, R. Zhang, andW. Jin, “Coal permeability
model on the effect of gas extraction within effective influence
zone,” Geomechanics and Geophysics for Geo-Energy and Geo-
Resources, vol. 1, no. 1-2, pp. 15–27, 2015.

[9] N. Zhang, X. Li, H. Cheng, and T. Teng, “A coupled damage-
hydro-mechanical model for gas drainage in low-
permeability coalbeds,” Journal of Natural Gas Science and
Engineering, vol. 35, pp. 1032–1043, 2016.

[10] Y. Xue, F. Gao, X. Liu, J. Li, M. Liang, and X. Li, “Theoretical
and numerical simulation of the mining-enhanced permeabil-
ity model of damaged coal seam,” Geotechnical and Geological
Engineering, vol. 34, no. 5, pp. 1425–1433, 2016.

[11] G. Z. Yin, D. K. Wang, D. M. Zhang, and W. Z. Wang, “Test
analysis of deformation characteristics and compressive
strengths of two types of coal specimens containing gas,” Chi-
nese Journal of Rock Mechanics and Engineering, vol. 28, no. 2,
pp. 410–417, 2009.

[12] F. Du and K. Wang, “Unstable failure of gas-bearing coal-rock
combination bodies: insights from physical experiments and
numerical simulations,” Process Safety and Environmental
Protection, vol. 129, pp. 264–279, 2019.

[13] D. Wang, M. Peng, J. Wei, Q. Fu, and Y. Xia, “Development
and application of tri-axial creep-seepage-adsorption and
desorption experimental device for coal,” Journal of China
Coal Society, vol. 3, pp. 644–652, 2016.

[14] F. Du, K. Wang, X. Zhang, C. Xin, L. Shu, and G. Wang,
“Experimental study of coal-gas outburst: insights from coal-
rock structure, gas pressure and adsorptivity,” Natural
Resources Research, vol. 29, no. 4, pp. 2481–2493, 2020.

[15] D. Y. Guo, P. F. Lv, J. C. Zhao, and C. Zhang, “Research prog-
ress on permeability improvement mechanisms and technolo-
gies of coalbed deep-hole cumulative blasting,” International
Journal of Coal Science and Technology, vol. 7, no. 2,
pp. 329–336, 2020.

[16] K. Wang, F. Du, and G. Wang, “Investigation of gas pressure
and temperature effects on the permeability and steady-state
time of Chinese anthracite coal: an experimental study,” Jour-
nal of Natural Gas Science and Engineering, vol. 40, pp. 179–
188, 2017.

[17] X. Wu, Y. Peng, J. Xu, Q. Yan, W. Nie, and T. Zhang, “Exper-
imental study on evolution law for particle breakage during
coal and gas outburst,” International Journal of Coal Science
& Technology, vol. 7, no. 1, pp. 97–106, 2020.

[18] C. Xin, F. du, K. Wang, C. Xu, S. Huang, and J. Shen, “Damage
evolution analysis and gas–solid coupling model for coal con-
taining gas,”Geomechanics and Geophysics for Geo-Energy and
Geo-Resources, vol. 7, no. 1, p. 7, 2021.

[19] H. Xie, X. Zhao, J. Liu, R. Zhang, and D. Xue, “Influence of dif-
ferent mining layouts on the mechanical properties of coal,”
International Journal of Mining Science and Technology,
vol. 22, no. 6, pp. 749–755, 2012.

[20] Y. Cheng, H. Liu, P. Guo, R. Pan, and L. Wang, “A theoretical
model and evolution characteristic of mining-enhanced per-
meability in deeper gassy coal seam,” Journal of China Coal
Society, vol. 8, pp. 1650–1658, 2014.

[21] K. Wang and F. du, “Coal-gas compound dynamic disasters in
China: a review,” Process Safety and Environmental Protection,
vol. 133, pp. 1–17, 2020.

[22] C. Wu, C. Yuan, G.Wen, L. Han, and H. Liu, “A dynamic eval-
uation technique for assessing gas output from coal seams dur-
ing commingling production within a coalbed methane well: a
case study from the Qinshui Basin,” International Journal of
Coal Science and Technology, vol. 7, no. 1, pp. 122–132, 2020.

9Geofluids



Research Article
Combining K-Means Clustering and Random Forest to Evaluate
the Gas Content of Coalbed Bed Methane Reservoirs

Jie Yu,1,2 Linqi Zhu ,3 Ruibao Qin,2 Zhansong Zhang,1 Li Li,2 and Tao Huang2

1Yangtze University, Wuhan 430100, China
2CNOOC Research Institute, Beijing 100027, China
3Institute of Deep-Sea Science and Engineering, Chinese Academy of Sciences, Sanya 572000, China

Correspondence should be addressed to Linqi Zhu; zhulq@idsse.ac.cn

Received 27 June 2021; Revised 19 July 2021; Accepted 30 July 2021; Published 21 August 2021

Academic Editor: Wei Zhao

Copyright © 2021 Jie Yu 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.

The accurate calculation of the gas content of coalbed bed methane (CBM) reservoirs is of great significance. However, due to the
weak correlation between the logging response of coalbed methane reservoirs and the gas content parameters and strong nonlinear
characteristics, it is difficult for conventional gas content calculation algorithms to obtain more reliable results. This paper proposes
a CBM reservoir gas content assessment method combining K-means clustering and random forest. The K-means clustering is used
to divide the reservoirs and distinguish the types to establish a random forest model. Judging from the evaluation effect of the
research block, the prediction accuracy of the new method is significantly higher than that of the original method, and more
accurate gas content prediction values can be obtained for different types of reservoirs. Studies have shown that this method can
help the gas content evaluation of CBM reservoirs, improve the accuracy of gas content evaluation, and better support the
exploration and development of CBM reservoirs. The results of this study show that the random forest method based on
clustering can effectively distinguish the relationship between different logging responses and gas content. On this basis, the
random forest algorithm modeling can effectively characterize the complex relationship between gas content and logging curve
response. In the case of poor correlation between gas content and logging curve, the gas content of the reservoir can also be
accurately calculated.

1. Introduction

With the continuous progress of exploration and develop-
ment, research on various unconventional reservoirs such
as coalbed bed methane (CBM) and shale gas is in full swing,
and they are the key growth points of reserves [1–3]. CBM is
natural gas that is generated by biochemistry and pyrolysis
during the formation and evolution of coal seams and is
stored in coal seams. At present, the United States, Canada,
Australia, Russia, India, China, and other countries have all
started exploration and development of CBM [4–6].

The gas content of a CBM reservoir is a very important
parameter, which determines the reserves and final produc-
tion of the reservoir [7, 8]. However, compared with other
reservoirs, it is more difficult to calculate the gas content of
CBM reservoirs, which extremely restricts the determination
of high-quality reservoirs and the formulation of develop-

ment plans, resulting in unclear understanding of CBM res-
ervoirs. For the core gas content calculation method, Kim
proposes to combine the moisture and ash content with the
coal bed temperature and pressure and the equilibrium water
state correction amount to calculate the coalbed gas content
[9]. Ahmed et al. provided the establishment of an isotherm
adsorption model to describe the gas content using an iso-
therm adsorption experiment [10]. Hawkins et al. proposed
to use the Langmuir coal rank equation to predict gas content
[11]. However, none of the above methods can predict the
vertical continuity of the gas content in the formation. Log-
ging is currently the only method that can accurately predict
the vertical gas content change of a single well. It is of great
significance to establish an accurate gas content logging eval-
uation model.

Some scholars have studied the logging calculation
method of the gas content of CBM reservoirs. Liu et al. [12]
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, Meng et al. [13] and Shao et al. [14] both proposed a statis-
tical method for evaluating the gas content of CBM reser-
voirs. Jin et al. [15] and Fu et al. [16] also used this method.
In addition to the use of statistical models or volume models
for gas content evaluation, the relationship between gas con-
tent and logging response is too complicated. At present,
methods for evaluating coal reservoir gas content using
machine learning algorithms have gradually emerged. Hou
and Wang [17] used the error back propagation neural net-
work to predict the air content and achieved certain results.
Pan and Huang [18] and Wu also used BPNN to predict
the air content. Lian et al. [19] introduced support vector
machines to the evaluation of air content. Guo et al. [20,
21] used the grey system and random forest to predict the
gas content. Xiang et al. [22] proposed the application
method of deep learning in CBM logging interpretation and
believed that the effect of deep belief network in CBM gas
content prediction is better than BPNN, multiple regression,
and Langmuir equation method.

Although many scholars have proposed a variety of
methods for evaluating the gas content of CBM, it cannot
be ignored that the complexity of CBM reservoirs is greater,
even higher than that of shale gas reservoirs. The logging
response of such a complex reservoir is affected very
diversely, and the main controlling factors of logging
response of different reservoirs are different. No matter
how strong the approximation ability of the model is, it is dif-
ficult to accurately evaluate the gas content parameters by
establishing a single evaluation model. The innovative part
of this article is to use clustering methods to classify data with
different feature relationships, so that machine learning algo-
rithms can predict different data more targeted, and use more
efficient machine learning algorithms to improve the predic-
tion effect.

Based on this idea, this paper proposes a K-means clus-
tering + random forest air content evaluation method, that
is, first collect data and use the clustering method to classify
the data. After that, the classified data is used to establish a
model separately and evaluate the gas content. Finally, a
series of established models are used to apply the logging
curve to obtain the final gas content prediction curve for
the entire well section. In this way, the influence of different
main control factors on the prediction can be eliminated as
much as possible, so that the model is more targeted and
the prediction effect of the model is improved. Although this
approach seems to be a more complicated modeling method,
the prediction effect of the actual reservoir gas content has
been greatly improved. From the perspective of the predic-
tion effect of the research block, the method proposed in this
paper is effective and can help the exploration and develop-
ment of CBM.

2. Data

The study block is located in the southeast of Qinshui Basin
in Central China. Drilling revealed that there are 16 coal
seams in Taiyuan formation and Shanxi formation, with
the maximum total thickness of 23.6m. Among them, No.
15 coal seam in Taiyuan formation and No. 3 coal seam in

Shanxi formation are stably distributed in the whole basin.
The main mining coal seam is No. 3 coal seam, and No. 15
coal seam is only involved in individual wells. At present,
there are more than 1000 coalbed methane wells in the block.
The production of wells in different positions varies greatly,
and the gas content distribution is unclear, which restricts
the exploration and development of coalbed methane. We
collected 169 coring gas content measured data from 22
CBM parameter wells in this block, and 6 logging curves
including natural gamma ray, spontaneous potential, bore-
hole diameter, deep shallow lateral resistivity, and bulk den-
sity. The measured gas content data shows that the gas
content of No. 3 coal seam is mainly distributed between 5
and 20m3/t (Figure 1).

3. Method

3.1. K-Means Clustering. Although we often use classification
or regression algorithms in supervised learning methods to
predict categories or values, we still often encounter situa-
tions where we need to use unsupervised learning methods
to obtain a set of data categories. When the amount of data
is large, you can consider using clustering algorithms to get
different data categories. Clustering is subordinate to unsu-
pervised learning, which does not rely on the defined classes
and training examples of class labels. Among them, K-means
clustering is a very classic clustering method [23].

At the beginning of K-means clustering, we first need to
figure out how to quantitatively calculate the difference
between two comparable elements. The smaller the degree
of difference, the greater the direct correlation between the
two samples, and the more likely it is a rock sample of one
type of rock. We define the degree of dissimilarity mathemat-
ically here.

Suppose X = fx1, x2, x3,⋯, xng, Y = fy1, y2, y3,⋯, yng,
where X and Y are two-element items, each with n measur-
able characteristic attributes; then, the degree of dissimilarity
between X and Y is defined as

d X, Yð Þ = f X, Yð Þ⟶ R: ð1Þ

Among them, R is the real number field. That is to say,
the degree of dissimilarity is a mapping of two elements to
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Figure 1: Distribution histogram of measured gas content in No. 3
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the real number field, and the real number quantitatively rep-
resents the degree of dissimilarity of the two elements. The
calculation of dissimilarity can use Euclidean distance, Man-
hattan distance, Minkowski distance, and so on. Usually, we
use Euclidean distance:

d X, Yð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x1 − y1ð Þ2 + x2 − y2ð Þ2+⋯+ xn − ynð Þ2
q

: ð2Þ

The above method of calculating dissimilarity has a prob-
lem, that is, attributes with a large value range have a higher
impact on distance than attributes with a small value range.
In order to solve this problem, it is generally necessary to
normalize the attribute value. The so-called normalization
is to map each attribute value proportionally to the same
value interval, so as to balance the influence of each attribute
on the distance. Usually, each attribute is mapped to the
interval [0,1], and the mapping formula is

ai′=
ai −min aið Þ

max aið Þ −min aið Þ : ð3Þ

Among them,max ðaiÞ andmin ðaiÞ represent the maxi-
mum and minimum values of the ith attribute in all element
items. The so-called clustering problem is to give a set of ele-
ments D, where each element has n observable attributes, use
a certain algorithm to divide D into k subsets, and require the
degree of difference between the elements within each subset
as much as possible low, and the element dissimilarity of dif-
ferent subsets is as high as possible. Concentration, each subset
is called a cluster. Different from classification, classification is
exemplary learning, which requires that each category be clar-
ified before classification and that each element is mapped to a
category, while clustering is observational learning, and the
category may not be known or even the number of categories
may not be known before clustering.

K-means tries to find the natural category of the data. The
user sets the number of categories to find a good category
center. The algorithm flow is as follows:

(1) Enter the number of data sets and categories K

(2) Randomly assign the center point of the category

(3) Put each point into the set of the category center
point closest to it

(4) Move the category center point to the set where it is

(5) Go to step 3 until convergence

After a number of cycles, the best classification effect can
be obtained. Different from marine shale reservoirs, the rela-
tionship between gas content of coal reservoirs and logging
response of the coal reservoirs is relatively poor, and the laws
are inconsistent, which also leads to the unreliability of the
final prediction model. This is because coal reservoirs are
more complex than shale reservoirs and have worse continu-
ity, which causes the logging of coal seams to be affected by
multiple factors. Using the clustering method to obtain mul-
tiple categories and establishing corresponding prediction

models based on different categories can greatly improve
the prediction results.

3.2. Random Forest. Random forest is a highly flexible
machine learning algorithm that has just emerged in the
21st century. It refers to a classifier that contains multiple
decision trees. The thinking behind it is similar to group wis-
dom. In the 1980s, Breiman et al. invented an algorithm for
classification trees, which performed classification or regres-
sion through repeated dichotomy of data, which greatly
reduced the amount of calculation. In 2001, Breiman com-
bined the classification trees into a random forest, that is,
randomized the use of variables and the use of data, gener-
ated many classification trees, and then summarized the
results of the classification trees [24]. Random forest
improves the prediction accuracy without a significant
increase in the amount of calculation. Random forest is not
sensitive to multivariate collinearity, and the results are rela-
tively robust to missing data and unbalanced data and can
well predict the effect of thousands of explanatory variables.

Random forest uses a random method to build a forest.
There are many decision trees in the forest, and there is no
correlation between each decision tree in the random forest.
After obtaining the forest, when a new input sample enters,
let each decision tree in the forest make a judgment sepa-
rately to see which category the sample belongs to. The class
with the most classification times is the predicted class. Ran-
dom forest can handle quantities whose attributes are dis-
crete values. The construction process of random forest is
as follows:

(1) If there are N samples, N samples are randomly
selected for replacement (one sample is randomly
selected each time and then returned to continue
selection). Use the selected N samples to train a deci-
sion tree as the sample at the root node of the deci-
sion tree

(2) When each sample hasM attributes, when each node
of the decision tree needs to be split, thenm attributes
are selected from these M attributes, and the condi-
tion m < <M is satisfied. Then, from these m attri-
butes, strategies such as information gain are used
to select one attribute as the split attribute of the node

(3) In the process of decision tree formation, each node
must be split according to step 2 until it can no longer
be split. Note that there is no pruning during the
entire decision tree formation process

(4) Follow steps 1-3 to build a large number of decision
trees to form a random forest

In the process of building each decision tree, attention
should be paid to the impact of sampling and complete split-
ting. The first is two random sampling processes. Random
forest samples the input data in rows and columns. For line
sampling, a replacement method is used, that is, in the sam-
ple set obtained by sampling, there may be duplicate samples.
Assuming that there are N input samples, there are also N
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samples sampled. In this way, when training, the input sam-
ples of each tree are not all samples, making it relatively dif-
ficult to overfitting. Then, perform column sampling, from
M features, select m (m < <M).

After that, a decision tree is built using a completely split
method for the sampled data, so that a certain leaf node of the
decision tree cannot continue to split, or all the samples in it
point to the same category. Generally, many decision tree
algorithms have an important step-pruning, but this is not
done here. Since the previous two random sampling pro-
cesses ensure randomness, even if pruning is not performed,
overfitting will not occur. Using a random forest method to
predict gas content should be able to achieve better results.

3.3. Combination Method of K-Means Clustering and
Random Forest. It is difficult to evaluate the gas content of
coal reservoirs, because the logging response has been
affected by various factors, resulting in a poor relationship
between the logging response and the core. Only by using
clustering and other methods to truly combine logging
responses for classification, different types of data are affected
differently, and the relationship between logging responses
and gas content in different categories is closer. Therefore,
K-means clustering is performed first, and then based on
the results of the clustering, a random forest model of differ-
ent types is established for final application. In fact, the inher-
ent meaning of this model is similar to that of random
forests. It uses K-means clustering combined with random
forests to form a “forest group” to predict gas content more
accurately. The modeling and forecasting process is as
follows:

(1) Use K-means clustering to divide the data into sev-
eral categories. The measurement method usually
used to compare the results of different K values is
the average distance between a data point and its
cluster centroid. Since increasing the number of clus-
ters will always reduce the distance to the data point,
when K is the same as the number of data points,
increasing K will always reduce the metric to zero.
Therefore, this indicator cannot be used as the sole
target. Conversely, the average distance to the center
of mass is plotted as a function of K , and the “elbow
point” at which the reduction rate changes sharply
can be used to roughly determine the K value

(2) Use K sets of data and random forest algorithm to
train K models. After determining the category of
the new data, the corresponding model can be used
to calculate the gas content

(3) When predicting new data, first determine the cate-
gory of the new data by calculating the Euclidean dis-
tance between the sample data and the centroids of
multiple classes of data. The new data belongs to
the category corresponding to the centroid with the
smallest Euclidean distance. After the category is
determined, the corresponding model is used for pre-
diction, and the predicted value of the gas content of
the sample point is obtained, and the reliability of the

algorithm is determined by comparing with the real
value

4. Result

First, the data needs to be further analyzed to clarify the rela-
tionship between the gas content of the CBM reservoir and
the logging response. The corresponding results are shown
in Figure 2.

In Figure 2, Vg refers to the total gas content results
obtained through experiments. AC refers to the acoustic time
difference curve response, CAL refers to the well diameter
curve response, and CNL refers to the neutron porosity curve
response. DEN refers to the density curve response, GR refers
to the natural gamma curve response, and RD refers to the
deep resistivity curve response. It can be clearly seen that
the correlation between each curve and gas content is poor,
which is obviously different from marine shale reservoirs.
From the correlation of each curve, deep resistivity logging,
neutron logging, and sonic logging have a relatively good
relationship with the gas content parameters of the reservoir.
It is recommended that the above curves can be used as the
input curve of the model. When the gas content increases,
the sonic time difference of the coal seam increases signifi-
cantly. As the gas content of the reservoir increases the
hydrogen index of the coal seam, the neutron porosity also
increases. In addition, with the increase of gas content, the
response value of deep resistivity logging increased signifi-
cantly, indicating that the adsorbed gas in coal reservoirs
can significantly increase the resistivity of the reservoir and
reduce the conductivity of the CBM reservoir. We also rec-
ommend that the resistivity curve be logarithmically con-
verted during input. Based on the above data, the K-means
clustering research is carried out.

Figure 3 reflects the relationship between the clustering
results and the sample-particle distance. It can be clearly seen
that when there are more than 3 cluster types, the average
distance reduction speed slows down significantly, indicating
that it is not necessary to select more than 3 clusters. So here,
we choose the number of clusters to be 3. After clustering, the
gas content prediction model is established in different cate-
gories. Use the established model to predict the modeling
samples, and the results are shown in Figure 4.

It can be seen from Figure 4 that, first of all, the correla-
tion between the response of the logging curve and the poor
total gas content does have a great impact on the prediction
of gas content. Even if the random forest algorithm has
strong approximation and generalization capabilities, the
prediction effect obtained is very poor. It can be clearly seen
from the results on the right that the prediction effect of the
classification modeling after clustering is obviously better
than that of Figure 4(a). The prediction effect is poor only
when the total gas content is less than 5 cm3/g, and the reser-
voirs with total gas content less than 5 cm3/g are not the res-
ervoirs of our concern. Through the clustering method, data
with relatively consistent main control factors are unified and
classified, and the model established on this basis is more tar-
geted. Judging from the core prediction results, the ideas
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proposed in this article are very helpful for the gas content
prediction of coal-measure reservoirs.

This method is used to predict the gas content of test
wells A and B in the study area. The results are shown in
Figures 5 and 6, respectively.

In Figures 5 and 6, the first track is the depth track, and
the second track is the caliper curve measured by the four-
arm caliper tool. In the third track, the SP curve is the spon-
taneous potential logging curve, the GR curve is the natural
gamma logging curve, Rxo is the microsphere focused resis-
tivity logging curve, RS is the shallow lateral resistivity log-

ging curve, and RD is the deep lateral resistance. Rate
logging curve. In the fifth track, DEN is the density logging
curve, AC is the sonic logging curve, and CNL is the neutron
porosity logging curve. In the sixth channel, Vg_RF is the gas
content curve directly predicted by random forest, and Vg_
core is the gas content value of the core. In the seventh track,
Vg_KRF is the gas content curve obtained by random forest
prediction after clustering, Category is the clustering result
of the curve, and Conclusion is the interpretation conclusion
of the CBM reservoir.

It can be seen from Figure 5 that the correspondence
between the Vg_KRF curve and the core is much higher than
the Vg_RF curve, indicating that the random forest modeling
effect based on the clustering method is better. Through the
analysis of the curve, it can be seen that the gas content of
type I reservoirs is relatively low, and the corresponding nat-
ural gamma curve content is relatively high. This indicates
that the mud content of this type of reservoir is high, which
affects the logging response and causes the previous. The pre-
diction of gas content is inaccurate when the unified model is
established. In addition, it can be found that the natural
gamma response value of coal reservoirs corresponding to
category III is low, the density response value is low, the
acoustic wave response value is relatively high, and the resis-
tivity response value is relatively high. This shows that type
III coal reservoirs are high-quality coal reservoirs with higher
coal content, and their gas content should also be higher than
other reservoirs. From the perspective of the prediction
effect, it is obvious that the gas content prediction results
directly based on the random forest algorithm predict low
gas content in type III reservoirs, especially in the interval
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with very high gas content. In reality, this will make it diffi-
cult for us to find the best quality reservoirs. In addition, it
has to be mentioned that although we only use the acoustic
log response value, resistivity log response value, and neutron
log response value, other curves also have a good correspond-
ing relationship with the category, which proves that the
accuracy of the class. Type IV reservoirs obviously corre-
spond to the expanded diameter interval, and targeted
modeling for this interval can enhance the reliability of the
model as much as possible. Therefore, from the application
effect of well A, the gas content evaluation method proposed
in this paper is more reliable than previous methods.

Figure 6 shows the importance of targeted models. The
coal reservoir in Figure 6 is basically a type I reservoir. The
gas content curve obtained by directly using random forest
for modeling and prediction has very small fluctuations and
is not very specific, which makes it difficult for us to directly
use the results for high-quality reservoir recognition. The
prediction effect of Vg_KRF is relatively more accurate and
can be used for high-precision characterization of gas con-
tent. However, it can be seen that at 1243.1m-1245.5m, the
predicted result of Vg_KRF is too small, but the predicted
trend is consistent with the actual core trend, indicating that
the clustering results need to be adjusted. Or, due to the
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saving of CBM reservoir development costs, the resolution of
the logging tools used for measurement is not enough, and
the logging response is disturbed when the vertical change
of the reservoir is severe, which ultimately leads to inaccurate
classification. Therefore, in the next step of the study, we can
focus on the study of log curve superresolution based on
wavelet transform and other methods to further improve
the prediction effect. In general, the method proposed in this
paper is of great help to the gas content evaluation of coal res-
ervoirs with poor correlation between logging response and
reservoir parameters.

5. Summary and Conclusions

The calculation of the gas content of CBM reservoirs is more
complicated than other reservoirs. Various characteristics of
coal reservoirs will have a series of effects on the logging
response. This paper proposes a combination of K-means
clustering and random forest algorithm to solve the difficult
problem of calculating the gas content of CBM reservoirs.
The research conclusions are as follows:

(1) The fact that the calculation of the gas content of
CBM reservoirs is more complicated is that the
CBM reservoir itself is relatively complex, which
causes the logging response to be affected by multiple
factors. It further affects the relationship between
CBM logging response and gas content, making the
correlation poor

(2) First, the samples are clustered, and the gas content
prediction model of random forest is established for
each type of sample. Through clustering results com-

bined with actual logging curve analysis, it can be
clearly seen that through clustering algorithms, dif-
ferent types of CBM reservoirs can be effectively
divided. Furthermore, by comparing the prediction
results of CBM gas content, it can be seen that the
gas content model established after clustering is more
targeted and can evaluate the gas content more accu-
rately. The method proposed in this paper can
improve the calculation accuracy of pure CBM gas
content and provide a way of thinking for parameter
evaluation when the relationship between logging
response and reservoir parameters is poor

Nomenclature

CBM: Coalbed bed methane
RF: Random forest
Vg: Gas content
AC: Sonic log
CAL: Caliper log
CNL: Neutron log
DEN: Density log
GR: Gamma log
RD: Resistivity log.
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The overrunning disaster of harmful gas tends to occur in the working face in thick coal seam with high gas concentration, as the
fully mechanized caving stope has the characteristics of high mining intensity, high remnant coal, and high gas content. Therefore,
the disastrous mechanism and concentration distribution of gas migration in fully mechanized caving stope are the theoretical basis
for gas control scheme. Based on the 7607 working face in Wuyang coal mine, the gas emission quantity in working face is
comprehensively analyzed by field measurement in this paper. The gas leakage field, oxygen concentration field, and gas
concentration field in 7607 working face are simulated by establishing the equal proportional numerical model. Due to the
increase of air leakage in working face caused by the high alley pumping drainage, the risk of coal spontaneous combustion is
also analyzed, when gas extraction in goaf is carried out. The research results show that the gas drainage technology in high
drainage roadway has a remarkable effect on the gas overrunning phenomenon. The gas concentration near the upper corner of
the working surface has been reduced from 0.7%-1% to 0.5%. At the same time, it is necessary to pay attention to the risk of
coal spontaneous combustion in the goaf for gas drainage in the high drainage roadway. The width of the oxidation zone in the
goaf is about 25m deeper than that before the drainage. Research results provide the references for gas control technology and
coal spontaneous combustion prevention in similar working faces.

1. Introduction

Gas overrunning disaster not only directly threatens the
safety of coal miners but also restricts the production capac-
ity in coal mine [1, 2]. The coal output of fully mechanized
caving stope is large, while the gas emission is uneven [3–
5]. Meanwhile, the gas concentration in fully mechanized
caving stope changes greatly in a short time, which is easy
to cause gas accidents [6, 7]. Long-term production practice
shows that gas migration and gas concentration distribution
are important parts of gas control in fully mechanized caving
stope [8–10]. For coal mine with complex production condi-
tions, such as high gas and thick coal seams, it is particularly
important to understand the gas migration status in the

working face and choose a reasonable gas control scheme
[11–13]. Only by figuring out the factors affecting the gas
concentration in fully mechanized caving stope can the
occurrence of gas disaster be prevented, and the high yield
and high efficiency of the mine be realized. Therefore, it is
necessary to carry out the research on the disastrous mecha-
nism and concentration distribution of gas migration in fully
mechanized caving stope.

The gas outburst from the goaf to the working face is one
of the main reasons for the gas overrunning disaster [14–16].
In high-gas mines, there are more remnant coal in goaf with
low-position top coal caving mining technology, and the gap
between the remnant coal is large [17, 18]. Therefore, after
gas is gushing out, it is easy to flow through the goaf and flow
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under the drive of air pressure. In the “U” type ventilation
working face, when the air flow enters the stope from the inlet
roadway, the gas in the goaf brings out to the working face,
causing the gas concentration in the working face [19–21].

The gas drainage technology in high drainage roadway is
widely used in China, which plays a good role in preventing
the overrunning of gas concentration in the working face
[22, 23]. For the working face in coal seam with high gas
and spontaneous combustion, gas extraction through high
drainage roadway alleviates the gas emission disaster but
increases the air leakage in the working face to a certain
extent and accelerates the process of spontaneous combus-
tion of remnant coal in goaf [24, 25]. Xia et al. [26] studied
the disaster mechanism of coexistence of gas and coal spon-
taneous combustion and the action mechanism of coupling
effect. Chu et al. [27] analyzed the disturbance effect of roof
roadway gas drainage on goaf spontaneous combustion area.

Therefore, it is of practical significance to study the char-
acteristics of air leakage and the distribution of three zones
for the prevention and control of coal spontaneous combus-

tion in goaf. Therefore, aiming at the problem of gas overrun-
ning in the high gas fully mechanized caving stope, this paper
adopts the actual production conditions in the 7607 working
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Figure 1: Schematic diagram in 7607 working face.
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face in Wuyang coal mine and analyzes the gas emission sit-
uation by field measurement in the working face.

2. Gas Occurrence Law in 7607 Working Face

2.1. Basic Overview of Mining Area and Working Face.
Wuyang coal mine is a large modern mine of Lu’an Group,
which is located in Xiangyuan County, Changzhi City,
Shanxi Province. It is about 13 km long from north to south
and 10 km wide from east to west, covering an area of
78.3649 km2. There are thirteen coal seams in the minefield,
including two mineable seams, one most mineable seam,
and ten locally and occasionally mineable seams, with a total
thickness of 13.31m and a coal content coefficient of 8.17%.
Among them, 3# coal seam is located in the middle and lower
part of Shanxi formation, with an average thickness of
5.75m. The whole area is generally stable, which is the coal
seam being mined. The ventilation mode in Wuyang coal

mine is divided into diagonal type, and the ventilation
method is the extraction type.

The layout of 7607 working face in Wuyang coal mine is
shown in Figure 1. Fully mechanized top coal caving is
adopted in the working face, which has the characteristics
of high yield and high efficiency. However, due to high min-
ing intensity, fast advancing speed, and large gas emission in
the working face, it is easy to cause gas overrunning in the
upper corner or mine return air roadway, which brings great
potential safety hazard for production.

2.2. Law of Gas Occurrence in Working Face. Fitting the gas
content measured in Wuyang coal mine to the buried depth
of the coal seam, the relationship between the gas content
of the coal seam and the buried depth of the coal seam is
obtained. The corresponding relationship between the gas
content in the 3# coal seam and the buried depth is shown
in Figure 2.
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Figure 4: Schematic diagram of mesh division.

Table 1: Numerical simulation parameters.

Mark Value Meaning

rho_CH4 0.717 (kg/m3) Gas density under standard condition

rho_air 1.29 (kg/m3) Air density

D 1e-5 (m2/s) Gas diffusion coefficient

Mug 1.8e-5 (Pa∗s) Gas dynamic viscosity

pn -2 (KPa) Pressure at return air exit

Gp_c 260 (m3/min) Extraction quantity of high pumping roadway

k0 1.45 Natural expansion coefficient

k1 1.15 Residual expansion coefficient

u0 5.1 (m/s) Flow velocity of intake airflow roadway

u_15 5e-7 (m/s) Gas emission rate of residual coal in goaf

u_14 8e-7 (m/s) Gas emission rate of adjacent coal seam

v_mol 22.4 (l/mol) Molar volume of gas

M_O2 32 (g/mol) Molar mass of oxygen

M_N2 28 (g/mol) Molar mass of nitrogen

M_CH4 16 (g/mol) Molar mass of methane
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The buried depth of coal seam at 7607 working face in
Wuyang Coal Mine is 512m-593m. According to the for-
mula of relation between gas content and buried depth, the
coal seam gas content at 7607 working face is calculated to
be 10.63m3/t-13.95m3/t.

3. Gas Migration Law and Coal Spontaneous
Combustion Risk under U-Type Ventilation

3.1. Numerical Calculation Model. The 7607 working face
adopts the comprehensively top coal mining technology
scheme, with the open-cut length of 227m and the advancing
length of 1002m. The average depth of coal seam in the
working face is 600m, and the thickness is 6.06m, and the
mining height is 3m, and the coal discharge is 3m, and the
raw coal gas content in the working face is 9.1m3/t, and the
air distribution volume is 4000m3/min. On the basis of the
U-shaped ventilation scheme, the 7607 working face adopts
gas drainage technology in high drainage roadway. Taking
the intersection of the return airway and the working face
as the origin of the coordinates in the COMSOL numerical
analysis software, the direction of mined-out area is the x
-axis direction, and the inclination is the y-axis direction,
and the vertical direction is the z-axis direction to establish
the geometric model, as shown in Figure 3. The section size
of intake airway and return airway is 17.5m2 (5m × 3:5m).
The section size of high drainage roadway is 10.4m2

(4m × 2:6m).
According to the actual situation in the 7607 working

face, the strike length of the model is 200m, and the inclina-
tion length is 227m. The mesh of the working face area in the
numerical calculation model is encrypted, shown in Figure 4.
Tetrahedral mesh is used for mesh generation, the total
number of meshes is 6 × 105, and mesh encryption is carried
out at the working face.

The intake airflow roadway is the entrance of speed, and
the return air roadway is the free flow, and the high suction
roadway is the mass exit, and the four sides which contact
the high suction roadway and the goaf are the interface.
The gas emission law in working face, the air leakage flow
field in goaf, the distribution law of oxygen concentration

field, and gas concentration field are calculated. The numer-
ical simulation parameters are shown in Table 1.

According to the mass conservation equations, the
momentum conservation equations, and the diffusion
motion equations, the mathematical model of oxygen and
gas transport in the working face and the mined-out area is
established, combined with the actual conditions in fully
mechanized caving stope. The numerical simulation software
COMSOL is employed to solve the model.

3.2. Distribution of Seepage Parameters in Goaf. Under the
effect of air leakage pressure difference in goaf, the air flows
between these pores. The surface of coal adsorbs the oxygen
in the air leakage and reacts with it to form spontaneous
combustion, which is the main reason for spontaneous com-
bustion of residual coal in goaf. The distribution of porosity
in goaf is closely related to the lithology of coal roof,
compressive strength of coal seam, and distribution of mine
pressure in goaf. The distribution of seepage parameters in
goaf is shown in Figure 5.

Due to the collapse of the overlying strata in the goaf, the
stress distribution in the goaf meets the “O” ring distribution
theory. At the end of the working face and two roadway posi-
tions, the coefficient of coal and rock crushing expansion and
porosity and permeability are larger, while the coefficient of
coal and rock fragmentation and porosity and permeability
are smaller in the middle of the goaf due to stress compac-
tion. In order to further analyze the gas seepage environment
in the goaf, the seepage parameters at the position of
z = 1:5m at the floor of the goaf are further extracted, shown
in Figure 6.

There are some differences in the distribution of seepage
parameters in different positions of goaf. From the goaf near
the end of the working face and two roadways, the porosity is
larger, and the porosity in the middle and deep is smaller.
Due to the collapse of overlying strata, the crushing expan-
sion coefficient, porosity, and permeability at the inlet and
return air roadway near the working face and the upper
and lower angle of the deep solid wall boundary of the goaf
are all large; the influence range is about 20m. The porosity
near the end of working face reaches the maximum value of
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(d) Stress distribution (N/m2)

Figure 5: Distribution of seepage parameters in goaf.
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0.3 at the inlet and return air. The stress distribution of the
goaf reaches the maximum in the middle of the goaf and
decreases with the extension of the wall around the goaf.

3.3. Distribution of Flow Field and Concentration Field in
Goaf. The change of gas composition in goaf, especially the
content of oxygen and gas, depends on the distribution of
air leakage and airflow. Therefore, the study of goaf seepage
flow is an important theoretical basis for residual coal spon-
taneous combustion and gas emission and accumulation.
The study of goaf seepage distribution provides an important
basis for the study of goaf gas distribution and residual coal
spontaneous combustion. When the inlet air volume is
4000m3/min, the distribution of air leakage velocity at the
floor z = 1:5m of goaf is shown in Figure 7.

The air leakage rate in the goaf is relatively large at about
20m near the end of the working face on the strike in
Figure 7(a). When it reaches 50m deep into the goaf, the
air leakage rate gradually decreases and is less than
1m/min. The reason for this phenomenon is the “O” circle
distribution of coal mass in goaf. With the development of
mining, the roof of goaf collapses. Therefore, there are a lot
of air leakage into the goaf in the upper and lower corners
in the goaf. The oxygen concentration distribution in the goaf
is uneven in Figure 7(b). Due to the velocity inertia of the air
leakage flow on the inlet side, the oxidation depth on the inlet
side is greater than that on the return side.

In order to analyze the law of gas distribution in the stope
and effectively control the gas level in the working face, the
three-dimensional gas concentration distributions in goaf
and floor are shown in Figures 7(c) and 7(d). Due to the dilu-
tion effect of the air leakage flow on the gas in the goaf, the
gas concentration in the air inlet side is significantly lower
than that in the air return side. Because the influence scope
of air leakage is limited, the dilution effect of air flow on gas
is relatively weak, when it reaches the middle and deep part

of goaf. Therefore, the gas concentration in the middle and
deep part of goaf is higher.

3.4. Division of Spontaneous Combustion Oxidation Zone in
Goaf. In order to further analyze the location of spontaneous
combustion oxidation zone in goaf, the “three zones” in the
goaf are divided by 0.004m/s (0.24m/min) and 0.001m/s
(0.1m/min). The distribution range of spontaneous combus-
tion oxidation zone based on air leakage wind speed is shown
in Figure 8(a). The spontaneous combustion oxidation zone
in goaf is distributed in the range of 50m-150m behind the
goaf. On the inlet and return wind side, the isoline of
0.004m/s is deep to about 120m in the goaf strike. Based
on the analysis of the distribution law of oxygen concentra-
tion in goaf, the oxygen concentration contour with z = 1:5
m at the floor is extracted for analysis, in order to clearly
understand the distribution pattern of spontaneous combus-
tion oxidation zone in goaf.

The distribution of oxidation zone in goaf with 18%-10%
oxygen concentration as the division index is shown in
Figure 8(b). The white area near the working face is the
tropical zone, the colored area between 18% and 10% oxygen
concentration contour is the spontaneous combustion zone,
and the area with oxygen concentration less than 10% is the
asphyxiation zone. When the spontaneous combustion zone
extends from the air inlet side of the goaf to the air return side
of the goaf, its width gradually decreases. The width of the
oxidation zone on the air return side of the goaf is relatively
narrow, compared with the central part of the goaf and the
air inlet side. In one side of the inlet roadway, the range of
spontaneous combustion zone is 75m-160m, and the width
of spontaneous combustion zone is 85m, and the width of
spontaneous combustion zone is 85m. The spontaneous
combustion zone in the middle of goaf is 85m-150m, and
the width of spontaneous combustion zone is 65m. The
range of spontaneous combustion zone on one side of the
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Figure 6: Distribution of seepage parameters at z = 1:5m of goaf floor.
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return air roadway is 20m-45m, and the width of spontane-
ous combustion zone is 25m. Combined with the oxidation
zone range divided by air leakage wind speed and oxygen
concentration, the oxidation zone range is determined to be
20m-150m, in order to reduce the risk of coal spontaneous
combustion in goaf.

4. Multicomponent Gas Migration and Coal
Spontaneous Combustion Risk under the
Condition of High Pumping Roadway

4.1. The Distribution of Flow Field and Concentration Field in
Goaf. In order to further control the gas level in the goaf, gas
extraction is carried out in the high pumping roadway above
the roof of the goaf, and the extraction rate is 260m3/min.

Firstly, the air leakage velocity distribution at z = 1:5m in
the goaf floor under the condition of high pumping road-
way is shown in Figure 9(a). In order to further analyze
the change rule of oxygen concentration on the inlet and
outlet side under the action of high pumping roadway, the
changes of oxygen concentration at 30m away from the
inlet and outlet side are extracted, shown in Figure 9(b).
The oxygen concentration at the air inlet side drops to
18% after entering the goaf about 110m, and the oxygen
concentration at the air inlet side about 170m is 10%.
The three-dimensional gas concentration distribution in
goaf under the effect of high pumping roadway is shown
in Figure 9(c). In order to clearly understand the gas con-
centration distribution in working face and goaf, the con-
tour map of gas concentration at the goaf floor z = 1:5m
is extracted, shown in Figure 9(d).
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Figure 7: Distribution of flow field and concentration field at z = 1:5m of goaf floor.
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4.2. Division of Spontaneous Combustion Oxidation Zone in
Goaf. Compared with the leakage field under U-shaped ven-
tilation, the air leakage velocity range at the return air corner
becomes larger due to the influence of gas extraction in the
high pumping roadway; especially, the air leakage velocity
at the position of the return air roadway is significantly
increased. The three-zone distribution of goaf under the con-
dition of gas extraction in high pumping roadway is shown in
Figure 10(a), which is divided by air leakage speed as an indi-

cator. The spontaneous combustion oxidation zone in goaf is
distributed in the range of 60m-160m behind goaf. The red
area is the tropic zone, the blue area is the suffocation zone,
and the gradient area between them is the spontaneous com-
bustion oxidation zone. Compared with the distribution of
air leakage velocity under U-type ventilation, the depth of
oxidation zone in goaf under high extraction roadway is
larger. On the inlet and return wind side, the 0.24m/min iso-
line is deep to about 140m of the goaf strike. In Figure 11(b),
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Figure 8: Distribution of oxidation zone at z = 1:5m of goaf floor.
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the white area near the working face is the scattered tropical
zone, the colored area between the 18% and 10% oxygen con-
centration contour lines is the spontaneous combustion
zone, and the area with oxygen concentration less than 10%
is the asphyxiation zone. The range of spontaneous combus-
tion zone on one side of the air inlet roadway is 90m-175m
in Figure 10(b), and the width of spontaneous combustion
zone is 85m; the range of spontaneous combustion zone in
the middle of the goaf is 100m-160m, and the width of spon-
taneous combustion zone is 60m; the range of spontaneous
combustion zone on one side of the air return roadway is
20m-75m, and the width of spontaneous combustion zone
is 55m.

Compared with the U-type ventilation, the width of oxi-
dation zone at the inlet side and the middle of goaf has little
change, and the oxidation depth moves back about 10m. The
18% isoline of the oxidation zone on the return side changes

little, and the 10% isoline moves backward obviously. The
width of oxidation zone on the return air side changed
greatly, which increased by 30m compared with the previous
25m width.

4.3. Comparison of Oxygen and Gas Concentration in Goaf
before and after Gas Drainage in High Drainage Roadway.
The volume fraction of oxygen and gas on both sides of air
intake airway and air return airway in goaf before and after
gas extraction in high drainage roadway is compared, as
shown in Figures 11 and 12. It can be seen from Figure 11
that the air leakage in goaf is increased after gas extraction
in high drainage roadway, and the oxygen volume fraction
in the inlet and return air side is increased significantly.
When the depth of goaf is 50m, the oxygen volume fraction
at the inlet airway and return airway side increases by 2% and
5%, respectively. Gas drainage in high drainage roadway
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Figure 9: Distribution of flow field and concentration field at z = 1:5m in the goaf floor under the condition of high pumping roadway.
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Figure 10: Distribution of oxidation zone at z = 1:5m in goaf floor.
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Figure 11: Volume fraction of oxygen in intake (a) and return (b) airway before and after high drainage.
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obviously reduces the gas volume fraction in goaf, and the gas
volume fraction on both sides of inlet and return airway
decreases obviously, as shown in Figure 12. When the depth
of goaf is 50m, the gas volume fraction at the air inlet and air
return side decreases by 10% and 20%, respectively. Espe-
cially, the gas concentration near the upper corner of the
working face is obviously reduced, which effectively inhibits
the gas emission from the goaf to the working face.

5. Conclusions

(1) The buried depth of coal seam is the key factor affect-
ing gas occurrence. The relationship between coal

seam gas content and coal seam buried depth is
obtained, the growth gradient of gas content is
4.2m3/t/hm, and the coal seam gas content in the
7607 working face is predicted to be 10.63m3/t-
13.95m3/t. Through the measurement of gas content,
it is proved that the gas occurrence law is consistent
with the actual situation

(2) The measured gas emission from the coal wall and
falling coal mass in the working face is
26.09m3/min, the gas entering the goaf with air leak-
age is 1.12m3/min, and the air leakage in the working
face is 581m3/min. The simulation results show that
the range of spontaneous combustion oxidation zone
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Figure 12: Volume fraction of gas in intake (a) and return (b) airway before and after high drainage.
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in goaf in 7607 working face is 50m-160m at the
inlet roadway side, 50m-150m at the central goaf,
and 20m-150m at the return air roadway side

(3) By measuring the gas accumulation concentration in
different areas in the working face and determining
the natural oxidation zone (seepage area) in goaf in
numerical simulation, the gas accident area is com-
prehensively determined. Through the gas control
effect monitoring, it is confirmed that the gas concen-
tration in the upper corner of the fully mechanized
top coal caving stope in Wuyang coal mine is not
more than 0.8%, and the gas concentration in the
return air roadway is not more than 0.8%.
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In order to research on the law of methane released through the pore in coal particles, the methane desorption experiments were
conducted, respectively, on four types of particle size of coal samples under three different initial adsorption pressures. The
cumulative methane desorption quantity (CMDQ) with time increasing was obtained to show that the reciprocal of CMDQ was
in linear relation with the reciprocal of the square root of time, and the correlation coefficients were all above 0.99, on basis of
which an empirical formula of CMDQ was established. Then, according to Fick diffusion law and Darcy percolation law, the
mathematical models of methane emission from the spherical coal particles were created, respectively, and the corresponding
calculating software was programmed by the finite difference method to obtain the simulated CMDQ of each sample under
different conditions. The methane emission rate functions (MERF) of the simulation and the experiment were also calculated,
respectively. Comparative analysis between the numerically simulated outcomes and the assay results reveals that the simulation
outcomes as per Darcy’s law match the experimental data better, while the simulated results by Fick’s law deviate greatly, which
indicates that the methane flowing through coal particles is more in accordance with Darcy’s law.

1. Introduction

In China, there are large reserves of coalbed methane (CBM)
[1–3]. CBM can be taken as a kind of resource for compre-
hensive use [4, 5], but it is also a hazardous factor under-
ground, which directly threatens the normal production on
the frontline and could easily cause gas explosion [6–8].
Thereby, it should be controlled [9–11], while the exploita-
tion of CBM has always been a research hot spot. However,
as a research of basic theory, the pore structure of coal, the
methane desorption process, and the mechanism of methane
flow in coal seam should be studied first [12].

Coal carries a double-porosity structure [13] full of pores
and cracks [14], which have a great influence [15] on the
adsorption and desorption of coal body. There are many clas-
sification standards about the pores and cracks [13, 16, 17],
but the most widely used criterion in the coal industry of
China is the standard of Xodot et al. [18], in which the pores
are divided into five types by the pore diameter, and micro-
pores and transition pores are the pores with diameters of
10 nm and 10~100 nm, respectively. Research [19] shows that

micropores and transitional pores account for more than
80% of the total pore volume in coal particles, which are
the main space for methane adsorption and desorption.

Methane attached to the internal surface of coal pores is
the solid state, which constantly exchanges with the gaseous
methane molecules in pores. When the adsorption rate is
equal to the desorption rate, the exchange reaches a dynamic
balance [20]. Once the dynamic equilibrium is destroyed, the
gas in pores will begin to flow, which should cause the
reduction of interaction force between the internal surface
molecules of pores and gas molecules, so the methane mole-
cules in solid state will struggle from the adsorption force of
the internal surface, turning into free gaseous molecules in
the pore space [21], which forms the process of methane
desorption from the coal internal surface. However, the
law of the free gas migration and flow in coal body has yet
to reach a consensus.

In the early period, most of the scholars agreed that gas-
eous methane flow in coal seam roughly accords with the
Darcy law. Barrer [22] took the linear seepage to describe
the gas flowing in coal seam. Later, Zhou and Sun [23]
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believed that the gas flow conformed to the Darcy law in coal
seam and put forward the linear gas seepage theory by the
seepage mechanics. Based on the theory, an equation of gas
seepage was established and preliminarily testified to be cor-
rect by the actual test results [24–26]. However, many
scholars [27, 28] considered that the law of gas flow is diverse
in pores with different diameters, i.e., the gas flow obeys
molecular diffusion in the small pores but laminar flow in
the larger pores and cracks. On this basis, Zhou and Lin
[29] established a coalbed structure of the diffusion-seepage
model of gas, shown in Figure 1. The coalbed is similar to
the brick wall, in which the gas diffuses in the bricks (i.e.,
the smaller pores). Once into the brickwork joints (i.e., the
large pores or cracks), the gas flows outward in filtration.
The shape of the brick can be rectangular or round here.
Therefore, coalbed can be considered as an object full of glob-
ular coal particles, in which micropores and transition pores
take up the vast majority of space, and the crack system is
between the coal particles. So the laws of methane desorption
through coal particles are the fundamental theories for
researching the methane flow in coalbed.

Methane emission from the coal particles includes two
processes: (1) the desorption of methane molecules from
the pore internal surface; (2) the desorbed gas molecules
move from the pores to the exterior surface of coal particles.
From the molecular motion standpoint, the adsorption or
desorption of methane molecules in the pore internal surface
is instantaneous, but in fact, the methane escaping from the
coal particle needs a certain amount of time, which means
the gas flows in the pores should follow certain rules. Yang
[30, 31] believed that the methane escaping from the coal
particles coincided with the Fick diffusion law, i.e., the gas
flow rate is proportionate to the gas content gradient, and
then, the equation of gas diffusion in coal particles was estab-
lished. In his paper [30], the theoretical calculating results of
the equation accorded with the gas emission measurements.
Smith andWilliams [32, 33] had also presented similar diffu-
sion models. In coal particles, the majority of pores are
micropores or transition pores, so most researchers believe
that the gas flowing in micropores and transition pores obeys
the Fick diffusion law, but in the larger pores, such as meso-
porous, macropores, and cracks, it conforms to Darcy’s law
[34, 35]. Based on this precondition, some important
researches were done. He and Nie [36] and Nie et al. [37]
analyzed the gas diffusion modes in coal pores, which
included Fick diffusion, Knudsen diffusion, transitional dif-
fusion, surface diffusion, and crystal diffusion, and the transi-
tional diffusion was the main pattern of gas flowing in coal
seam. Ruckenstein et al. [38] and Smith and Williams [39]
set up a double-pore structure of the spherical diffusion
model to explain the gas spreading to the surface of coal
particles. However, a lot of experimental results [40, 41] have
larger deviation with the theoretical calculation values by the
Fick diffusion model.

In the present research, the experiment of methane
desorption from coal particle will be carried out, and the
mathematical model of methane escaping from spherical coal
particles will be established, respectively, based on Fick’s law
and Darcy’s law for the further simulation research. Then,

the simulated results will be compared with the experimental
results, so as to obtain a more reasonable methane flow pat-
tern in coal particles.

2. Methane Desorption Experiment from
Coal Particle

2.1. Coal Sample Preparation. The coal samples in our assay
came from Yang Caogou Coal Mine, China. In the lab, they
were dried in the nitrogen environment at 105°C. When
cooled to room temperature, the samples were crushed to
screen out four types of granularities, namely, 4-5 mesh,
15-16 mesh, 30-35 mesh, and 50-60 mesh, so the samples
are made up of coal particles, which are considered to be
spherical particles. The specific parameters are shown in
Table 1.

2.2. Experimental Apparatus and Process. The physical meth-
ane desorption includes four types: (1) the reducing pressure
desorption; (2) the increasing temperature desorption; (3)
the substitution desorption; (4) the diffusion desorption. At
the present stage, the depressurization is the main method
for the desorption experiment [42], so a reducing pressure
desorption system has been used in our experiment, which
consisted of the ventilating device, heat regulation system,
isothermal adsorption system, and data collection system,
as shown in Figure 2. V1~V7 are needle valves, which can
be opened or closed by different combinations of valves to
complete the relevant operation of the experiment, and P is
the pressure sensor used to test the pressure value in the
reference tank and sample tank.

Before the experiment, the air tightness of the system was
tested. Later, the volume of reference tank and the free space
volume of coal sample tank were determined by the vacuum
filling helium. At room temperature, the coal sample tank

Roadw
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Figure 1: Coalbed structure of the diffusion-seepage model of
methane.

Table 1: Particle dimension (Φ) of coal samples.

Coal sample number Range of mesh Particle diameter (μm)

1 4–5 4000–4750

2 15–16 1000–1180

3 30–35 425–550

4 50–60 250–270
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underwent vacuum-pumping, and then, a certain pressure of
methane, respectively, at 1MPa, 2MPa, and 4MPa, was
taken into for the coal sample to adsorb sufficiently. When
the adsorption reached equilibrium, the desorption experi-
ment began. The pressure in the sample tank is slowly
released through the reference tank until it is equal to atmo-
spheric pressure. After that, the coal sample desorption
started. If the pressure value of the sample tank rose by
0.01MPa, the operations would be performed to make the
pressure of sample tank recover to atmospheric pressure.
The same procedure was repeated N times until the end
of desorption. In the experiment, the differential pressure
value between pre- and postmoments was collected to
compute the methane reduction in the free space of coal
sample tank, so the methane desorption quantity per unit
time can be obtained as

Qj =
pjV f − pj−1V f

ZGRT0M
, ð1Þ

where Qj denotes the methane desorption volume of coal
samples at time j, ml/g; pj, pj−1 is the methane pressure
of the sample tank at time j, j − 1, MPa; V f denotes the
free space volume of sample tank, ml; Z refers to the com-
pressibility factor of CH4 at pressure pj; G reflects the
quality of coal samples, g; T0 denotes the experimental
temperature, K; M reflects the molar mass of CH4, g/mol.

Therefore, the cumulative methane desorption quantity
(CMDQ) can be represented as

Qt = 〠
t

j=1
Qj, ð2Þ

in which, Qt denotes the CMDQ in time t, ml/g.

2.3. Experimental Data Processing and Analysis. Through the
experiment, the results of CMDQ of each coal sample at dif-
ferent initial adsorbing pressures were obtained. By analyz-

ing, it can be found that the relationship between CMDQ
and desorption time accorded with

1
Qt

= c0
1ffiffi
t

p + d0, ð3Þ

where c0 and d0 are the equation coefficient; t is the desorp-
tion time, h.

Here, we define f ðtÞ as time function, f ðtÞ = 1/
ffiffi
t

p
, and

then to draw out the relationship curves of each case between
1/Qt and f ðtÞ in Figure 3.

From Figure 3, all of the curves between 1/Qt and f ðtÞ
are better in linear relationship, and the correlation coeffi-
cients R2 are all above 0.99. Therefore, based on formula
(3), the theoretical calculation model of CMDQ can be
expressed as formula (4), which is similar in the form as
the Langmuir equation.

Qt =
A0B0

ffiffi
t

p

1 + B0
ffiffi
t

p , ð4Þ

where A0 is the ultimate desorption quantity, A0 = 1/d0,
ml/g; B0 is a constant to reflect the desorption rate, B0 =
d0/c0, 1/s0.5. Their values in our experiment are shown in
Table 2.

Formula (4) can be used to calculate the CMDQ accu-
rately. The value of A0 will not increase unlimitedly, which
tends to a constant value when the time increases to infinity,
so the A0 indicates the maximum methane desorption quan-
tity of coal particles. In Table 2, the greater the initial pressure
is, the greater the value of A0 becomes, which means that the
peak methane desorption volume increases with the initial
adsorption pressure rising. However, it seems that the value
of A0 registers no evident change associated with the coal
grain dimension. Some scholars [43, 44] believed the reason
was that the smaller particle size only increased the outside
surface area of coal particle but had no effect on the pore inte-
rior surface area which was the main area for methane
adsorption. The B0 is a physical quantity to reflect the

P

P
He

CH4

V1 V3 V4 V7

V2
V5 V6

Vacuum pump

Digital
display
system

Coal sample tank

Reference tankIsothermal oven

Figure 2: Experiment system schematic view.
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desorption rate. The experimental results show that the
smaller the particle size or the larger the pressure is, the
shorter the time of methane desorption to the end will take,
so the value of B0 is larger.

3. Fick Diffusion Model

3.1. The Establishment of the Mathematical Model. Sevenster
[45] established the classical methane diffusion mathematical
model in coal particle, and the assumptions are as follows: (1)
the coal particle is spherical, and there is a large amount of
micropore in the coal sphere; (2) the coal particle is homoge-

neous and isotropic body; (3) the methane flowing in micro-
porous and transition pores accords with Fick’s law.

In Fick’s law, the methane diffusion velocity is propor-
tionate to the methane content gradient, but the direction is
opposite.

J = −D
∂X
∂n!

, ð5Þ

in which J denotes the diffusion speed, m3/(m2·h); D reflects
the methane diffusion coefficient, m2/h; X reflects the
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Figure 3: Curves of 1/Q and f ðtÞ under different initial pressures.

Table 2: Parameter values of A0 and B0.

Initial pressure (MPa)
4-5 mesh 15-16 mesh 30-35 mesh 50-60 mesh

A0 B0 A0 B0 A0 B0 A0 B0
1 5.49 0.77 7.94 0.83 5.59 1.39 4.10 3.43

2 9.71 0.99 12.50 1.48 9.17 1.56 7.81 4.41

4 19.23 1.63 15.38 2.24 13.69 2.81 12.05 4.61
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methane content in per unit volume coal, m3/m3; n! refers to
the diffusion distance in normal direction, m.

The methane diffusion in coal particles is a process of
unstable state. In the globular coal particle, the globular
shell in the thickness dr is studied. As per the mass con-
servation law, the methane variable quantity between
inflow and outflow of the shell is equivalent to the meth-
ane change quantity in the globular shell, so the methane
emission equation of coal particle was set up under the
spherical coordinates, as follows:

∂X
∂t

4
3π r + drð Þ3 − 4

3πr
3

� �
+ ∂
∂r

−D
∂X
∂n!

⋅ 4πr2
� �

dr = 0:

ð6Þ

Here, ðdrÞ2 ≈ 0, ðdrÞ3 ≈ 0, the D is constant, and then,
formula (6) can be deduced as

∂X
∂t

= D
r2

∂
∂r

r2
∂X
∂r

� �
, ð7Þ

where r denotes the radius, m.
When desorption begins, the exterior pressure of coal

particle is still constant, so the initial conditions and bound-
ary conditions are as follows:

X = X0, 0 ≤ r ≤ R, t = 0,
∂X
∂r

= 0, r = 0, t > 0,

X = XW , r = R, t > 0,

8>>><
>>>:

ð8Þ

in which X0 reflects the initial methane content of coal
particle, m3/m3; XW refers to the methane content at sur-
face of coal particles, m3/m3; R reflects the radius of coal
particles, m.

3.2. Finite Difference Model. Firstly, the globular coal grain
from center to exterior surface is separated into N parts
alongside the radius and the intersections are the nodes, doc-
umented as 0, 1, 2, 3⋯N , which are expressed as the solid
lines in Figure 4. Considering that the variations of pressure,
methane content, and diffusion velocity in the center are less
than those near the spherical surface, the node spacing from
the center to surface declines in a geometric sequence. Sec-
ondly, the N homocentric spheres taking the node 0 as circle
center are drew in the coal particle, which are through the
middle of the two neighboring nodes separately, presented
as the dotted lines in Figure 4. So the coal particle is separated
into one center solid sphere and N globular shells by the
dotted lines.

Apart from the central solid sphere and the globular shell
of the Nth node, the rest spherical shells all have interior and
exterior spherical surfaces, which are through the middle
point of the node spacing. So the difference equations of

unstable flow of methane from 1 to N − 1 nodes could be
considered as follows:

4
3π

ri+1 + ri
2

� �3
−

ri−1 + ri
2

� �3� �
× Xj−1

i − Xj
i

Δt j

=D
Xj
i − Xj

i+1

� �
/2

� �
+ Xj−1

i − Xj−1
i+1

� �
/2

� �� �
ri+1 − ri

× 4π ri + ri+1
2

� �2

−D
Xj
i−1 − Xj

i

� �
/2

� �
+ Xj−1

i−1 − Xj−1
i

� �
/2

� �� �
ri − ri−1

× 4π ri + ri−1
2

� �2
i = 1, 2,⋯⋯,N − 1 ; j = 1, 2,⋯⋯ð Þ,

ð9Þ

in which the subscript i − 1, i, and i + 1 denote the node
quantity; the superscript j − 1 and j denote the time node
quantity; Δt j refers to the time step j.

For the center solid sphere, namely, the 0 node, the differ-
ence equation is established as follows:

D
Xj
0 − Xj

1
� �

/2
� �

+ Xj−1
0 − Xj−1

1
� �

/2
� �� �
r1

× 4π r1
2
� �2

= 4
3π

r1
2
� �3

× Xj−1
0 − Xj

0
Δt j

:

ð10Þ

For the N node, which refers to the exterior surface of
coal particles, namely, r = R, as per the boundary conditions:

Xj
N = XW : ð11Þ

Formula (9) to (11) forms a complete equation set of the
methane flow in coal particles as per Fick’s law, in which the
methane contents from 0 to N node are the unknown quan-
tities at the jth moment.

After the methane contents of coal particles at each
moment are calculated, the methane desorption quantity of
spherical coal particle in the jth time step is as

rNN–1210 ……

Figure 4: Node division under the spherical coordinate system.
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ΔQj = 2πR2Δt jD
Xj
N−1 + Xj−1

N−1

� �
− Xj

N + Xj−1
N

� �
rN − rN−1

: ð12Þ

The CMDQ of coal particles is the sum of the methane
desorption quantity in each time step.

4. Darcy Percolation Model

4.1. Establishment of the Mathematical Model. Zhou and Sun
[23] proposed the methane emission pattern from coal parti-
cles as per Darcy’s law, in which the methane pressure, the
gas permeability coefficient, and the adsorption constants
are the basic influence factors. The assumptions are as fol-
lows: (1) the coal particle is spherical, and there is a large
amount of micropore and transition pore in the sphere; (2)
the porosity and gas permeability coefficient in coal particles
are not affected by the internal methane pressure change; (3)
the methane absorption satisfies the Langmuir equation, and
the free methane is ideal gas. The methane content could be
described as follows:

X ′ = abp
1 + bp

+ Bmp, ð13Þ

where X ′ denotes the methane content of coal in unit mass,
m3/t; a reflects the first adsorption constant, m3/t; b marks
the second adsorption constant, 1/MPa; p reflects the internal
methane pressure of coal body, MPa; B denotes the coeffi-
cient, m3/(t·Mpa); m refers to the porosity.

(4) As the methane flows in coal particles, the tempera-
ture is unchanged; (5) the methane flowing in the coal parti-
cles is the laminar flow motion, obeying Darcy’s law:

u = −
k
μ
∇p: ð14Þ

in which u reflects the velocity of methane flow, m/s; k
denotes the permeability of coal seam, m2; μ reflects the gas
viscosity coefficient, MPa·s;▽p reflects the methane pressure
gradient, MPa/m.

The flowed methane quantity can be determined by the
volume flow under one normal atmosphere, so formula
(15) can be transformed as

q = −λ
∂P
∂n!

, ð15Þ

in which q denotes the methane flow per unit area, m3/(m2·s);
λ is the gas permeability coefficient, m2/(MPa2·s), λ = k/2μ
pn, pn reflects the standard atmospheric pressure; P is the

square of methane pressure, P = p2, MPa2; n! denotes the pen-
etration distance on the normal direction, m.

The spherical shell in thickness dr is analyzed in the
same way, and the methane emission equation is established
as follows:

∂X ′
∂t

ρ
4
3π r + drð Þ3 − 4

3πr
3

� �
+ ∂
∂r

−λ
∂P
∂r

⋅ 4πr2
� �

dr = 0,

ð16Þ

where ρ denotes the apparent density of coal, t/m3.
Simplification to get

∂X ′
∂t

= λ

ρ

∂2P
∂r2

+ 2
r
∂P
∂r

 !
: ð17Þ

Taking formula (13) into (17) to get

∂ abρ√Pð Þ/ 1 + b√Pð Þð Þ + Bmρ
ffiffiffi
P

p� �
∂t

= λ
1
r2

∂
∂r

r2
∂P
∂r

� �
:

ð18Þ

The initial conditions and boundary conditions are as
follows:

P = P0 = p20, 0 ≤ r ≤ R, t = 0,
∂P
∂r

= 0, r = 0, t > 0,

P = PW = p2w, r = R, t > 0,

8>>>><
>>>>:

ð19Þ

in which p0 denotes the initial methane pressure of coal par-
ticles, MPa; pw reflects the methane pressure at the outside
surface of coal particles, MPa.

4.2. Finite Difference Model. In the element division, the
Darcy model is the same as the Fick model, shown in
Figure 4. So the difference equations from 1 to N − 1 nodes
are established as

λ
Pj
i − Pj

i+1

� �
/2

� �
+ Pj−1

i − Pj−1
i+1

� �
/2

� �� �
ri+1 − ri

× 4π ri+1 + ri
2

� �2

− λ
Pj
i−1 − Pj

i

� �
/2

� �
+ Pj−1

i−1 − Pj−1
i

� �
/2

� �� �
ri − ri−1

× 4π ri−1 + ri
2

� �2
= 4
3π

ri+1 + ri
2

� �3
−

ri−1 + ri
2

� �3� �

× abρ

2 1 + b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pj
i + Pj−1

i

� �
/2

r� �2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pj
i + Pj−1

i

� �
/2

r + Bmρ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pj
i + Pj−1

i

� �
/2

r
2
6664

3
7775

�P
j−1
i − Pj

i

Δt j
i = 1, 2,⋯⋯,N − 1 ; j = 1, 2,⋯⋯ð Þ:

ð20Þ

As to the spherical center point, the difference equation is
expressed as follows:
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λ
Pj
0 − Pj

1
� �

/2
� �

+ Pj−1
0 − Pj−1

1
� �

/2
� �
r1

× 4π r1
2
� �2

= 4
3π

r1
2
� �3

× abρ

2 1 + b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pj
0 + Pj−1

0
� �

/2
r� �2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pj
0 + Pj−1

0
� �

/2
r

2
6664

+ Bmρ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pj
0 + Pj−1

0
� �

/2
r

3
775 Pj−1

0 − Pj
0

Δt j
:

ð21Þ

As to the exterior surface, namely, r = R, according to the
boundary conditions:

Pj
N = PW : ð22Þ

Formula (20) to (22) forms a complete equation set of the
methane flow in coal particles as per Darcy’s law, in which
the methane pressures from 0 to N node are the unknown
quantities at the jth moment.

After the methane pressure square at each moment is cal-
culated, the methane desorption quantity of coal particles in
the jth time step is as

ΔQj = 2πR2Δt jλ
Pj
N−1 + Pj−1

N−1

� �
− Pj

N + Pj−1
N

� �
rN − rN−1

: ð23Þ

The CMDQ of coal particle is the sum of the methane
desorption quantity in each time step.

5. Programming and Operation

Based on the above difference model and boundary condi-
tions, the corresponding calculating software is designed
and compiled.

For the Fick diffusion difference model, the content is
unknown. In the process of calculating, given a time step
and the eventual methane content, the following methane
content could be computed. By analogy, the methane con-
tent value at each time node can be obtained. Due to the
methane desorption rate diminishing with time prolong-
ing, the time step in calculation increases according to a
geometric sequence which gradually enlarges. In this way,
the calculated time is saved but the calculated precision
is still high. The program structure process is shown in
Figure 5(a).

For the Darcy percolation differential model, the square
of methane pressure is unknown. In calculating, given a
time step and the eventual pressure, the following pressure
could be obtained. The methane pressure in the coal particle
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N

Start

Define variables, constants, and arrays

Input variable and initialize array

Calculate time step and gas content value

Constant column vector and
coefficient matrix assignment

Call gaussian program to solve the content

Calculate and output gas content
and desorption quantity

Whether the desorption
quantities reach the designed

value?

End

(a) Fick model
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Calculate time step

Calculate pressure value

Constant column vector and
coefficient matrix assignment

Call gaussian program to solve the content

Output pressure value

Calculate and output gas content
and desorption quantity
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than 0.0001?
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(b) Darcy model

Figure 5: Flowchart of program structure.
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Figure 6: Continued.
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can be calculated at any time, and the time step also uses
a geometric progression step length. The right side of for-
mulas (20) and (21) is the nonlinear expression of the
node’s pressure square at the jth moment, so the iteration
method should be used. Assumed Pi

j = cPi
j−1, the numeri-

cal value under the square root is calculated to get quasi-
linear equations and the solution, and then, the solution is
employed to compute the value under the square root, so
new quasilinear equations and the new solution should be
obtained again. We repeat the calculation until the relative
error of the pre- and postcomputational value is less than
a small value. The program structure process is shown in
Figure 5(b).

6. Comparative Analyses between the Simulated
and Experimental Results

In the Darcy model, the methane adsorption parameters and
the porosity of coal derived from the relevant experimental
results where a is 26m3/t, b is 0.3MPa-1, m is 0.5, and ρ is
1.2m3/t. Through the trial calculation, when the gas perme-
ability coefficient is at 1 × 10−5m2/(MPa2·s), the simulated
results of CMDQ fit better with the experimental results.
For the Fick model, if the coal particle radius, the initial
methane pressure, and content are given, the diffusion coef-
ficient D will be the only influence factor for the methane
desorption, and its scope of the trial calculation is taken
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Figure 7: Contrast curves between simulation and experimental MERF.
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from 2 × 10−9 to 2 × 10−5m3/(m2·d). So when the exterior
pressure of coal particles is at a normal atmosphere, the var-
iation processes of CMDQ of different coal samples can be
calculated, and the results will be compared with the exper-
imental results.

6.1. Comparison of CMDQ. Figure 6 shows the curves of the
experiment and simulation of each coal sample under differ-
ent initial pressures. In order to observe the matching degree
of curves more easily, the logarithmic coordinate is used in
the figure.

It can be concluded from Figure 6 (1) that the variation
trend of Darcy’s simulated results is basically identical to
the experimental results, but Fick’s results have large differ-
ence; (2) Darcy’s results are pretty consistent with the
experimental results in most time, and the differences
mainly appear in the initial period. This is because limited
by the experimental conditions, the external pressure of coal
particles cannot realize the constant pressure in the initial
phase; (3) when the diffusion coefficient D becomes larger,
Fick’s results are more close to the experimental results in
the initial stage, but the simulated results reach the desorp-
tion balance earlier than that of the experiment, so great
deviations emerge later. It indicates that no matter how
the D changes, Fick’s curves do not always match well with
the experimental curves.

6.2. Comparison of Methane Emission Rate Function. Yang
and Wang [46] put forward the methane emission rate func-
tion (MERF), which was expressed as ln ½1 − ðQt/Q∞Þ2�. In
their paper, the methane emission rates of six kinds of parti-
cle size of coal samples were studied by Fick’s law to obtain
that MERF registered linear change with time t.

ln 1 − Qt/Q∞ð Þ2	 

t

= −K , ð24Þ

where Q∞ is the CMDQ when t tends to infinity, ml/g; −K is
the slope of MERF with t.

The change rules between MERF and t are studied,
respectively, under Fick’s diffusion, Darcy’s seepage, and
the experimental measure. The simulated and measured data
are processed and shown in Figure 7. Here, the values of Q∞
take the A0 in Section 2.3.

From Figure 7, (1) the MERF of Darcy’s simulation are all
curving changes as the time increases, which have the similar
variation trend to the experiment, but all of Fick’s MERF are
growth in straight lines over time; (2) Darcy’s simulation
results mostly accord with the experimental results; (3) Fick’s
simulated results are only close to the measured results at the
initial stage and appear deviation later, in which the gap
became larger and larger as time increases. No matter how
the D changes, the curves of Fick’s results register linear var-
iation and cannot match well with the experimental curves.

7. Discussion

The CMDQ of Fick’s simulation, Darcy’s simulation, and
experimental measure are compared to show that Darcy’

results highly agree with the experimental results. While no
matter how we change the size of the methane diffusion
coefficient D, the curves of CMDQ in Fick diffusion can
never well accord with the experimental curve. This indi-
cates that the methane emission process in coal particles is
more accordant with Darcy’s law. For the theory analysis,
the vast majority of methane is adsorbed at the pore internal
surface of coal particle, which is relatively static and almost
without flow. So the movement of free methane gas becomes
the main form for methane flowing in coal particles, and its
flow velocity exhibits no direct association with methane
content but is closely related to the gas pressure gradient.
Therefore, the methane flow in coal particles should accord
with Darcy’s law.

The change law of MERF in coal particles is also analyzed
in this paper and shows that the experimental MERF are all
curving changes with the time growing. The literature [41]
also obtained the same experimental conclusion. The MERF
under Darcy’s condition are also curving change and coinci-
dent with the experimental results. However, the MERF
under Fick’s condition linearly change as time increases
and obviously do not follow the measured trends, which indi-
cates that the methane emission from coal particles should
not conform to Fick’s law, and at least, the situation that
the diffusion coefficient D is constant in methane emission
can be excluded. From the mechanism of methane emission,
in the early emission period, the emitted methane is primar-
ily from the outside surface or the macropores of coal parti-
cles, flowing out rapidly, so the emission quantity is fast.
But, later, emission source mainly comes from the internal
surface of microporous and transition pores. As the diameter
of these pores is smaller, the path becomes lengthier and the
resistance is also greater, which decreases the emission quan-
tity gradually. Therefore, in the process of the methane emis-
sion from coal particle, the MERF will not change linearly, so
some scholars [12, 47] believed the methane diffusion coeffi-
cient in coal particles is attenuated over time, which still
needs a further research.

8. Conclusions

(1) The methane isothermal desorption experiment of
coal particles was performed to obtain that the rela-
tionship between the reciprocal of cumulative meth-
ane desorption quantity (CMDQ) and the
reciprocal of square root of time was linear, and the
correlation coefficients R2 are all above 0.99. The
basis on the experiment, an empirical formula of
CMDQ was given, which can be used to calculate
the CMDQ accurately

(2) The methane flow mathematic models of spherical
coal particle were established, respectively, according
to Fick diffusion law and Darcy percolation law. The
corresponding calculating software was programmed
with the finite difference method. By the software, the
simulated CMDQ and the calculated methane emis-
sion rate function (MERF) of the two models were
obtained under different initial adsorption pressures
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(3) Comparative analyses between the simulation results
and the assay outcomes indicate that Darcy’s simu-
lated outcomes are consistent with the experimental
results, whereas all Fick’s results, no matter how the
diffusion coefficient changes, have a comparatively
large difference from the experimental data. There-
fore, the studies in this paper show that the methane
flow obeys Darcy’s law even in the tiny pore system of
coal particles, which provides the basis for further
study on the law of methane flow in coalbed
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Coal permeability is intrinsically anisotropic because of the cleat structure of coal. Therefore, coal permeability can be denoted
by a second-order tensor under three-dimensional conditions. Our previous paper proposed an analytical model of the principal
permeability tensor of coal during primary coalbed methane (CBM) recovery. Based on this model, 18 modeling cases were
considered in the present study to evaluate how the principal permeabilities were influenced by representative coal properties
(the areal porosity, the internal swelling ratio, and the Young modulus) during primary CBM recovery. The modeling results
show that with regard to the influences of the areal porosity on the principal permeabilities, an increase in cleat porosity
reduces the sensitivity of each principal permeability to pore pressure change. The magnitudes of the principal permeabilities
are positively proportional to the internal swelling ratio. The principal permeabilities thus tend to monotonically increase
with a depletion in the pore pressure when the internal swelling ratio increases. Because the internal swelling ratio represents
the extent of gas-sorption-induced matrix deformation, an increase in the internal swelling ratio increases desorption-
induced matrix shrinkage and thus induces an increase in permeability. The principal permeabilities are positively
proportional to the isotropic principal Young moduli and the synchronously changing anisotropic principal Young moduli.
On the other hand, the principal Young modulus within the plane of isotropy influences the principal permeabilities within
this plane in diverse patterns depending on both the dip angle of the coalbed and the pitch angle of the cleat sets. The
principal permeability perpendicular to the plane of isotropy is positively proportional to this principal Young modulus, and
this correlation pattern is independent of both the dip angle and pitch angle.

1. Introduction

Coal permeability is a property that predominantly deter-
mines whether a coalbed methane (CBM) reservoir can be
commercially recovered [1–3]. Therefore, the investigation
on coal permeability has attracted worldwide attention, and
various approaches such as experimental measurements,
field observations, mathematical modeling, and numerical
simulations have been used for the investigation [4–6].

CBM production triggers a series of coal-gas interac-
tions such as changes in the effective stress and gas
desorption from the coal matrix [3, 7, 8]. These interac-
tions influence coal permeability during CBM production.
When methane is extracted from a coalbed, the effective
stress decreases and cleats are compressed; the compres-
sion causes a reduction in permeability. On the other
hand, the extraction makes methane desorb from the coal
matrix and causes the matrix block to shrink. This
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shrinkage increases permeability. Therefore, the manner in
which coal permeability varies during CBM production is
dependent on the net effects of the effective stress and
gas desorption [9, 10].

The net effects of the effective stress and gas desorption
on the variation pattern of coal permeability are influenced
by coal properties such as porosity, Young’s modulus, Pois-
son’s ratio, and sorption strain. The influences of these prop-
erties have been evaluated on the basis of theoretical
permeability models. Chen et al. [11] documented the influ-
ences of Young’s modulus, Poisson’s ratio, and sorption
strain on the variation pattern of coal permeability. Cui and
Bustin [12] evaluated how Poisson’s ratio influences the var-
iation pattern. Guo et al. [13] evaluated the influences of
sorption strain on the variation pattern. Liu et al. [14] dis-
cussed the influences of cleat porosity and sorption strain
on the pattern. Liu and Harpalani [15] evaluated how poros-
ity influences the pattern.

The abovementioned studies have considered coal per-
meability to be isotropic. However, coal permeability is
intrinsically anisotropic because the fracture structure of coal
is heterogeneously distributed [16]. Coalbed fractures are
typically composed of three cleat sets: face cleats, butt cleats,
and bedding planes [3, 16]. These three cleat sets are nor-
mally orthogonal to each other, and coal permeability is
intrinsically anisotropic because of this orthogonal fracture
structure [3]. Anisotropic permeabilities can be denoted by
a second-order diagonal tensor under three-dimensional
(3D) conditions. This tensor can be referred to as the “prin-
cipal permeability tensor” [17, 18], and the diagonal elements
of this tensor can be referred to as “principal permeabilities.”
The principal permeabilities may have different responses to
coal properties during primary CBM recovery. However,
these responses have not been well documented in the
literature.

The present study uses 18 modeling cases to evaluate how
coal properties influence the principal permeabilities during

primary CBM recovery. The modeling cases are considered
on the basis of a permeability model developed in one of
our previous studies [19].

2. Modeling Influences of Coal Properties on
Principal Permeability Tensor during
Primary CBM Recovery

2.1. Representations of Principal Permeability Tensor.
Because the components of the uniaxial strain conditions
are aligned along the vertical and horizontal directions, these
components are noncoaxial to the cleat sets when the coalbed
is inclined. Two coordinate systems can be formulated to
align the components of the uniaxial strain conditions with
the cleat sets. One is the uniaxial coordinate system (UCS),
which is used to accommodate the uniaxial strain conditions,
and the other is the cleat coordinate system (CCS), which is
used to accommodate the cleat sets. Figure 1 shows the sche-
matic of the two coordinate systems, which can be correlated
to two featured properties. One is the dip angle of the
inclined coalbed, and the other is the pitch angle of the cleat
sets [19].

Our previous paper [19] proposed a model of the prin-
cipal permeability tensor during primary CBM recovery.
The representations of this model are shown in equation
(1), equation (2), and equation (3). The present paper will
only summarize the basic assumptions and representations
of this model. More details can be obtained from our pre-
vious paper. The model was developed for a coalbed that
is subjected to uniaxial strain conditions. The model
assumes that only elastic deformation occurs in the
coalbed. The coalbed contains three orthogonal cleat sets
(Figure 1). The orientations of the principal permeability
tensor are coaxial to those of the cleat sets. Although
stress change may induce fracture initiation or propaga-
tion in fractured rocks like coal [20, 21], our proposed
model assumes that no fracture initiation or propagation
occurs in coal during CBM recovery. These assumptions
are seemingly simple, but they are widely adopted in the
literature and have been validated against both experimen-
tal and field data [4, 22, 23].
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Figure 1: Schematic of CCS and UCS [19].
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Figure 2: Workflow for 3D visualization of principal permeabilities.
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Figure 3: 3D isosurfaces showing principal permeabilities within the 3DDPP domain for Cases 1, 2, and 3. The color legends in these images
have a uniform measurement unit of “millidarcy (mD).”
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Figure 4: Normalized curves showing how areal porosity influences principal permeability kZ during primary CBM recovery.
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ΔσeXX = Δσexx cos2θd+Δσezz sin2θd
� �

cos2θp+Δσeyy sin2θp,

ΔσeYY = Δσexx cos2θd+Δσezz sin2θd
� �

sin2θp+Δσeyy cos2θp,

ΔσeZZ = Δσexx sin2θd+Δσezz cos2θd ,

8>><
>>:

ð2Þ

Δσexx =
ν EX cos2θd + EZ sin2θd
� �

1 − νð Þ EX sin2θd + EZ cos2θd
� � p − p0ð Þ,

Δσeyy =
νEX

1 − νð Þ EX sin2θd + EZ cos2θd
� � p − p0ð Þ,

Δσezz = p − p0,

8>>>>>><
>>>>>>:

ð3Þ

where EX , EY , and EZ are the principal Young moduli in
CCS; Fin is the internal swelling ratio, which represents

the ratio of the internal swelling to the known sorption-
induced strain of coal block; kX , kY , and kZ are the prin-
cipal permeabilities in CCS; kX0, kY0, and kZ0 are the ini-
tial principal permeabilities in CCS; p is the pore
pressure; p0 is the initial pore pressure; pLX , pLY , and pLZ
are the principal Langmuir pressure constants in CCS; X,
Y , and Z are the axes of CCS; x, y, and z are the axes
of UCS; εLX , εLY , and εLZ are the principal Langmuir
strain constants in CCS; θd is the dip angle of coalbeds;
θp is the pitch angle representing the acute angle between
the strike direction of the inclined coalbed and butt cleat;
ν is the Poisson’s ratio; σeXX , σeYY , and σeZZ are the nor-
mal effective stresses in CCS; σexx, σeyy, and σezz are the
normal effective stresses in UCS; ϕaX0, ϕaY0, and ϕaZ0 are
the initial principal areal porosities in CCS.
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Figure 6: 2D contours showing distribution of rebound pressure within the 2DDP domain for Cases 4, 5, and 6. Domain I represents the
region where the rebound pressure is greater than 5.0MPa and the principal permeabilities increase monotonically with a depletion in the
pore pressure. Domain II represents the region where the rebound pressure is 0.0–5.0MPa and the principal permeabilities vary
nonmonotonically with a depletion in the pore pressure. Domain III represents the region where the rebound pressure is lower than
0.0MPa and the principal permeabilities decrease monotonically with a depletion in the pore pressure.
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Equation (1) shows how the principal permeabilities
vary during gas sorption and effective stress change. The
normal effective stresses in the CCS (ΔσeXX , ΔσeYY , and
ΔσeZZ) can be represented by the normal effective stresses
in the UCS, as expressed in equation (2). The normal
effective stresses Δσexx, Δσeyy, and Δσexx under uniaxial
strain conditions can be represented by equation (3). Note
that in equation (3), the principal Young moduli are
assumed to be transversely isotropic. The combination of
equation (1), equation (2), and equation (3) can represent
the variation in the principal permeabilities during pri-
mary CBM recovery. In our previous papers [3, 19], the
formulations of equation (1), equation (2), and equation
(3) have been described and these equations have been
validated against experimental and field data. Hence, these
details are not repeated in this paper.

2.2. Modeling Configuration. Equation (1), equation (2), and
equation (3) show that the principal permeability tensor can
be influenced by multiple properties. These properties
include the dip angle, the pitch angle, the areal porosity, the
internal swelling ratio, and the Young modulus. The influ-
ences of both the dip angle and pitch angle have been evalu-
ated in our previous study. This study will use 18 modeling
cases (divided into six groups) to evaluate how the areal
porosity, the internal swelling ratio, and the Young modulus
influence the principal permeabilities during primary CBM
recovery. The parameters used in each modeling case are pre-
sented in Table 1.

Group 1 evaluates how the isotropic areal porosity
influences the principal permeabilities. Group 2 focuses
on the influences of the isotropic internal swelling ratio.
Because the internal swelling ratio is the rate-controlling
parameter of sorption strain, this group represents the
influences of gas sorption. Because the Young modulus is
anisotropic, the influences of the Young modulus will be
discussed in four groups. Group 3 evaluates the influences
of the isotropic Young modulus. Group 4 evaluates the
influences of the anisotropic and synchronously changing
principal the Young moduli. Groups 5 and 6 evaluate the
influences of the principal Young moduli EX and EZ ,
respectively.

In each modeling case, the principal permeabilities were
plotted within a 3D domain formulated by the dip angle, pitch
angle, and pore pressure. This domain is referred to as the
“3DDPP domain” in this paper. The workflow for the 3D visu-
alization of the principal permeabilities is shown in Figure 2.
Equation (1), equation (2), and equation (3) and the related
properties were implemented in the 3DDPP domain to com-
pute each principal permeability in this domain. This step
was achieved using a self-writing C++ code. The 3DDPP
domain was surrounded by three pairs of two-dimensional
(2D) boundaries. The computed data were then implemented
in the Tecplot 360 Package for 3D visualization.

3. Modeling Results and Discussion

3.1. Influences of Areal Porosity. Figure 3 shows the principal
permeabilities within the 3DDPP domain for Cases 1, 2, and
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Figure 7: 3D isosurfaces showing principal permeabilities within the 3DDPP domain for Cases 7, 8, and 9. The color legends in these images
have a uniform measurement unit of “millidarcy (mD).”
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Figure 8: 2D contours showing distribution of rebound pressure within the 2DDP domain for Cases 7, 8, and 9. These images were plotted in
the same manner as Figure 6.
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3. For each principal permeability, the structure of the isosur-
faces in the 3DDPP domain remains invariant with an
increase in the areal porosity. The color legends in Figure 3
show that the increasing areal porosity increases the lower
bound but decreases the upper bound of each principal
permeability.

Figure 4 provides further details regarding the influences
of the areal porosity on the evolution of each principal per-
meability during primary CBM recovery. When the principal
permeability kZ increases monotonically with a depletion in
the pore pressure, the acceleration of kZ reduces with an
increase in the areal porosity. In this case, kZ is negatively
proportional to the areal porosity, as shown by the red curves
in Figure 4. When kZ decreases monotonically with a deple-
tion in the pore pressure, the deceleration of kZ reduces with
an increase in the areal porosity. In this case, kZ is positively
proportional to the areal porosity, as shown by the green

curves in Figure 4. When kZ evolves nonmonotonically
with a depletion in the pore pressure, the increasing areal
porosity reduces the deceleration of kZ when the pore
pressure is greater than the rebound pressure but increases
the acceleration of kZ when the pore pressure is lower
than the rebound pressure. In this case, kZ is always pos-
itively proportional to the areal porosity when the pore
pressure is higher than the rebound pressure, as indicated
by the yellow curves in Figure 4. When the pore pressure
is lower than the rebound pressure, kZ can be either pos-
itively proportional or negatively proportional to the areal
porosity depending on the acceleration of kZ in different
cases. Based on the curves shown in Figure 4, the influ-
ences of the areal porosity on the principal permeabilities
can be summarized as follows: an increase in cleat porosity
reduces the sensitivity of each principal permeability to
pore pressure change.
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Figure 10: 2D contours showing rebound pressure within the 2DDP domain for Cases 10, 11, and 12. The images were plotted in the same
manner as Figure 6.
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The modeling cases described in this subsection are based
on the assumption of isotropic cleat porosity. The isotropic
nature of cleat porosity is consistent with the experimental
observations of Gash et al. [26], who reported that the anisot-
ropy between the cleat porosities in different directions is
minor for Fruitland Formation coals. However, the literature
also contains reports on cases where the anisotropy of cleat
porosity has been found to be substantial. Wang et al. [27]
observed that the cleat porosity parallel to the bedding plane
could be four times that normal to the bedding plane for
coals from the Junggar Basin. When cleat porosity has sub-
stantial anisotropy, the principal permeability along the
direction of the minimum cleat porosity will have a greater
sensitivity to pore pressure or stress change than the princi-
pal permeabilities along the directions of the medium and
maximum cleat porosities.

3.2. Influences of Internal Swelling Ratio. Equation (1) indi-
cates that all the three principal permeabilities are posi-
tively proportional to the internal swelling ratio. The 3D
isosurfaces shown in Figure 5 confirm this correlation.
The isosurfaces can be classified into two categories for
each principal permeability: isosurfaces having values
higher than the initial value of each principal permeability,
and isosurfaces having values lower than the initial value
of each principal permeability. In this study, the first cat-
egory is referred to as “initial-value greater” (IVG) isosur-
faces, whereas the second category is referred to as “initial-
value lower” (IVL) isosurfaces. Because the principal per-
meabilities are positively proportional to the internal swell-

ing ratio, the IVG isosurfaces encroach on the IVL
isosurfaces with an increase in the internal swelling ratio.
In addition to this encroachment, the increasing internal
swelling ratio also increases the maximum and minimum
values of each principal permeability, as shown by the
color legends in Figure 5.

Because the magnitudes of the principal permeabilities
change with the internal swelling ratio, their variation pattern
changes according to changes in the pore pressure. The chang-
ing variation pattern affects the rebound pressure of the prin-
cipal permeabilities. The increasing internal swelling ratio
changes the distribution of the rebound pressure in the 2D
domain formed by the dip angle and pitch angle (2DDP
domain), as shown in Figure 6. Figure 6 shows that the
rebound pressure increases with an increase in the internal
swelling ratio in the entire 2DDP domain for each principal
permeability. Because of the increasing rebound pressure, the
gray-yellow Domain I tends to encroach on the other two
domains. This encroachment indicates that all the three prin-
cipal permeabilities tend to increase monotonically during
pore pressure depletion with an increase in the internal swell-
ing ratio.

The influences of gas sorption on permeability evolution
have been widely discussed in the literature [10, 22, 28–32].
Generally, pore pressure depletion induces gas desorption
and matrix shrinkage. This process causes cleat dilation and
results in increased permeability. On the other hand, an
increase in the pore pressure causes gas adsorption and
matrix swelling. This process compresses the cleats and
reduces permeability. Because the internal swelling ratio
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Figure 11: 3D isosurfaces showing principal permeabilities within the 3DDPP domain for Cases 13, 14, and 15. The color legends in these
images have a uniform measurement unit of “millidarcy (mD).”
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represents the extent of gas-sorption-induced matrix defor-
mation, an increase in the internal swelling ratio increases
desorption-induced matrix shrinkage and thus induces an
increase in permeability.

3.3. Influences of Young’s Modulus. When Young’s modulus
is isotropic, the representations of the principal permeabil-

ities are reduced to those expressed in equation (4). This
equation set shows that the normal effective stresses in
the CCS are independent of the isotropic Young modulus.
When the isotropic Young modulus increases, the influ-
ences of the effective stress decrease and each principal
permeability increases accordingly. All the three principal
permeabilities are thus positively proportional to the
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isotropic Young’s modulus in the entire 3DDPP domain.
The 3D isosurfaces shown in Figure 7 confirm this corre-
lation. Figure 7 shows that the IVG isosurfaces gradually
encroach on the IVL isosurfaces in the 3DDPP domain
for each principal permeability. The maximum and mini-
mum values of each principal permeability also increase
with an increase in the isotropic Young modulus, as
shown by the color legends in Figure 7.
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where E is the isotropic Young modulus.
Figure 7 also shows that the increasing isotropic Young

modulus changes the variation in the principal permeabilities
with a depletion in the pore pressure. Generally, as the isotro-
pic Young modulus increases, all the three principal perme-
abilities tend to increase monotonically when the pore
pressure depletes. The rebound pressure also increases with
an increase in the isotropic Young modulus, as illustrated
in Figure 8. The increasing rebound pressure causes the
gray-yellow Domain I to expand for all the three principal
permeabilities.

When the Young modulus is anisotropic and the princi-
pal Young moduli increase synchronously, the principal
Young moduli EX and EZ can be correlated by a ratio con-
stant (Rc), as expressed in equation (5). The principal per-
meabilities can thus be expressed by equation (6). This
equation set shows that the normal effective stresses in the
CCS are independent of both EX and EZ but are dependent
on their ratio Rc. When EX and EZ increase synchronously,
the effects of the effective stress reduce and the principal
permeabilities increase accordingly. Therefore, the magni-
tudes of the principal permeabilities are positively propor-
tional to the synchronously increasing EX and EZ in the
entire 3DDPP domain. The 3D isosurfaces in Figure 9 con-
firm this correlation.
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Because the magnitudes of the principal permeabil-

ities are positively proportional to the synchronously
increasing principal Young moduli EX and EZ within
the entire 3DDPP domain, the principal permeabilities
tend to increase monotonically during pore pressure
depletion, as indicated by the 3D isosurfaces shown in
Figure 9. The rebound pressure thus increases accord-
ingly for each principal permeability, as illustrated in
Figure 10. The increasing rebound pressure causes the
gray-yellow Domain I to expand for all the three princi-
pal permeabilities.

When EX increases and EZ remains invariant, the nor-
mal effective stresses in the CCS are dependent on both
EX and EZ . In this case, the influences of EX on the prin-
cipal permeabilities cannot be seen visually from the rep-
resentation of each principal permeability. Figure 11
shows the 3D isosurfaces for the principal permeabilities
within the 3DDPP domain for Cases 13, 14, and 15.
Figure 11 shows how the isosurface distribution changes
with an increase in EX for each principal permeability.
The IVG isosurfaces gradually encroach on the IVL isosur-
faces with an increase in EX for kZ . The maximum and
minimum values of kZ are positively proportional to EX .
This correlation indicates that kZ is positively proportional
to EX within the entire 3DDPP domain.

However, the influences of EX on kX and kY seem to
present diverse patterns depending on both the dip angle
and pitch angle. First, the IVG and IVL isosurfaces
encroach on each other with an increase in EX for kX
and kY . The IVL isosurfaces encroach on the IVG isosur-
faces along the lower pitch angle boundary, whereas the
IVG isosurfaces invade the IVL isosurfaces along the
upper dip angle boundary for kX , as illustrated in
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Figures 11(a), 11(d), and 11(g). Similarly, for kY , the IVG
isosurfaces encroach on the IVL isosurfaces along the
upper dip angle boundary, whereas the IVL isosurfaces
invade the IVG isosurfaces along the lower pitch angle
boundary, as shown in Figures 11(b), 11(e), and 11(h).
Second, the maximum and minimum values of both kX
and kY are not positively proportional to EX . When EX
increases from 500 to 1700MPa, the minimum values of
kX and kY increase, whereas their maximum values
decrease. When EX increases from 1700 to 3000MPa, the
minimum values of kX and kY decrease, whereas their
maximum values do not change. Finally, the normalized
curves of kX are plotted (Figure 12), showing the diverse
patterns formed by the influences of EX with a variation
in the dip angle and pitch angle. The curves in
Figure 12 indicate that the patterns showing the influences
of EX on kX are independent of the pore pressure. The red

curves show that kX increases monotonically with an
increase in EX . The green curves show that kX decreases
monotonically with an increase in EX . The yellow curves
indicate that kX evolves nonmonotonically with an
increase in EX .

Because the patterns showing the influences of EX on kX
and kY are dependent on the dip angle and pitch angle, the
2DDP domain can be divided according to these diverse pat-
terns, as shown in Figure 13. Figures 13(a) and 13(b) indicate
that kX and kY evolve differently, showing diverse patterns,
with an increase in EX . These patterns include a monotoni-
cally increasing pattern, nonmonotonically evolving pattern
with a maximum point, nonmonotonically evolving pattern
with a minimum point, and monotonically decreasing pat-
tern. Figure 13(c) shows that kZ is positively proportional
to EX , and this pattern is independent of both the dip angle
and pitch angle.
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Figure 14: 2D contours showing distribution of rebound pressure within the 2DDP domain for Cases 13, 14, and 15. The images were plotted
in the same manner as Figure 6.
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The variation in the principal permeabilities with a
depletion in the pore pressure also shows a complex
dependence on EX because of the effects of the dip angle
and pitch angle. Figure 14 shows how the rebound pres-
sure varies with an increase in EX . The rebound pressures
of kX and kY are dependent on EX in diverse ways.
Domains I and II encroach on each other with an increase
in EX for both kX and kY . Domain I encroaches on
Domain II along the right edge of the 2DDP domain. In
this encroached domain, the kX‐p and kY ‐p curves change
from nonmonotonically evolving ones to monotonically
increasing ones with an increase in EX . Domain II
encroaches on Domain I along the bottom edge of the
2DDP domain for kX and along the top edge of the
2DDP domain for kY . In this encroached domain, the kX
‐p and kY ‐p curves change from monotonically increasing
ones to nonmonotonically evolving ones with an increase
in EX . The images in the right column of Figure 14 show
that the rebound pressure of kZ is positively proportional
to EX in the entire 2DDP domain. Accordingly, Domain
I always tends to encroach on Domains II and III with
an increase in EX for kZ . This encroachment indicates that
the kZ‐p curves tend to become positively proportional to
EX within the 2DDP domain.

When EZ increases and EX remains invariant, the nor-
mal effective stresses in the CCS are dependent on both
EX and EZ . In this case, the influences of EZ on the prin-
cipal permeabilities cannot be seen visually from their rep-
resentations. Figure 15 shows the principal permeabilities
within the 3DDPP domain for Cases 16, 17, and 18. The

IVG isosurfaces gradually encroach on the IVL isosurfaces
with an increase in EZ for kX and kY . This indicates that
the magnitudes of kX and kY seem to be positively propor-
tional to EZ within the entire 3DDPP domain. However,
for kZ , the IVL isosurfaces encroach on the IVG isosur-
faces with an increase in EZ . This indicates that the mag-
nitudes of kZ seem to be negatively proportional to EZ
within the 3DDPP domain.

Figure 16 shows that the rebound pressures of kX and kY
are positively proportional to EZ . Accordingly, Domain I
tends to encroach on Domains II and III with an increase
in EZ . This encroachment indicates that the kX‐p and kY‐p
curves tend to become positively proportional to EZ . The
images in the right column of Figure 16 show that the
rebound pressure of kZ is negatively proportional to EZ in
the entire 2DDP domain. Accordingly, Domain II tends to
encroach on Domain I with an increase in EZ . This indicates
that the kZ‐p curves tend to become negatively proportional
to EZ .

A comparison of the modeling results for Groups 6
and 7 indicates that an increase in EX or EZ causes an
increase in their respective normal principal permeabilities.
However, the influences of EX or EZ on their respective
parallel principal permeabilities are distinct. The variation
in kX and kY shows diverse patterns with a depletion in
the pore pressure and an increase in EX , and this variation
depends on both the dip angle and pitch angle. The prin-
cipal permeability kZ is negatively proportional to EZ , and
this pattern of correlation is independent of both the dip
angle and pitch angle.
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Figure 15: 3D isosurfaces showing principal permeabilities within the 3DDPP domain for Cases 16, 17, and 18. The color legends in these
images have a uniform measurement unit of “millidarcy (mD).”
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4. Conclusions

In this study, 18 modeling cases were used to evaluate how
the variation patterns of principal permeabilities during pri-
mary CBM recovery were influenced by three representative
coal properties: the areal porosity, the internal swelling ratio,
and Young’s modulus. Based on the study results, the follow-
ing conclusions are drawn:

(1) The correlation between the principal permeabilities
and the areal porosities is complex and depends on
the dependence of the principal permeabilities on pore
pressure. The influences of the areal porosity on the
principal permeabilities can be summarized as follows:
an increase in cleat porosity reduces the sensitivity of
each principal permeability to pore pressure change

(2) The principal permeabilities thus tend to increase
monotonically with a depletion in the pore pressure

when the internal swelling ratio increases. Because
the internal swelling ratio represents the extent of
gas-sorption-induced matrix deformation, an
increase in the internal swelling ratio increases
desorption-induced matrix shrinkage and thus
induces an increase in permeability

(3) The principal permeabilities are positively propor-
tional to the isotropic principal Young moduli and
the synchronously changing anisotropic principal
Young moduli. An increase in the principal Young
modulus EX or EZ causes an increase in their respec-
tive normal principal permeabilities. However, the
influences of EX or EZ on their respective parallel
principal permeabilities are distinct

Data Availability

There is no experimental data in this manuscript.
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Figure 16: 2D contours showing distribution of rebound pressure within the 2DDP domain for Cases 16, 17, and 18. The images were plotted
in the same manner as Figure 6.
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For composite mining coal-rock dynamic disaster, combining the theory of thermodynamics, damage mechanics, and other
disciplines, the thermodynamic coupling mathematical model of composite coal-rock under an unloading condition is deduced,
and the simulation model of composite coal-rock is established for numerical simulation. And the variation law of thermal infrared
radiation under triaxial loading and unloading of composite coal-rock is analyzed and verified by experiments. The results show
the following findings: (1) The distribution of thermal infrared radiation temperature of composite coal-rock is different in
different stages of stress. The overall temperature of the temperature field is lower than the initial temperature field in the three-
dimensional stress loading stage and the stage of stress-keeping pressure, but the internal temperature of the coal body is the
highest. In the first stage of “loading and unloading,” the temperature of a coal seam increases slightly, and the temperature of
other parts of the rock layer increases except for the circular low-temperature zone. In the second stage of “loading and
unloading,” an alternating zone of high and low temperatures appears in the rock mass, and the temperature field is enhanced,
among which the temperature field reaches the strongest after unloading the confining pressure. After jumping over the maximum
stress, the temperature field decreases as a whole at the instability and rupture stage. (2) The variation of surface average thermal
infrared radiation temperature (Tave) of composite coal-rock can be divided into the initial fluctuation stage, the linear heating
stage, the local decline stage, the temperature sudden increase stage, and the fracture decline stage. At three different unloading
rates of 0.003MPa/s, 0.03MPa/s, and 0.05MPa/s, the Tave of coal body, floor rock, and roof rock reach the maximum before
composite coal-rock instability and fracture, and the temperature change of the coal body is the most obvious. (3) Under different
confining pressure unloading rates, the Tave of roof rock, coal body, and floor rock shows a strong linear relationship with stress
after linear fitting. And the correlation between simulation and experimental results after fitting is above 0.89. The larger the
confining pressure unloading rate is, the shorter the peak time of Tave arrives, and the larger the peak value. The comparison
between the experimental results and the simulation analysis shows that the two results are consistent, and the research results can
provide a theoretical basis for the prevention and control of dynamic disasters in coal and rock mining.

1. Introduction

With the increasing depth of coal mining, coal and rock
dynamic disasters such as coal and gas outburst and rock burst
are becoming more and more serious [1]. Reference [2] shows
that nearly half of coal mine disasters in China have been found
to occur in groups or accompanied by nearby earthquakes, and
all types of disasters are involved. The stress disturbance
appears to exist betweenmining areas. The process of coal min-
ing is an unloading process essentially. This mechanical process
will cause a lot of thermal infrared radiation and temperature

change in coal and rock mass [3–6]. At the same time, the tem-
perature change during the mining process will further affect
the physical parameters andmechanical properties of themate-
rial, thus making the actual unloading process more complex.
At present, most studies on the mechanical properties of coal
and rock are carried out under uniaxial loading conditions.
Reference [7] studied the brittle failure model of coal-rock
composites under uniaxial compression through laboratory
tests and numerical simulation. Reference [8] analyzed stress
characteristics and mechanical properties and compared the
similarities and differences of composite coal mass with soft
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and hard coal mass in deformation and failure characteristics.
Moreover, the mechanical properties and deformation and
failure laws of the composite coal mass under unidirectional
loading were investigated. Reference [9] studied themechanical
properties of coal-like rocks and the law of damage evolution
under different loading rates. The results show that the higher
the loading rate, the earlier the specimen enters the stage of
stable development of damage. In [10], the particle flow
method was used to establish the composite model of coal
and rock with different inclination angles, and the impact insta-
bility characteristics after unloading were analyzed.

Relevant results at home and abroad show that by study-
ing the distribution and variation rule of thermal infrared
radiation in composite coal-rock, the dynamic disaster of
coal and rock can be effectively predicted [11–14]. Reference
[15, 16] used an infrared thermal imager to conduct a
simulation test on the failure process of rock strata caused
by excavation, and found that infrared radiation temperature
can reflect the change of rock strata stress at different depths,
while an infrared thermal image can reflect the failure
process of rock mass. Reference [17] believes that infrared
precursors are mainly manifested as infrared thermography
and average infrared radiation temperature anomaly. Refer-
ence [18] carried out the infrared radiation observation test
on the stress disaster of granite, studied the mechanism of
the infrared anomaly phenomenon before the earthquake,
and found that the infrared radiation temperature on the
outer surface of the rock also changed with the constant
change of the stress. Reference [19] carried out uniaxial com-
pression loading tests on aqueous concrete samples, and
tested and studied the variation characteristics of infrared
radiation temperature, infrared thermography, and acoustic
emission, as well as the precursor information of fracture.
Reference [20] used infrared thermal imaging technology to
study the changes in infrared radiation during coal-rock
deformation. The research showed that the infrared radiation
temperature on the coal and rock surface would be changed
with the increase of the loadings. There was a stage differen-
tial in infrared radiation temperature variation in the
cracking-developed zone, stress-concentrated area, and bro-
ken zone. Reference [21] carried out an observation test of
infrared radiation characteristics in the process of loading
failure of coal samples, discussed the infrared precursor
information of instability failure of coal samples with differ-
ent bursting liabilities, and obtained the infrared radiation
temperature precursor characteristics of coal samples under
the condition of no flushing, weak flushing, and strong flush-
ing. Reference [22] monitored the change of an infrared
radiation temperature field in surrounding rock of a roadway
through infrared radiation technology, and verified that the
radiation temperature field had a good corresponding rela-
tionship with roadway failure characteristics. Reference [23]
found that infrared radiation changes would occur along
with stress adjustment in the process of mechanical fracture
of coal and rock. Reference [24] quantitatively analyzed the
characteristic parameters of infrared radiation temperature
and the evolution law of coal and rock damage in the process
of coal and rock loading. Reference [25] studied the internal

infrared radiation temperature change law of composite coal-
rock under load. The results show that the composite coal-
rock has thermoelastic effects and thermal friction effects
during the loading process. In addition, the heat generated by
the displacement and friction between the fissure surfaces of
the coal is significantly higher than the heat generated by the
thermoelastic effect, and the thermoelastic effect in the rock
mass plays a leading role. Reference [26] found that the thermal
infrared radiation temperature temporal evolution in the
process of a fracture of coal and rock can be divided into four
stages, namely, the Tave calm stage, the Tave slight fluctuation
stage, the Tave rapid increase stage, and the Tave rapid decrease
stage, which accurately described the infrared radiation law of
coal and rock under uniaxial loading and unloading state.
Reference [27] found in their study that the infrared radiation
precursor of coal-rock fracture and instability showed a trend
of step and type spurt upward. In summary, predecessors have
studied the characteristics of thermal infrared radiation tem-
perature and precursor laws of coal and rock under uniaxial
loading, but there are few related studies on unloading failure
of deep coal and rock mass.

Based on the above research results, related scholars have
carried out related research on unloading fracture of coal and
rock and multifield coupling research. However, there are
few studies on the thermal-mechanical coupling mechanism
of anisotropic coal and rock masses, and the research on
thermal infrared radiation under the condition of triaxial
unloading of composite coal-rock is not thorough enough.
Reference [28] conducted a three-axis unloading compres-
sion test based on the pressure path of the underground
engineering excavation. The research results show that the
infrared radiation characteristics of rock specimens under
different intermediate principal stresses are different, reveal-
ing that as the intermediate principal pressure increases, the
failure mode of the rock is also different. Reference [29] con-
ducted conventional triaxial compression (CTC) tests on the
gas-bearing coal, gas-bearing coal-mudstone combination,
and gas-bearing coal-sandstone combination using the
RLW-500G triaxial experimental system. Reference [30]
conducted laboratory tests under two stress paths, namely,
conventional triaxial compression and prepeak unloading
confining pressure, in order to explore the failure mechanism
of the unloading side of coal roadway excavation, and ana-
lyzed its mechanical characteristics. According to the damage
and failure law, the results show that under the unloading
stress path, the coal body failure is a composite state in which
shear failure is the main part, but there is still partial split fail-
ure. Based on the unloading mechanics path of the fixed axial
displacement and the unloading surrounding pressure, the
study on the damage features during the unloading process
was conducted on the reconstituted coal with high plasticity
with CT value, CT damage, and CT image of each scanning
layer obtained from CT imaging experiments [31]. Reference
[32] established a temperature-stress numerical coupling
model of rock at high temperature, carried out numerical
simulation on the evolution law of the temperature field and
fracture field of overburden rock in a combustion cavity under
the temperature-stress coupling condition, and studied the
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relationship between stress and temperature in the state of rock
thermal damage. Reference [33] carried out physical experi-
ments and numerical simulations on the system instability
faults of gas coal-bearing rock under different circumstances,
comprehensively analyzed the multiphysical coupling mecha-
nism of gas coal-bearing rock damage and the occurrence
conditions of outbreak-rock coupling dynamic disaster, and
improved the understanding of the mechanism of outbreak-
rock coupling dynamic disaster. Reference [34] conducted an
unloading coal and rock destruction experiment under the
multiphase coupling action of water, force, and heat. By
optimizing the noise reduction and the infrared radiation infor-
mation of three-dimensional fusion, the three-dimensional
infrared radiation field was reconstructed. And by considering
the surface damage characteristics, the three-dimensional infra-
red radiation field and simulation software results reveal the
spatiotemporal evolution of the infrared radiation information
of the unloading damage of composite coal-rock, and realize
the noncontact prediction of coal and rock dynamic disasters.
Reference [35] proposed a thermal-mechanical coupling
method for large-volume concrete on the inner wall of deep
wells, considering various boundary conditions such as internal
heat source, external cold source, plastic plate friction con-
straint, overlying shaft wall load, and formation lateral pressure.
The early temperature-stress field evolution characteristics of
the inner wall of the deep frozen wellbore were obtained, and
the high-risk areas prone to early temperature cracks were
determined. The abovementioned research results have made
a very useful exploration of thermal infrared radiation precur-
sors before unloading and rupture of coal and rock, and laid
the foundation for subsequent research.

In summary, a large number of coal and rock mining
dynamic disaster events show that before the occurrence of
dynamic disaster events, there will be various degrees of
precursor information, such as changes in stress and strain,
temperature, and acoustic emission. By monitoring the chang-
ing trends and abnormal values of these signals, it is possible to
provide effective early warning of shock disaster hazards, and
timely effective control measures can be taken to reduce the
casualties and equipment damage caused by rock shock disas-
ters, which has engineering application prospects. However,
most of the current researches on the prediction and prediction
of coal and rock mining dynamic disasters are based on uniax-
ial conditions, which is far from the actual three-axis mining
situation. The research on the infrared radiation temperature
law based on the three-axis unloading condition needs to be
in-depth. There is still much room for improvement in analyz-
ing the unloading rupture mechanism from the perspective of
multiphysics coupling. There are few studies on the thermody-
namics of anisotropic coal and rock masses. Aiming at the
problem of effectively predicting and forecasting coal and rock
mining dynamic disasters, this paper intends to study not only
the distribution of thermal infrared radiation temperature dur-
ing the unloading and fracture process of anisotropic compos-
ite coal-rock, but also the relationship between thermal infrared
radiation and stress on the surface of composite coal-rock and
its changing law based on thermodynamics and damage
mechanics. Joint early-warning simulations and experiments

on coal and rock instability through multiphysics fields to
explore the characteristics of infrared radiation temperature
changes and coal and rock rupture precursor laws have impor-
tant theoretical significance for the development of coal and
rock mining dynamic disaster prediction and forecast.

2. Materials and Methods

2.1. Thermal-Mechanical Coupling Model of Composite Coal-
Rock Unloading. According to the Stefan-Boltzman Law, the
thermal infrared radiation energy of the coal and rock surface is
proportional to the power of the physical temperature and
emittance. When the material type and surface finish of coal-
rock are constant, the thermal infrared radiation intensity
received by the surface is only related to the physical tempera-
ture of coal-rock [26]. Therefore, during the loading-unloading
process, when the thermal infrared radiation intensity of the
composite coal-rock under the action of stress changes, the
reason is that the external stress causes the change of the ther-
mal field of the coal-rock, which leads to the alienation of the
temperature field of thermal infrared radiation on the surface
of the coal-rock. This thermal change is actually a thermody-
namic coupling effect, in which the thermal stress will produce
thermal damage and other effects and accelerate the instability
failure of the coal and rock mass [36].

According to the Elastic Damage Theory, the equivalent
elastic modulus E of coal-rock after damage can be expressed
as follows:

E = 1 −Dð ÞE0, ð1Þ

where E0 is the initial elastic modulus before damage; D is the
damage variable, which is used to describe the damage degree
and evolution of coal-rock under the action of external load.

Taking the interior elements of coal and rock mass as the
research object, the magnitude of the three principal stresses
in the loading-unloading process is not zero [37], which
conforms to the generalized Hooke law on the whole. The
principal strain equation is as follows:

εx =
1
E

σx − μ σy + σz
� �� �

,

εy =
1
E

σy − μ σx + σzð Þ� �
,

εz =
1
E

σz − μ σx + σy

� �� �
,

8>>>>>><
>>>>>>:

ð2Þ

where εi (i = x, y, z) is the principal strain; E is the elastic mod-
ulus; σi (i = x, y, z) is the principal stress; μ is the Poisson ratio.

The shear strain equation is as follows:

γxy =
1
G
τxy =

2 1 + μð Þ
E

τxy,

γyz =
1
G
τyz =

2 1 + μð Þ
E

τyz ,

γzx =
1
G
τzx =

2 1 + μð Þ
E

τzx,

8>>>>>>><
>>>>>>>:

ð3Þ
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where γii (ii = xy, yz, zx) is the shear stress; τii (ii = xy, yz, zx)
is the shear strain; G = E/ð2ð1 + μÞÞ is the Lame constant.

Equation (2) and equation (3) jointly express the stress-
strain relationship of composite coal-rock under unloading
conditions. In a three-dimensional elastic system, strain can
be characterized by principal strain and shear strain compo-
nents. According to the principles of thermodynamics and
reference [38], the relationship between temperature changes
and strains of each component of the composite coal-rock is
further deduced as follows:

ΔT = T0V
C

〠βεi+〠βτii

� �
, ð4Þ

where T0 is the initial temperature of different components
of the composite coal-rock (°C); V is the volume of the differ-
ent components of the composite coal-rock (m3); C is the
specific heat capacity of the different components of the com-
posite coal-rock (J/(kg·K)); β = ð∂σi/∂T0Þε, (i = x, y, z) or
ð∂τii/∂T0Þε, (ii = xy, yz, zx) is the thermal stress coefficient.

Then, the temperature field T of different components of
composite coal-rock at any time is as follows:

T = T0 + ΔT: ð5Þ

Substitute equation (1), equation (2), and equation (3) into
equation (4). And according to equation (5), the specific rela-
tionship between temperature field and strain of each compo-
nent of composite coal-rock can be obtained as follows:

T = T0

(
1 + V

C

� 	" 1 − 2μð Þ
1 −Dð ÞE0

βxσx + βyσy + βzσz

� �

+ 1 −Dð ÞE0
1 − 2μð Þ βxyσxy + βyzσyz + βzxσzx

� �#)
:

ð6Þ

In order to establish the thermodynamic coupling model,
the heat conduction equation should be added to determine
the distribution of temperature field T in composite coal-
rock. According to the principle of heat balance in thermody-
namics, it is assumed that the specific heat capacity C and
thermal conductivity λi (i = x, y, z) of composite coal-rock
are constants that do not change with temperature. Introduce
the solid three-dimensional anisotropic heat conduction dif-
ferential equation [39] to describe the internal temperature
field of composite coal-rock. The specific differential equation
is as follows:

∂T
∂t

= f tð Þ
ρC

∂
∂x

λx
∂T
∂x

� 	
+ ∂
∂y

λy
∂T
∂y

� 	
+ ∂
∂z

λz
∂T
∂z

� 	
 �
,

ð7Þ

where ρ is the density of material (kg/m3); λx, λy, and λz are
the thermal conductivity coefficients of the material in three
directions (W/(m·K)); f ðtÞ is the rate of heat release.

However, when coal and rock are damaged under exter-
nal force, the damage will lead to the increase of thermal con-
ductivity and specific heat capacity of coal-rock. It is assumed
that the influence of damageD on the specific heat capacity C
and thermal conductivity λi (i = x, y, z) of composite coal-
rock meets the following functional relationship [40]:

C = C0e
D/αλi ,

λi = λ0e
D/αλi ,

ð8Þ

where C0 and C are the specific heat capacity of composite
coal-rock of different components before and after damage
(J/(kg·K)). λ0 and λi (i = x, y, z) are the thermal conductivity
before and after damage of coal and rock of different compo-
nents (W/(m·K)). αC and αλi are the influence coefficients of
damage on the specific heat capacity and thermal conductivity
of different components of composite coal-rock, respectively.

By substituting equation (8) into equation (6) and equa-
tion (7), the temperature of different components of compos-
ite coal-rock and the instantaneous temperature of each
point in coal and rock can be calculated. The average infrared
radiation temperature (Tave) refers to the average value of the
infrared radiation temperature corresponding to each point
on the coal and rock surface at a certain moment, which
reflects the variation characteristics of the infrared radiation
temperature field on the coal and rock surface on the whole
[25]. The specific equation is as follows:

Tave =
1
n
〠
n

i=1
Ti, ð9Þ

where Ti is the radiation temperature of the ith point in the
temperature field (°C). Tave is the average of Ti (

°C). n is
the number of selected composite coal-rock points.

To sum up, the coupling mathematical model of the
thermal infrared radiation temperature field and the stress
field in the process of unloading and fracture of composite
coal-rock is as follows:

T = T0 1 + V
C0eD/αC

� 	� 1 − 2μð Þ
1 −Dð ÞE0

βxσx + βyσy + βzσz
� �

+ 1 −Dð ÞE0
1 − 2μð Þ βxyσxy + βyzσyz + βzxσzx

� �
 �
,

∂T
∂t

= λ0 f tð Þ
ρC0eD/αC

∂
∂x

e
D

αλx
∂T
∂x

� 	
+ ∂
∂y

e
D

αλy
∂T
∂y

� 	
+ ∂
∂z

e
D

αλz
∂T
∂z

� 	
 �
,

Tave =
1
n
〠
n

i=1
Ti:

8>>>>>>>>><
>>>>>>>>>:

ð10Þ
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2.2. Simulation Model of Composite Coal-Rock Unloading.
FLAC3D software is used to establish a standard cylindrical
composite coal-rock 3D model with the size of Φ 50mm×
100mm. The ratio of component rock-coal-rock is 1 : 1 : 1.
The physical parameters of the top slate and the bottom slate
in the model are the same. The model is generally divided into
79200units and 80,581 nodes. The constitutive relation of the
three-dimensional composite coal-rock model in the mechan-
ical mode is set as the commonly used Mohr-Coulomb Plastic
Model [41], and the constitutive model in the thermal mode is
the anisotropic heat conduction model. The material property
parameters of the simulation model are shown in Table 1.

According to the “Coal Mine Safety Regulations,” the
working surface temperature does not exceed 26°C [42],
and the temperature conditions are those that can be
achieved by indoor experiments. Set the initial temperature
and ambient temperature of the composite coal-rock simula-
tion model in thermal mode to room temperature 20°C. The
steps of the three-axial load-unloading simulation in the
mechanical mode are as follows: (1) Apply fixed constraints
and axial stress to the top and bottom of the model, and apply
10MPa confining pressure. (2) Keep the confining pressure
constant, and load at a displacement rate of 0.05mm/min.
(3) Record the stress loading curve until the composite
coal-rock fracture, and record the peak stress intensity. (4)
Under the simulation conditions in steps (1) and (2), triaxial
loading is carried out again. When the stress reaches 80% of
the peak intensity recorded in step (3), under the condition of
ensuring that the simulation results are not distorted, three
commonly used slow unloading confining pressure rates of
0.003MPa/s, 0.03MPa/s, and 0.05MPa/s [43, 44] are selected
for unloading simulation until the composite coal and rock
rupture, and the simulation ends.

3. Results and Discussion

3.1. Simulation Research

3.1.1. Distribution Law of Thermal Infrared Radiation
Temperature. In order to better study the relationship between
the unloading fracture mechanics stage of coal-rock and its
infrared radiation temperature, the stress change process must
first be clarified. The stress-time (σ-t) curve of triaxial loading-
unloading under the unloading rate of 0.05MPa/s confining
pressure is shown in Figure 1. It is divided into five stages.
OA is the three-dimensional stress loading stage. At this stage,
due to the combined action of axial pressure and confining
pressure, the primary voids and tiny cracks in the composite
coal are gradually compacted, and the internal structure
begins to change. This stage is similar to the compaction stage
in uniaxial loading. AB is the stage of stress-keeping pressure.
This stage is a process in which the axial pressure and the
confining pressure resist each other, and the axial pressure
presents a nonlinear change. BC is the first stage of “loading-
unloading,” which is elastic. The stress shows a linear increase
trend. CD is the second stage of “loading-unloading,” which is
the process of converting elasticity to plasticity. The stress at
this stage shows a transition from linear to nonlinear. DE is
the instability and rupture stage. After unloading the confining

pressure at a rate of 0.05MPa/s at 142.5 s, until the peak stress
at point D reaches the maximum value of 45.45MPa, the com-
posite coal-rock fractures, the curve drops rapidly, and the
simulation ends.

In the simulation process, there is no need to slice the
composite coal-rock simulation model, that is, the distribution
of Tave can be observed through the overall infrared radiation
temperature distribution cloudmap. Figure 2 is a cloudmap of
the overall infrared radiation temperature distribution of the
composite coal-rock under the confining pressure unloading
at a rate of 0.05MPa/s. At each stage of stress and after unload-
ing the confining pressure, a time point is selected for analysis
at 25 s, 60 s, 90 s, 130 s, 146 s, and 175 s, respectively. It can be
seen from Figure 2 that the temperature distribution is differ-
ent at different stages. However, due to the coal body’s low
density and low thermal conductivity, it has a large degree of
force deformation and high-temperature accumulation. But
the coal body has slow heat transfer and small temperature
changes, and finally presents the characteristics of high-
temperature distribution in the coal body.

From the perspective of different stages, the overall temper-
ature of the temperature field during the three-dimensional
stress loading (Figure 2(a)) and stress-keeping pressure stage
(Figure 2(b)) is lower than the initial temperature. In the first
stage of “loading-unloading” (Figure 2(c)), as the effect of axial
stress becomes more obvious, the temperature of the coal body
rises slightly. Except for the circular low-temperature zone, the
temperature of the rest of the rock formation increases. In the
second stage of “loading-unloading” (Figure 2(d)), the high-
temperature area of the coal body spreads up and down on both
sides of the rock mass. And the temperature field of part of the
rock mass is significantly enhanced compared with the previous
stage, and there is an alternating phenomenon of high- and low-
temperature regions in the lateral direction. After the confining
pressure is relieved (Figure 2(e)), the temperature distribution of
the temperature field expands according to the trend of the
previous stage, and the temperature field reaches the strongest.
After jumping over the highest point of stress, the coal-rock
loses stability and ruptures, and the temperature field decreases
during the instability and rupture stage (Figure 2(f)).

3.1.2. Changes of Thermal Infrared Radiation Temperature
and Stress

(1) Study on Different Unloading Confining Pressure Rates.
Figure 3 shows the stress-time (σ-t) curve of composite

Table 1: Physical parameters of materials.

Physical parameters Coal Rock

Bulk modulus (GPa) 1 4.5

Shear modulus (GPa) 0.8 3

Cohesion (MPa) 1 2.5

Tensile strength (MPa) 1 2

Density (kg/m3) 1450 2400

Specific heat capacity (J/(kg·K)) 1200 920

Thermal expansion coefficient (°C) 6.435×10-6 3.9×10-5

Thermal conductivity (W/(m·K)) 0.258 3.081
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coal-rock triaxial loading-unloading simulation under differ-
ent unloading confining pressure rates. By comparison, when
the confining pressure and other conditions are the same and
only the unloading rate is changed, the stress stages remain
unchanged, and can still be divided into five stages. The over-
all stress trend is the same, and the previous loading curves
are completely coincident. However, with the increase of
unloading rate, the stress peak point of composite coal-rock
fracture is reduced, the time from loading to fracture
becomes shorter, and the overall stiffness and strength of
composite coal-rock decreases, making it easier to fracture.

It can be seen from the foregoing that Tave can reflect the
average radiation intensity of the infrared radiation released
from the surface of the composite coal-rock, so this paper uses
Tave as the analysis parameter for research. Figure 4 shows the
average thermal infrared radiation temperature-time (Tave-t)
curve of the coal surface under the condition of different rates
of unloading confining pressure. It can be seen from Figure 4
that the three curves start to change from 142.5 s after unload-
ing. And the peak arrival time of Tave at 0.05MPa/s unloading
confining pressure is earlier than that at 0.03MPa/s and
0.003MPa/s unloading confining pressure. The peak tempera-
ture is 22.49°C, which is greater than the 22.28°C and 22.03°C
of the latter two. That is to say, under the same conditions, the
greater the confining pressure unloading rate, the shorter peak
time of Tave and the greater the peak value.

(2) The Law of Thermal Infrared Radiation Temperature
Change. Figure 5 shows the Tave-σ-t curves of different com-
ponents of composite coal-rock under the above three differ-
ent confining pressure unloading rates, and the trends of the
three are consistent. According to the average thermal infra-
red radiation temperature change curve of the coal surface,
the temperature change process is divided into five stages:

the initial fluctuation stage, the linear heating stage, the local
decline stage, the temperature sudden increase stage, and the
fracture decline stage. Take Figure 5(c) as an example for
analysis. The five stages are as follows:

(1) Initial fluctuation stage: Tave of different components
of composite coal-rock shows a fluctuating trend of
decreasing, increasing, and then decreasing to varying
degrees. The difference is that the wave peak of the
coal body appears later than the floor rock and the
roof rock in sequence, and the Tave fluctuation degree
is larger, and the maximum fluctuation is 0.38°C. At
the same time, combined with Figure 1, it can be seen
that, compared with the three-dimensional stress
loading stage (OA), the internal stress field of the com-
posite coal-rock gradually stabilizes after entering the
stage of stress-keeping pressure (AB), and the degree
of Tave fluctuation becomes smaller

(2) Linear heating stage: the change trend of Tave of roof
rock, coal, and floor rock is the same as the change
trend of the first stage “loading-unloading” (BC) of
stress, both of which have a linear rise. The Tave of
the coal body at this stage has themost obvious change,
increasing by 1.21°C. And at 110.49 s, the Tave of the
coal body reaches a local maximum of 21.15°C, and
the time is earlier than floor rock and roof rock

(3) Local decline stage: Tave of roof rock, coal, and floor
rock all show a trend of decreasing first and then
becoming stable. Among them, the Tave of the coal
body has decreased by about 0.35°C, which is in the
early stage of the second stage “loading-unloading”
(CD) of stress. In this stage, the Tave of floor rock
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Figure 1: The stress-time curve of compound coal-rock. The confining pressure is set to 10MPa, the unloading rate is 0.05MPa/s, and D is
the stress peak point. The three-axis loading and unloading of composite coal-rock is divided into five stages.
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and roof rock continued the upward trend of the pre-
vious stage, and reached the local maximums of
21.06°C and 21.01°C at 114.27 s and 116.78 s succes-
sively. In the gentle trend interval after the decline,
the Tave of the coal body is successively higher than
the floor rock and the roof rock

(4) Temperature sudden increase stage: during this stage,
Tave tends to decrease after a sudden increase, and it is
in the middle and late stage of the second stage
“loading-unloading” (CD) of stress. After the confin-

ing pressure is unloaded at 142.5 s, the confining pres-
sure constraint on the composite coal-rock gradually
decreased, and the Tave of the coal body increased sud-
denly in a short time. At 142.7 s, it first reached the
global maximum of 22.53°C, and then showed a
downward trend, decreasing by 0.28°C. The floor rock
and roof rock reached the global maximum of 22.33°C
and 22.15°C successively at 145.23 s and 146.03 s

(5) Fracture decline stage: after experiencing the com-
bined effect of the previous stress and temperature,
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Figure 2: Cloud map of temperature distribution of composite coal-rock. When the simulation time is 25 s, 60 s, 90 s, 130 s, 146 s and 175 s,
cloud maps of temperature distribution of composite coal-rock at different times correspond to different stress stages in Figure 1, in which
146 s is the time point after unloading confining pressure.
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the composite coal-rock has reached the bearing limit
at 167.6 s and it is unstable and damaged at point D.
At this stage, the Tave continues to decline as in the
previous stage, and it is in the instability and rupture
stage (DE) of stress

3.1.3. The Correlation between Thermal Infrared Radiation
Temperature and Stress. The surface average infrared radia-
tion temperature and stress of the composite coal body, roof
rock, and floor rock are fitted to obtain the linear fitting rela-
tionship expression between the average thermal infrared
radiation temperature and stress:

Tave = Kσ + T1, ð11Þ

where Tave is the surface average thermal infrared radiation
temperature of each component of the composite coal-rock
at any time (°C), K is the slope of the fitting curve, σ is the
stress (MPa), T1 is the starting temperature of the linear heat-
ing stage (°C).

Figure 6 shows the fitting curves of the Tave and stress on
the surface of the composite coal-rock with different compo-
nents under different unloading rates. The expression of the
linear relationship between the Tave and stress on the coal
surface in Figure 6(c) is as follows:

Tave = 0:06204σ + 19:63599, ð12Þ

where the linear correlation coefficient obtained by fitting
is 0.924.

A linear fitting is performed on the Tave and the axial
stress of the roof rock surface, and the linear relationship
between the Tave and the stress is obtained as follows:

Tave = 0:04479σ + 19:77547, ð13Þ

where the linear correlation coefficient obtained by fitting is
0.93553.

A linear fitting is performed on the Tave and the axial
stress of the floor rock surface, and the linear relationship
between the Tave and the stress is obtained as follows:

Tave = 0:04776σ + 19:80128, ð14Þ

where the linear correlation coefficient obtained by fitting is
0.92295.

According to the fitting parameters in Table 2 (unloading
confining pressure at a rate of 0.003MPa/s and 0.03MPa/s),
the linear correlation coefficients of the Tave and stress after
fitting are all greater than 0.89. So, there is a strong linear
correlation between the average thermal infrared radiation
temperature and the stress on the surface of composite
coal-rock under different working conditions.

3.1.4. Experimental Verification. Figure 7 is a schematic
diagram of the triaxial test equipment and field testing. The
test system consists of a triaxial test machine, dynamic data
acquisition, power control cabinet, and computer. In order
to ensure that temperature data can be collected in a closed
environment, an observation window is set at the confining
cylinder of the test machine. This article uses the TAW-
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Figure 5: Tave-σ-t curve of composite coal-rock. Among them, (a), (b), and (c) are the Tave-σ-t curves of composite coal-rock under the
conditions of 0.003MPa/s, 0.03MPa/s, and 0.05MPa/s confining pressure unloading rate, respectively.
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2000 microcomputer-controlled high-temperature rock
triaxial testing machine for testing. This equipment can col-
lect, store, process, and display test data and test curves in
real time during the test. The average infrared radiation tem-

perature of the sample is collected by the ThermoView™ Pi20
infrared thermal imager; that is, the average infrared radia-
tion temperature corresponds to all the pixels on the thermal
infrared image of the sample surface at a certain moment.
The spectral response of the infrared thermal imager is
8~ 14μm, and the sensitivity is 0.03°C.

The coal and rock samples were selected from the coal
seams with strong impact at Feng Shuigou Coal Mine in
Pingzhuang, Inner Mongolia. In the actual coal mine, the
coal seam is mostly sandwiched in the rock layer, which basi-
cally presents the three-layer structure of “rock-coal-rock.”
According to this characteristic, the composite coal-rock
samples used in the test are processed [45]. Through field
exploration and comparison, materials were taken from the
field, and fresh coal samples with both roof and floor siltstone
were drilled. In the laboratory, the roof rock, coal sample, and
floor rock were cut and bonded at a ratio of 1 : 1 : 1 into 20
cylindrical samples with a diameter of 50mm and a height
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Figure 6: Linear fitting of mean thermal infrared radiation temperature and stress. Here, (a), (b), and (c) are linear fitting results of composite
coal-rock under confining pressure unloading rates of 0.003MPa/s, 0.03MPa/s, and 0.05MPa/s, respectively.

Table 2: Linear fitting parameters between Tave and stress at
different pressure unloading rates.

Discharge
confining pressure
rate (MPa/s)

Sample
Correlation
coefficient

Slope Intercept

0.003

Coal 0.90224 0.04342 19.93063

Roof rock 0.90156 0.03529 19.95223

Floor rock 0.89696 0.03969 19.96863

0.03

Coal 0.93408 0.04243 19.85666

Roof rock 0.9459 0.02726 20.07382

Floor rock 0.9212 0.02439 20.19758
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of 100mm. Five samples are reserved for a composite coal-
rock pretest, and the remaining samples are subjected to tri-
axial loading-unloading tests at different unloading confining

pressure rates, numbered 1#, 2#, 3#, 4#, 5#, 6#, 7#, 8#, 9#, 10#,
11#, 12#, 13#, 14#, and 15#. Some composite coal-rock sam-
ples are shown in Figure 8.

Temperature
data collection

Stress data collection

Monitoring device
Shield cylinder

(a) Schematic diagram of field test

Intake
valve

Outlet
valve

Rock mechanics
loading system

Nitrogen
box

Power
control
cabinet

Computer

Axial strain sensor

Processed composite coal rock

Confining cylinder

Mechanical data
Temperature data

Observation window

Infrared thermal imager

(b) Schematic diagram of test equipment

Figure 7: Schematic diagram of test equipment and field test. Figure 7(a) is the schematic diagram of the field test, and Figure 7(b) is the
schematic diagram of the test equipment. The test equipment is mainly composed of a triaxial test machine, a power control cabinet, a
nitrogen box, an infrared thermal imager, and a computer. Power is supplied by the power control cabinet during the experiment. The
inlet valve and outlet valve of the nitrogen tank are responsible for controlling the pressurization of the processed composite coal-rock. An
observation window is set on the shielding cylinder of the three-axis testing machine, and an infrared thermal imager is placed here to
collect the Tave data of the samples. The mechanics and temperature data are uniformly transmitted to the computer for display and storage.

Figure 8: Partial composite coal-rock specimen.

(a) (b) (c)

Figure 9: Experimental results of samples 1#, 6#, and 11# . Among them, (a) is the Tave-σ-t experimental curve of sample 1# when the
unloading confining pressure rate is 0.003MPa/s; (b) is the Tave-σ-t experimental curve of sample 6# when the unloading confining
pressure rate is 0.03MPa/s; (c) is the Tave-σ-t experimental curve of sample 11# when the unloading confining pressure rate is 0.05MPa/s.
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(a) Tave-σ-t experimental curves of different components of sample 1#

0 20 40 60 80 100 120 140 160 180 200 220

19.4

19.6

19.8

20.0

20.2

20.4

20.6

20.8

21.0

Time (s)

0

10

20

30

40

50

60

St
re

ss
 (M

Pa
)

Starting point
of unloading
confining
pressure

The
fracture
decline
stage

The
local
decline
stage

The linear
heating stage

The initial
fluctuation
stage

The temperature 
sudden
increase stage

Tave of roof rock 
Tave of floor rock 

Stress

T
av

e (
°C

)

0 20 40 60 80 100 120 140 160 180 200 220
19.6

19.8

20.0

20.2

20.4

20.6

20.8

21.0

Time (s)

0

10

20

30

40

50

60

St
re

ss
 (M

Pa
)

Starting
point of
unloading
confining
pressure

The
fracture
decline
stage

The temperature 
sudden increase 
stage

The
local
decline
stage

The linear
heating stage

The initial
fluctuation
stage

Stress
Tave of coal

T
av

e (
°C

)

(b) Tave-σ-t experimental curves of different components of sample 6#

Figure 10: Continued.
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(c) Tave-σ-t experimental curves of different components of sample 11#

Figure 10: Tave-σ-t experimental curves of different components of composite coal-rock. Among them, (a), (b), and (c) are the Tave-σ-t
experimental curves of the samples 1#, 6#, and 11# at the unloading confining pressure rate of 0.003MPa/s, 0.03MPa/s, and 0.05MPa/s,
respectively.

(a) t = 20 s (b) t = 40 s (c) t = 90 s

(d) t = 130 s (e) t = 160 s (f) t = 180 s

Figure 11: Thermal imaging of the sample 11#. Here, (a), (b), (c), (d), (e), and (f) are the thermal infrared imaging images of the sample 11# at
the rate of 0.05MPa/s when the experimental times are 20 s, 40 s, 90 s, 130 s, 160 s, and 180 s, respectively. Among them, 160 s is the thermal
infrared image after the confining pressure has just been unloaded.
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The experiment steps are as follows:

(1) At room temperature, seal the composite coal-rock
sample with a thermoplastic tube and put it in a con-
fining cylinder

(2) Connect the thermal imaging camera to the com-
puter, aim the front of the thermal imaging camera
at the observation window to the observation surface
of the sample, turn on the power, open the software
to connect the thermal imaging camera, and check
the thermal imaging camera status

(3) Open the nitrogen valve of the testing machine to
inject nitrogen, and close the gas valve when it is full

(4) Apply three-dimensional stress to the sample to a
predetermined confining pressure value of 10MPa

(5) Pretest: keep the confining pressure unchanged, load
the sample under axial compression at a displace-
ment rate of 0.05mm/min. Record the peak stress
intensity, and obtain the average value of the peak
stress intensity of the five samples

(6) Triaxial loading-unloading test: divide samples
1#~15# into three groups equally, repeat steps (1),
(2), (3), and (4), set the same triaxial loading condi-
tions as the pretest. When the stress reaches about
80% of the average value of the peak strength, the
confining pressure will be relieved. And the unload-
ing rate is set to 0.003MPa/s (samples 1#, 2#, 3#, 4#,
and 5#), 0.03MPa/s (samples 6#, 7#, 8#, 9#, and 10#),
and 0.05MPa/s (samples 11#, 12#, 13#, 14#, and
15#), keep the axial pressure to continue loading dur-
ing the unloading process. When the axial stress
exceeds the peak stress and the sample is damaged,
immediately stop the confining pressure unloading

operation. Keep the confining pressure unchanged,
and continue to apply the axial stress until the stress
curve no longer changes with the change of strain,
and the test ends

In the pretest, the average value of unloading confining
pressure is 39MPa. Since the samples are randomly grouped,
the first samples, namely, sample 1#, 6#, and 11#, are selected
for comparison in the three groups of different confining
pressure unloading rate tests. Figure 9 shows the test results
of samples 1#, 6#, and 11#. It can be seen from Figure 9 that
the cracks of the sample mainly exist in the coal seam and
show an inverted “Y-shaped” splitting fracture. And the rock
mass has microcracks, but these are not obvious. This is due
to the relatively high strength of the sample, the more prom-
inent end effect, and the end is in a three-way stress state due
to friction restraint.

The Tave-σ-t curves of samples 1#, 6#, and 11# are shown
in Figure 10, and the trends of the three curves are the same.
Combining Figures 9 and 10, the greater the confining pres-
sure relief rate, the greater the Tave peak, the more severe the
mechanical changes caused by heat, the more obvious the
thermal-mechanical coupling effect, and the shorter the sam-
ple rupture time. Therefore, the cracks in the sample are too
late to fully expand, and the more the damage is concentrated
on a certain macroscopic fracture surface, the lower the over-
all degree of fracture. During the loading-unloading process,
the formation, expansion and fusion of microcracks within
the coal sample occur. As the stress increases, the Tave shows
an upward trend, and local peak value and global maximum
value appear. Since the strength of the roof and floor rocks is
much greater than the coal body, the coal body was unstable
and fractured at the end of the test. Although cracks propa-
gated inside the rock mass, the rock mass itself did not break
obviously. The Tave of the roof and floor rocks showed an
upward trend. After the confining pressure was relieved, the

Table 3: Comparison of Tave and peak stress parameters of coal body under different pressure relief rates.

Confining pressure unloading rate (MPa/s) Sample
Tave Stress

Peak time (s) Peak size (°C) Peak time (s) Peak size (MPa)

0.003

1# 179.3 20.69 210.7 55.92

2# 180.7 20.52 213.9 57.67

3# 182.5 20.45 212.5 56.81

4# 179.1 20.66 210.3 55.70

5# 180.3 20.71 213.4 57.49

0.03

6# 169.8 20.79 200.9 50.91

7# 170.4 20.73 199.8 50.69

8# 169.7 20.76 198.5 49.83

9# 168.6 20.75 201.3 49.74

10# 168.4 20.73 201.1 49.69

0.05

11# 156.9 20.81 180.7 45.46

12# 157.1 20.92 183.4 46.79

13# 156.3 20.87 181.9 45.51

14# 155.8 20.94 177.1 45.39

15# 156.8 20.73 180.2 45.37

The symbol “#” constitutes the label of the “coal-rock-coal” sample, which is explained in Section 3.1.4.
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Table 4: Fitting equations at different pressure release rates.

Confining pressure unloading rate (MPa/s) Number Sample Fitting equation Correlation coefficient

0.003

1#
Coal Tave = 0:00605σ + 19:87015 0.93496

Roof rock Tave = 0:00546σ + 19:8574 0.90399

Floor rock Tave = 0:00539σ + 19:84124 0.94312

2#
Coal Tave = 0:0053σ + 19:86009 0.92674

Roof rock Tave = 0:00684σ + 19:84865 0.91652

Floor rock Tave = 0:007169σ + 19:83063 0.93705

3#
Coal Tave = 0:00746σ + 19:83876 0.94878

Roof rock Tave = 0:006098σ + 19:87914 0.93514

Floor rock Tave = 0:006134σ + 19:88518 0.94677

4#
Coal Tave = 0:0061σ + 19:89534 0.92781

Roof rock Tave = 0:00587σ + 19:86495 0.92695

Floor rock Tave = 0:00693σ + 19:84713 0.91746

5#
Coal Tave = 0:0053σ + 19:86009 0.91462

Roof rock Tave = 0:00684σ + 19:84865 0.90857

Floor rock Tave = 0:007169σ + 19:83063 0.91039

0.03

6#
Coal Tave = 0:00664σ + 19:89496 0.96174

Roof rock Tave = 0:00956σ + 19:77254 0.96367

Floor rock Tave = 0:0091σ + 19:79735 0.95806

7#
Coal Tave = 0:00796σ + 19:89691 0.95763

Roof rock Tave = 0:008565σ + 19:76841 0.91875

Floor rock Tave = 0:009197σ + 19:84372 0.93548

8#
Coal Tave = 0:008097σ + 19:90263 0.94097

Roof rock Tave = 0:007156σ + 19:77987 0.95875

Floor rock Tave = 0:00785σ + 19:80753 0.96864

9#
Coal Tave = 0:00608σ + 19:90534 0.93254

Roof rock Tave = 0:00896σ + 19:72962 0.92175

Floor rock Tave = 0:00873σ + 19:78641 0.91867

10#
Coal Tave = 0:00749σ + 19:74125 0.92671

Roof rock Tave = 0:00928σ + 19:70962 0.91538

Floor rock Tave = 0:009143σ + 19:6831 0.91274

0.05

11#
Coal Tave = 0:00829σ + 19:83793 0.93825

Roof rock Tave = 0:00676σ + 19:87256 0.9199

Floor rock Tave = 0:00731σ + 19:86935 0.95169

12#
Coal Tave = 0:008754σ + 19:83763 0.94761

Roof rock Tave = 0:002570σ + 19:87754 0.92867

Floor rock Tave = 0:00571σ19:83333 0.94652

13#
Coal Tave = 0:009753σ + 19:83659 0.95173

Roof rock Tave = 0:004627σ + 19:87074 0.93635

Floor rock Tave = 0:00478σ + 19:87988 0.94174

14#
Coal Tave = 0:0086σ + 19:80651 0.93045

Roof rock Tave = 0:00537σ + 19:90571 0.92435

Floor rock Tave = 0:00548σ + 19:88145 0.92037

15# Coal Tave = 0:008741σ + 19:80253 0.92754

16 Geofluids



Tave reached the maximum value within a short time. Take
sample 11# in Figure 10(c) as an example for analysis.

For the coal body, in the initial fluctuation stage, the com-
posite coal-rock, which is an anisotropic and heterogeneous
material, has microdefects in the internal framework particles,
and the internal microcracks and micropores gradually rup-
ture and close at the initial stage of three-dimensional stress
loading. Under the combined action of slight dislocation fric-
tion (the apparent damage has not yet begun) and the gas dis-
charged from the pores, coal sample damage begins to occur,
and there is a certain degree of heat dissipation. Tave decreases
by 0.19°C within 0~19.7 s. After entering stage of stress-

keeping pressure, the internal stress field of the coal sample
gradually stabilizes, and the damage is not severe at the begin-
ning. At this time, the sample deforms in the elastic range, and
the thermoelastic effect plays a leading role. After compaction,
the particles in the coal body have a small range of friction,
and the heat released causes the Tave fluctuation to rise again
by 0.39°C. In the linear heating stage, with the increase of
stress, new cracks in the coal sample begin to develop, and
microfractures appear and continue to develop. These micro-
cracks continue to rub and heat up during the formation pro-
cess and are accompanied by friction between the coal and
rock interface. For heat production, Tave showed a linear
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Figure 12: The experimental fitting curve of thermal infrared radiation temperature and stress.

Table 4: Continued.

Confining pressure unloading rate (MPa/s) Number Sample Fitting equation Correlation coefficient

Roof rock Tave = 0:00487σ + 19:88475 0.91863

Floor rock Tave = 0:00496σ + 19:87033 0.91384
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fluctuation upward trend, and reached a local maximum of
20.52°C at 121.4 s. During the local decline stage, the load-
bearing structure of the coal sample began to fail, and different
types of microfractures and thermal effects occurred inside.
Under the combined action of shear cracks leading to heat
generation and local thermal stress-induced local damage,
the internal microcracks of the coal sample increase, and the
external microcracks appear, which increases the sample vol-
ume and expands and absorbs heat. Tave shows a trend that
first decreases from the local maximum and then stabilizes,
decreasing by 0.43°C within 121.5 s to 152.2 s. During the sud-
den temperature increase stage, since the confining pressure
began to be unloaded at 152.2 s, the confining pressure con-
straints on the sample gradually decreased, and the develop-
ment of cracks and frictional slippage in the coal body
became more and more intense. The deformation of the sam-
ple accelerates, the frictional heat effect occurs, and a large
amount of heat is generated. Tave increases suddenly in a short
time, reaching a global maximum of 20.81°C at 156.9 s. At the
same time, the expansibility of the mineral components in the
coal gradually becomes prominent. The superimposed effect
induces thermal stress inside the specimen, leading to aggrava-
tion of microfractures, the increase in volume is more signifi-
cant, and some heat is absorbed, and Tave begins to show a
downward trend again. In the fracture decline stage, after
180.7 s, due to the further development of original cracks
and the production of a large number of new cracks, they clus-
tered towards the main rupture. When the stress reaches the
maximum value of 45.46MPa, the sample reaches the load-
bearing limit, the cracks penetrate macroscopically in the coal
body, and the sample ruptures. There was violent dislocation
friction between the fractured surfaces, resulting in a large
number of high-temperature points, and Tave had a small step
increase, but the overall trend was still decreasing.

For the roof rock, with the initial load gradually increasing,
the cracks and pores are in the compaction stage, the fracture
surface does not have frictional heating effect, and the temper-
ature fluctuates up and down. During the linear heating stage,
a small amount of microscopic cracks also appeared in the
roof rock. The Tave curve showed a nearly linear upward trend,
but there was a buffer between 80 and 100 s. Tave lags behind
the coal body, reaching a local maximum of 20.28°C at
129.8 s, which increased by about 0.14°C. Due to the increase
and expansion of internal microfractures, Tave starts to
decrease from the local maximum, and reaches the global
maximum at 20.70°C at 161.6 s later than the coal body after
the confining pressure is unloaded and is lower than the max-
imum value of the Tave of the coal body.

The infrared radiation temperature change of the floor
rock is similar to that of the roof rock. The difference is that
the floor rock bears the gravity from the roof rock and the
coal body. During the three-way stress loading stage and
the stage of stress-keeping pressure, more gas is discharged
from the internal voids, and the phenomenon of heat absorp-
tion phenomenon is obvious. The fluctuation trend of Tave is
lower than that of the roof rock. In the linear heating stage,
the temperature of the roof rock changes more obviously,
the temperature is increased by 0.42°C. And the occurrence

time of the local maximum is between the coal body and
the roof rock, reaching 20.31°C at 125.03 s. Similarly, the
global maximum reaches 20.73°C at 159.2 s, which is between
the Tave maximum of the coal body and the roof rock.

Figure 11 is the thermal imaging diagram of sample 11#

during the loading and unloading process. Six time points of
20 s, 40 s, 90 s, 130 s, 160 s, and 180 s are selected. It can be seen
from the Figure 11 that the temperature change of the coal
body during the loading and unloading process is more obvi-
ous. And the highest point of temperature is located in themid-
dle axial area and the lower part of the coal body, and the
temperature change range of the rock body is relatively small.

It can be seen from above that during the unloading and
rupture process of the composite coal-rock, the Tave of the
coal body appears earlier than the floor rock and the roof
rock. In order to explore the precursory changes of infrared
radiation temperature, only the Tave of the coal body can be
compared with the stress peak time. Table 3 is a comparison
of the peak arrival time and peak size of the average thermal
infrared radiation temperature and stress on the coal surface
under different unloading confining pressure rates for sam-
ples 1#~15#. The average thermal infrared radiation temper-
ature peak arrival time of each sample is earlier than the
stress peak arrival time. Combined with Figure 8, before the
composite coal-rock is unstable and ruptured, the average
thermal infrared radiation temperature of the roof rock, coal
body, and floor rock exhibits a sudden increase and stepwise
rise. Among them, the occurrence time of the precursors of
the average thermal infrared radiation temperature of the
coal body is ahead of the floor and roof rock, and the degree
of change is the largest.

Table 4 shows the fitting equations and related parame-
ters of some samples at different confining pressure unload-
ing rates. The fitting curves of samples 1#, 6#, and 11# are
shown in Figure 12. It can be seen that the Tave has a good
linear correlation with the stress, and the correlation coeffi-
cients are all above 0.90. Compared with the fitting result in
simulation, the correlation coefficient after experimental fit-
ting is higher. This is the result of the large number of exper-
imental sampling points and artificial points, which further
proves that Tave has a good linear correlation with stress.

In summary, the experimental results show that the varia-
tion trend of the average thermal infrared radiation tempera-
ture on the surface of the sample is consistent with the
simulation results. The average thermal infrared radiation tem-
perature on the surface has a good correlation with the stress,
which verifies the correctness of the simulation and analysis.

4. Conclusions

(1) Considering the combined effects of stress and ther-
mal infrared radiation temperature on the unloading
and rupture of anisotropic composite coal and rock,
based on the basic theory of mechanics and the dam-
age mechanics formula, it is deduced that the differ-
ent components of the anisotropic composite coal
and rock during the unloading and rupture process
are at any arbitrary value. The relationship between
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thermal infrared radiation temperature and stress is
averaged at all times, and a mathematical model of
thermal-mechanical coupling under unloading and
rupture conditions is established

(2) The simulation results show that under unloading
conditions, the thermal infrared radiation tempera-
ture of the composite coal is concentrated in the coal
seam. After 142.5 s unloading the confining pressure,
the overall temperature field reaches the strongest.
The greater the rate of unloading confining pressure,
the shorter the peak arrival time of Tave, and the
larger the peak value. The Tave changes of roof rock,
coal body, and floor rock are mainly divided into five
stages, showing a trend of fluctuation, nearly linear
rise, slow decline, and the sudden increase after
unloading reaches the maximum and then slowly
decreases

(3) The experimental results show that after 152.2 s of
unloading the confining pressure, the constraints on
the coal and rock gradually decrease, and the develop-
ment of fissures and frictional slippage becomes more
and more intense. The greater the rate of unloading
confining pressure, the shorter the peak arrival time
of thermal infrared radiation temperature and the
greater the peak value. Among them, at 0.003MPa/s,
0.03MPa/s, and 0.05MPa/s unloading confining pres-
sure rates, the Tave of coal, floor rock, and roof rock
increase suddenly before the stress peak reaches the
maximum value, respectively: 20.69°C, 20.56°C,
20.51°C; 20.79°C, 20.70°C, 20.68°C; and 20.81°C,
20.73°C, 20.70°C. The Tave of each component of the
composite coal-rock has a good linear correlation with
the stress, and the correlation coefficient is greater
than 0.90. The Tave variation law of composite coal-
rock under unloading conditions is consistent with
the simulation results

The research results provide new ideas and new methods
for monitoring and early warning of coal and rock dynamic
disasters.
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To investigate the deformation characteristics of protected coal seams, the numerical simulation of the mining of an upper
protective coal seam was carried out in the present study. Based on the basic definition of strain, a method for the extraction of
the strain data of the protected coal seam was proposed, and the strain distribution characteristics were obtained. It was found
that the x-direction strain is mainly distributed near the coal pillars on both sides and inside the goaf, the y-direction strain is
mainly distributed at the working face, the initial mining line, and inside the goaf, and the z-direction strain is mainly
distributed at the working face, the initial mining line, the coal pillars on both sides, and inside the goaf. The distribution
characteristics and the value of volumetric strain were found to be basically consistent with the z-direction strain. As the
working face advances, the protected coal seam undergoes compression and damage expansion in turn. The turning point
between compression and damage expansion is approximately 15m in front of the working face. The variation law of gas
drainage in the boreholes of the protected coal seam is closely related to the distribution characteristics of volumetric strain. The
results of this research are of great significance for the comprehensive investigation of the effects of pressure relief and the
permeability enhancement of protective coal seam mining.

1. Introduction

Coal and gas outburst accidents have long caused substantial
casualties and property losses to coal enterprises in China [1,
2]. With the increase of the mining depth, both the in situ
stress and gas pressure increase, and the risk of coal and gas
outburst is further enhanced [3, 4]. Both theoretical research
and production practice demonstrate that the mining of pro-
tective coal seams can significantly reduce the in situ stress,
expand cracks, discharge gas, and ultimately eliminate the
outburst risk of protected coal seams [5–9].

The elimination of the outburst risk of protected coal
seams depends on the degree of pressure relief after mining.
Scholars have carried out extensive research on the deforma-
tion laws of protected coal seams from the perspectives of the
relative distance between protective and protected coal seams
[10, 11], double protective coal seammining [12], the mining
depth [13], and the impacts of protective coal seam mining

on the roadways of protected coal seams [14]. However,
while these studies investigated the deformation of protected
coal seams in the vertical direction, the deformation of pro-
tected coal seams should be reflected in three directions
(the vertical, mining, and tilt directions). Shi and Liu [15]
obtained the deformation laws of protected coal seams in
both the vertical and mining directions based on the theory
of rock fracture and damage, they did not obtain the defor-
mation law along the tilt direction. He et al. [16] proposed a
“four fixed point enclosed area” analysis method for the defor-
mation of protected coal seams based on similar simulation
experiments and obtained the volumetric strain distribution
characteristics. However, it is time-consuming, laborious,
and inconvenient to change the simulation conditions to carry
out similar simulation experiments. In contrast, in the numer-
ical simulation method, the simulation conditions can easily
be changed by modifying the model parameters. Therefore,
obtaining the distribution characteristics of the volumetric
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strain via numerical simulation is important for the compre-
hensive investigation of protected coal seam deformation.

In this research, FLAC3D numerical simulation soft-
ware was employed to study the pressure relief effect of a
protected coal seam. According to the definition of strain,
a method for extracting the strain data of the protected coal
seam was proposed, and the strain distribution characteris-
tics were obtained.

2. Numerical Simulation of Protective Coal
Seam Mining

2.1. General Situation of the Coal Mine under Study. The
Zhongxing coal mine is located in Shanxi Province, China.
The main coal seam of the coal mine is the #2 coal seam,
which has low permeability and a severe risk of coal and
gas outburst. The locally mineable #02 coal seam is located
about 10m above the #2 coal seam and has a lower risk of
outburst and a reduced gas content as compared to the #2
coal seam. To eliminate the outburst risk of the #2 coal seam,
the #02 coal seam was mined first as an upper protective coal
seam. Because the #02 coal seam is locally mineable, the size
of its working face is less than that of the protected coal seam.
The sizes of the working faces of the protective and protected
coal seam are, respectively, 1160 × 75m and 1595 × 190m
(length × width). The layouts of the working faces are pre-
sented in Figure 1, and their basic parameters are reported
in Table 1.

2.2. Establishment of the Numerical Model. Based on the
strata conditions of the Zhongxing coal mine, the numerical
model shown in Figure 2 was established by FLAC3D numer-
ical simulation software. The strata conditions and mechan-
ical parameters of the coal mine are reported in Table 2.
Mining a coal seam will cause the deformation of the rock
mass and a reduction in rock strength. Thus, the rock mass
can be regarded as elastic-plastic material that exhibits
strain-softening characteristics after it is damaged [17].
Therefore, the Mohr-Coulomb strain-softening model was
selected, and the tilt angle of the rock strata in the model
was set to zero for simplicity.

According to the stress condition of the Zhongxing coal
mine, compressive stress of 20MPa was imposed at the top
of the model, and a fixed boundary was imposed at the
bottom of the model. The other sides of the model were set
as rolling boundaries with an imposed stress of 20MPa.
The length, width, and height of the model were, respectively,
300, 300, and 131m. The mining length of the working face

was 200m, which extends from 50 to 250m along the y
-direction. Moreover, the mining width was 100m, which
extends from 100 to 200m along the x-direction, and the
mining height was 1m. The model contained 349,200 grids
and 400,243 zones (as shown in Figure 2).

2.3. Strain Data Extraction Method. Under the influence of
the mining stress, a protected coal seam will be compressed
or expand in three directions (the vertical, mining, and tilt
directions). In other words, the deformation is mainly
reflected in the change of the coal seam volume. The

Working face of the protected coal seam

Working face of the protective coal seam

#2 borehole

#1 borehole

Figure 1: Working faces layouts.

Table 1: Basic parameters of the coal seams.

Parameter
Protective coal

seam
Protected coal

seam

Thickness of the coal
seam

0.51m (in average) 2m (in average)

Tilt angle of the coal
seam

7° (in average) 7° (in average)

Original gas pressure — 0.82MPa

Original gas content 3.37m3/t 10.4m3/t

Block group
Mudstone

X

Coal
Sandymudstone

Limestone
Fine-sandstone

ZY

Figure 2: Numerical calculation model.
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volumetric strain of a coal seam is equal to the sum of its
strains in the three directions, and the extraction method of
the strain data is presented as follows.

The strain in the z -direction (vertical direction) is

ηz =
dfloor‐droof

m , ð1Þ

where ηz is the strain of the protected coal seam in the z
-direction, dfloor is the vertical displacement of the coal seam
floor, droof is the vertical displacement of the coal seam roof,
and m is the initial thickness of the coal seam.

The length and width of the grids in the #2 coal seam
were both 2.5m. When extracting the vertical strain, the
vertical displacement of the grid boundary line between 2 ≤
x ≤ 3 along the coal seam floor was extracted first. The
distance was then increased by 10m along the x-direction,
and the vertical displacement of the grid boundary line
between 12 ≤ x ≤ 13 was extracted. By analogy, a vertical dis-
placement matrix of the coal seam floor with 120 rows × 30
columns was obtained. Via the same method, the vertical dis-
placement matrix of the coal seam roof was also obtained.
According to Eq. (1), the vertical strain matrix of the #2 coal
seam was calculated.

The strain in the x-direction (tilt direction) is

ηx =
dxi‐dxj
lxi−xj

, ð2Þ

where ηx is the strain of the protected coal seam in the x
-direction, dxi is the displacement of the coal seam in the x
-direction at position xi, dxj is the displacement of the coal
seam in the x-direction at position xj, and lxi∼xj is the initial
width from xi to xj.

When extracting the strain in the x -direction, the
displacement in the x-direction of the grid boundary line
between 2 ≤ x ≤ 3 was first obtained, which corresponds to
the displacement dxi. Then, the displacement of the grid
boundary line between 4:5 ≤ x ≤ 5:5was obtained, which cor-
responds to the displacement dxj. The initial width (2.5m)
between the two grid boundary lines corresponds to the
lxi−xj. According to Eq. (2), the x-direction strain between
the two grid boundary lines can be calculated. The distance
was then increased by 10m along the x-direction, and the
strain of the grid boundary lines between 12 ≤ x ≤ 13 and that

between 14:5 ≤ x ≤ 15:5 were obtained. By analogy, a strain
matrix of the coal seam in the x-direction with 120 rows ×
30 columns was obtained.

The strain in the y-direction (mining direction) is

ηy =
dyi‐dyj
lyi∼yj

, ð3Þ

where ηy is the strain of the protected coal seam in the y
-direction, dyi is the displacement of the coal seam in the
y-direction at position yi, dyj is the displacement of the
coal seam in the y-direction at position yj, and lyi∼yj is
the initial length from yi to yj.

The grid boundary line between 2 ≤ x ≤ 3 was first deter-
mined, after which the displacements in the y-direction of the
grids along the grid boundary line were extracted. For any
grid, the side with a smaller y-coordinate corresponds to dyi
, the side with a larger y-coordinate corresponds to dyj, and
the initial length of the grid corresponds to lyi∼yj. The strain
of each grid can be calculated by substituting the extracted
data into Eq. (3). The distance was then increased by 10m
along the x-direction, and the strains of the grids along the
grid boundary line between 12 ≤ x ≤ 13 were obtained by
the samemethod. By analogy, a strain matrix of the coal seam
in the y-direction with 120 rows × 30 columns was obtained.

The volumetric strain matrix of the protected coal seam
can be obtained by directly adding the elements of the three
strain matrices. The calculation formula is as follows:

ηv = ηx + ηy + ηz, ð4Þ

where ηv is the volumetric strain of the protected coal seam.

3. Strain Distribution of the Protected
Coal Seam

According to the method discussed in the previous section,
the strain data of the protected coal seam were extracted.
The data were processed by using the “surf” function and
“meshgrid” command in MATLAB software, and the strain
distributions were obtained. Figures 3–7 present the strain
distribution diagrams of the protected coal seam when the
working face of the protective coal seam was mined to differ-
ent distances. In the figures, positive values of strain indicate

Table 2: Mechanical parameters of coal and rock.

Lithology Density/kg/m3 Bulk
modulus/GPa

Shear
modulus/GPa

Friction
angle/°

Cohesion/MPa
Dilatancy
angle/°

Uniaxial tensile
strength/MPa

Sandy
mudstone

2740 3.7 3.1 35 2.6 10 2.4

Mudstone 2690 2.0 1.5 31 1.5 10 1.0

Fine
sandstone

2740 3.5 2.2 30 2.0 10 2.0

Coal 1450 1.0 0.8 20 0.6 10 0.5

Limestone 3080 3.9 3.5 43 4.8 10 3.2
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Figure 3: Continued.
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that the coal seam underwent compression, while negative
values indicate that the coal seam underwent expansion.

Figure 3 presents the x-direction strain of the protected
coal seam, which was found to be mainly distributed near
the coal pillars on both sides and inside the goaf, while the
strain at the working face and the initial mining line was
not obvious. The coal seam directly below the coal pillars
was in a stress concentration zone, and the significantly
increased vertical stress compressed the coal seam in the
vertical direction and elongated it in the x-direction. The coal
seam at the inner side of the coal pillars was located in a pres-
sure relief zone, in which the vertical stress decreased the
most and the coal seam was compressed in the x-direction
under the increased horizontal deviatoric stress.

Figure 4 presents the y-direction strain of the protected
coal seam, which was found to be mainly distributed at the
working face, the initial mining line, and inside the goaf.
The strain near the coal pillars on both sides was not obvious.
The coal seam directly below the working face was found to
expand in the y-direction, which was due to the vertical stress
concentration in this area. The coal seam at the inner side of
the initial mining line was compressed in the y-direction sig-
nificantly; it was located in a pressure relief zone, and the
degree of unloading of vertical stress in this zone was greater
than that of horizontal stress. After the protective coal seam
was mined, the floor strata tended to move to the goaf and
stop in this zone. Under the dual action of the floor strata
movement and vertical stress unloading, the coal seam in this
zone was compressed in the y-direction.

Figure 5 exhibits the z-direction strain of the protected
coal seam, which was found to be distributed at the working
face, the initial mining line, the coal pillars on both sides, and
inside the goaf. The coal seam directly below the working
face, the initial mining line, and the coal pillars was com-
pressed along the z-direction, whereas the coal seam in the
goaf expanded significantly. In the goaf, the vertical strain
was greater than the horizontal strain, which was determined
by vertical stress unloading. With the advance of the working
face, the stress in the central area of the goaf was gradually
restored, and the degree of expansion of the coal seam exhib-
ited a decreasing trend.

Figure 6 displays the volumetric strain of the protected
coal seam. The distribution characteristics and the value of
volumetric strain were found to be basically consistent with
those of the z-direction strain. With the exploitation of the
protective coal seam, the scope of the goaf expanded, and
the volumetric strain presented an inverted saddle shape.
To further investigate the distribution characteristics of the
volumetric strain, the main view is shown in Figure 7. It
can be seen from the figure that the volumetric strain experi-
enced the stages of increasing, decreasing, and then increas-
ing again from the boundary to the interior of the model.
The volumetric strain reached the maximum value in the
stress concentration zone and decreased to the minimum
value near the working face. The turning point of volumetric
strain from increasing to decreasing was found to be about
15m in front of the working face, which indicates that this
was the starting point of the protected coal seam changing
from elastic compression to damage expansion.

4. Field Observation of the Gas Drainage
Effect of the Protected Coal Seam

The changes in the permeability and volumetric strain of pro-
tected coal seam both reflect the degree of pressure relief of the
coal seam; thus, the permeability and volumetric strain have
internal unity. Assuming that the gas pressure of the protected
coal seam remains constant during protective coal seam min-
ing, the gas drainage quantity of the coal seam is proportional
to the permeability. Therefore, the change law of the gas drain-
age quantity can be used to verify the correctness of the distri-
bution characteristics of the volumetric strain.

Two gas boreholes were preconstructed in the transpor-
tation roadway of the protected coal seam prior to the mining
of the protective coal seam. The boreholes were arranged
along the coal seam inclination direction and were used to
measure the gas drainage quantity and gas drainage concen-
tration with the advance of the working face (as shown in
Figure 1). The initial horizontal distances between boreholes
#1 and #2 and the working face were 120 and 144m, respec-
tively. The length of the boreholes was 120m, and the diam-
eter was 94mm.
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Figure 8 presents the variation laws of the gas drainage
quantity and gas concentration of the boreholes. The abscissa
in the figure indicates the relative position between the bore-
holes and the working face. For example, x = 100 means that
the borehole was located 100m in front of the working face,
and x = −50 means that the borehole was located 50m
behind the working face. It can be seen from the figure that
the mixed gas drainage quantity was relatively high at the ini-
tial stage of mining and decreased in a fluctuating manner
with the advance of the working face. From about 15m in
front of the working face, the mixed gas drainage quantity,
the pure gas drainage quantity, and the gas concentration
began to increase rapidly. When the boreholes entered the
goaf, these gas drainage values reached the maximum and
remained stable for a period of time, after which they ulti-
mately fluctuated inside the goaf. The variation laws of the
gas drainage quantity and the gas concentration were found
to be closely related to the distribution characteristics of the
volumetric strain; the turning point of the rapid increase of
gas drainage coincided with the starting point of damage
expansion. These results prove the correctness of the distri-
bution characteristics of the volumetric strain.

5. Discussion

Based on a numerical simulation, a method for the extraction
of the strain data of a protected coal seam was proposed, and
the strain distribution characteristics were obtained. The x
-direction strain was found to be mainly distributed near
the coal pillars on both sides and inside the goaf, while the
y-direction strain was found to be mainly distributed at the
working face, the initial mining line, and inside the goaf.
The deformation of the coal seam was affected by the change
of stress and the deformable conditions, both of which
caused the distribution difference of the horizontal strains.
A stress concentration zone was formed around the stope,
at which the significantly increased vertical stress caused
the compression of the coal seam along the z-direction. The
stress inside the goaf was greatly unloaded in all directions,
and the coal seam swelled. The simulation results show that
the distribution characteristics and the value of the volumet-

ric strain were basically consistent with the z-direction strain,
indicating that the z-direction strain has a decisive influence
on the volumetric strain. Due to the restrictions of field mea-
surement conditions and technology, scholars have often used
vertical strain (z-direction strain in this paper) to express the
pressure relief effect of protected coal seams; although this
operation is not perfect in theory, it is acceptable in fact.

With the advance of the working face, the protected coal
seam entered the stress concentration zone from the original
stress zone, and the coal seam experienced compression and
damage expansion in turn. The turning point from compres-
sion to damage expansion was found to be about 15m in
front of the working face. With the further advance of the
working face, the protected coal seam expanded rapidly after
entering the goaf and then remained stable. Based on the
results of gas drainage, it was determined that the mixed
gas drainage quantity was higher in the initial stage and then
gradually decreased with the advance of the working face,
which was caused by the compression of the coal seam. The
mixed gas drainage quantity, pure gas drainage quantity,
and gas concentration began to increase rapidly at 15m in
front of the working face and then remained stable after
entering the goaf. The variation law of gas drainage data
was found to be closely related to the distribution character-
istics of the volumetric strain, which proves the correctness of
the numerical simulation results. Thus, it is feasible to verify
the distribution characteristics of the volumetric strain of a
protected coal seam via the gas drainage quantity and gas
concentration in the boreholes.

The volumetric strain of a protected coal seam reveals
only the degree of pressure relief of the coal seam and does
not reveal the degree of permeability increase. If an evolution
model of coal permeability with volumetric strain as a vari-
able is established, and if the model is combined with coal
seam volumetric strain, the distribution characteristics of
permeability can be obtained. Xie et al. [19] considered the
volumetric change of damaged coal with cracks induced by
the coupling of the abutment pressure under different mining
conditions, pore pressure, and expansion caused by gas
adsorption, and proposed a new term for mining-enhanced
permeability that reflects the change in permeability by the
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volumetric change of coal. Cheng et al. [20] put forward a
new model with strain as a variable for unloading fractured
coal by considering the deformation effects of the effective
stress and gas adsorption/desorption. These studies laid a
theoretical foundation for obtaining the permeability
enhancement effect of protected coal seams. However, there
is a lack of research on the distribution characteristics of
the volumetric strain of protected coal seams. Because coal
and gas outburst accidents are becoming increasingly more
serious [21–24], the present study both supplements and
improves the previous research, and the results are of great
significance to revealing the effect of the permeability
enhancement of protected coal seams.

6. Conclusion

(1) The deformation of coal seams is affected by both
the change in stress and the deformation condi-
tions. The vertical strain of a coal seam dominates
the change law and the value of volumetric strain.

Although it is not comprehensive to use the verti-
cal strain to express the effect of pressure relief of
protective coal seam mining in theory, it is accept-
able in fact

(2) The change laws of the gas drainage quantity and gas
concentration of a protected coal seam are closely
related to the distribution characteristics of the volu-
metric strain. The turning point of the rapid increase
of the gas drainage quantity and gas concentration
coincides with the point of damage expansion. Thus,
it is feasible to verify the distribution characteristics
of the volumetric strain of a protected coal seam via
the use of gas drainage data

(3) The volumetric strain only reveals the degree of pres-
sure relief of a protected coal seam, but does not
reveal the degree of permeability increase. The results
of this study are of great significance for the compre-
hensive investigation of the effect of the permeability
enhancement of protective coal seam mining
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Figure 8: Statistics of the gas drainage data [18].

10 Geofluids



Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The author declares that there is no conflict of interest.

Acknowledgments

This research is financially supported by the National
Natural Science Foundation of China (Grant no. 51704164).

References

[1] H. Wang, Z. Cheng, Q. Zou et al., “Elimination of coal and gas
outburst risk of an outburst-prone coal seam using controlla-
ble liquid CO2 phase transition fracturing,” Fuel (Guildford),
vol. 284, article 119091, 2021.

[2] F. du, K. Wang, X. Zhang, C. Xin, L. Shu, and G. Wang,
“Experimental study of coal-gas outburst: insights from coal-
rock structure, gas pressure and adsorptivity,” Natural
Resources Research, vol. 29, no. 4, pp. 2481–2493, 2020.

[3] M. B. Díaz Aguado and C. González Nicieza, “Control and
prevention of gas outbursts in coal mines, Riosa-Olloniego
coalfield, Spain,” International Journal of Coal Geology,
vol. 69, no. 4, pp. 253–266, 2007.

[4] E. Krause and J. Skiba, “Formation of methane hazard in long-
wall coal mines with increasingly higher production capacity,”
International Journal of Mining Science and Technology,
vol. 24, no. 3, pp. 403–407, 2014.

[5] D. Guowei and Z. Yinhui, “A novel method for selecting pro-
tective seam against coal and gas outburst: a case study of
Wangjiazhai coal mine in China,” Sustainability, vol. 9, no. 6,
p. 1015, 2017.

[6] J. Jiang, Y. Cheng, P. Zhang, K. Jin, J. Cui, and H. du, “CBM
drainage engineering challenges and the technology of mining
protective coal seam in the Dalong Mine, Tiefa Basin, China,”
Journal of Natural Gas Science and Engineering, vol. 24,
pp. 412–424, 2015.

[7] F. du and K. Wang, “Unstable failure of gas-bearing coal-rock
combination bodies: insights from physical experiments and
numerical simulations,” Process Safety and Environmental
Protection, vol. 129, pp. 264–279, 2019.

[8] Q. Huang, S. Liu, W.-m. Cheng, and G. Wang, “Fracture per-
meability damage and recovery behaviors with fracturing fluid
treatment of coal: an experimental study,” Fuel, vol. 282, article
118809, 2020.

[9] Q. Huang, S. Liu, G. Wang, and W. Cheng, “Evaluating the
changes of sorption and diffusion behaviors of Illinois coal
with various water-based fracturing fluid treatments,” Fuel,
vol. 283, article 118884, 2021.

[10] M. Tu, X. X. Miao, and N. B. Huang, “Deformation rule of pro-
tected coal seam exploited by using the long-distance-lower
protective seam method,” Journal of Mining and Safety Engi-
neering, vol. 23, no. 3, pp. 253–257, 2006.

[11] Z. Ma, M. Tu, J. MA, B. Zhang, andM. Han, “Rockmass defor-
mation characteristics for coal mining at remote lower protec-
tive seam,” Journal of Mining and Safety Engineering, vol. 25,
no. 3, pp. 253–257, 2008.

[12] Z. Shujin, L. Shaoquan, and L. Shuqing, “Experimental study
on swelling deformation law of mining seam in dual protective
seam of seam group,” Coal Engineering, vol. 45, no. 9, pp. 87–
90, 2013.

[13] D. Zhixu and L. Qiang, “Study on pressure unloading effect of
lower coal seam under upper protective layer in a kilometer
deep well,” Safety in Coal Mines, vol. 50, no. 4, pp. 6–9, 2019.

[14] Z. H. Wang-lei, X. I. Zu-qiang, W. A. Hong-yan, and Z. H.
Yao-hui, “Study on deformation law of overlying roadway
under condition of lower protective seam mining,” Coal Sci-
ence and Technology, vol. 42, no. 5, pp. 9–12, 2014.

[15] S. H. I. Bi-ming and L. I. U. Ze-gong, “Numerical simulation of
the upper coal and rock deformation characteristic caused by
mining protecting stratum,” Journal of China Coal Society,
vol. 33, no. 1, pp. 17–22, 2008.

[16] H. Aiping, F. Hua, L. Yangbo, and H. Bingjie, “Analysis
method on swelling deformation of protected seam in the pro-
cess of protective coal seam exploitation,” Journal of Safety Sci-
ence and Technology, vol. 12, no. 8, pp. 60–67, 2016.

[17] W. Yang, B.-q. Lin, Y. A. Qu et al., “Mechanism of strata defor-
mation under protective seam and its application for relieved
methane control,” International Journal of Coal Geology,
vol. 85, no. 3-4, pp. 300–306, 2011.

[18] H. Jia, K. Wang, C. Xu, and Q. Fu, “Permeability distribution
characteristics of underlying coal seam disturbed by mining
activity,” Energy Sources, Part A: Recovery, Utilization, and
Environmental Effects, pp. 1–16, 2019.

[19] X. HP, Z. HW, C. GM, and Z. FB, “On theoretical and model-
ing approach to mining-enhanced permeability for simulta-
neous exploitation of coal and gas,” Journal of China Coal
Society, vol. 7, pp. 1101–1108, 2013.

[20] C. YP, L. HY, G. PK, P. RK, and W. LA, “A theoretical model
and evolution characteristic of mining-enhanced permeability
in deeper gassy coal seam,” Journal of China Coal Society,
vol. 8, pp. 1650–1658, 2014.

[21] K.Wang and F. Du, “Coal-gas compound dynamic disasters in
China: a review,” Process Safety and Environmental Protection,
vol. 133, pp. 1–17, 2020.

[22] H. Wang, X. Yang, F. Du et al., “Calculation of the diffusion
coefficient of gas diffusion in coal: the comparison of numeri-
cal model and traditional analytical model,” Journal of Petro-
leum Science and Engineering, vol. 205, article 108931, 2021.

[23] V. Palchik, “Formation of fractured zones in overburden due
to longwall mining,” Environmental Geology, vol. 44, no. 1,
pp. 28–38, 2003.

[24] C. Karacan, F. A. Ruiz, M. Cotè, and S. Phipps, “Coal mine
methane: a review of capture and utilization practices with
benefits to mining safety and to greenhouse gas reduction,”
International Journal of Coal Geology, vol. 86, no. 2-3,
pp. 121–156, 2011.

11Geofluids



Research Article
A Statistical Damage Constitutive Model of Anisotropic Rock:
Development and Validation

Tenglong Rong ,1,2 Can Guan ,1 Keliu Liu ,1 Shuai Heng,1,2 Wenlong Shen ,1,2

and Ruiyong Mou 3

1School of Energy Science and Engineering, Henan Polytechnic University, Jiaozuo 454003, China
2Collaborative Innovation Center of Coal Work Safety and Clean High Efficiency Utilization, Henan Polytechnic University,
Jiaozuo 454003, China
3Research Institute of Aero-Engine, Beihang University, Beijing 100191, China

Correspondence should be addressed to Tenglong Rong; rongtenglong@126.com

Received 11 June 2021; Accepted 23 July 2021; Published 13 August 2021

Academic Editor: Feng Du

Copyright © 2021 Tenglong Rong 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.

The damage constitutive model is of great significance to research the stress-strain relationship and damage evolution of rock under
loading in engineering. In order to investigate the effect of anisotropic characteristic on the stress-strain relationship and damage
evolution, a statistical damage constitutive model of anisotropic rock under true triaxial condition was developed. In this study, the
plane which existed perpendicular to the coordinate axis was extracted from representative volume element (RVE) of rock. The
extracted plane was assumed to be composed of abundant mesoscopic elements whose failure strength satisfied the Weibull
distribution. According to the number of failure elements on the plane in each direction under loading, the anisotropic damage
variable was established based on the proposed concept of areal damage. A statistical damage constitutive model of anisotropic
rock was developed by using strain equivalent hypothesis and generalized Hooke constitutive model. Subsequently, the
parameters in the anisotropic damage constitutive model were determined by the method of total differential. Thus, the damage
evolution of anisotropic rock under various stress conditions can be conveniently evaluated by the anisotropic damage model.
The model was validated based on the tests of rocks under the stress conditions of conventional triaxial and true triaxial,
respectively. Moreover, for the purpose of studying the influence of parameters on the model, sensitivity analyses of mechanical
parameters and model parameters were carried out. The results of statistical damage constitutive clearly demonstrate the stress-
strain and damage evolution of anisotropic rock under various stress conditions.

1. Introduction

The stress-strain relationship of rock affected by damage
under loading has always been the focus of rock mechanics.
It is of great significance to accurately predict the mechanical
state and deformation of rock for geotechnical [1], coal min-
ing [2, 3], shale gas exploitation [4], etc. Due to the long-term
geological effects in history, rock is a heterogeneous material
which includes flaws and geological structure, i.e. pores,
voids, defects, joints, fractures, and bedding. Therefore,
anisotropy is an obvious characteristic of rock. It is very valu-
able to investigate the damage and deformation of aniso-
tropic rock under loading. The stress-strain relationship

and damage evolution of anisotropic rock have been studied
by laboratory tests in previous researches [4–7].

The damage evolution and stress-strain relationship can
also be studied by means of theoretical analysis. The damage
constitutive model considering anisotropic characteristics is
the theoretical basis of analyzing the anisotropic rock defor-
mation. Based on the previous researches, there are two main
theoretical approaches to establish the constitutive relation-
ship of rock under the influence of damage. One approach
to establish constitutive model is continuum damage
mechanics (CDM). In this approach, rock is regarded as con-
tinuous medium. The relationship between damage variable
and loading condition is established according to CDM.
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The modeling approach based on CDM is developed very
early. Some of the models based on CDM involve the aniso-
tropic characteristic [8–12], but the anisotropic damage
model based on this approach is complicated.

The other approach to establish constitutive relationship
of rock is the statistical damage model (SDM), which is
according to the statistics and continuum damage mechan-
ics. In the process of modeling, rock is regarded as clusters
composed of abundant mesoscopic elements. The mechani-
cal parameters of mesoscopic elements satisfy a certain math-
ematical function distribution. Then, the number of
destructive mesoscopic elements in rock under loading is cal-
culated by the statistical method. Consequently, damage var-
iable is put forward according to the number of destructive
mesoscopic elements to evaluate the damage evolution. Kraj-
cinovic and Silva first proposed a simple statistical damage
model to study the material damage evolution under uniaxial
tension [13]. Tang and Xu assumed that rock was composed
of a large number of mesoscopic elements, which were elastic
before failure and useless after failure. The failure strength of
mesoscopic elements was based on the normal statistical dis-
tribution. Then, the stress-strain of rock under uniaxial con-
dition was analyzed by the continuum damage mechanics
[14]. Subsequently, the theory of SDM was improved by
Tang and coworkers [15–18]. Cao and coworkers [19–21]
made many attempts to improve SDM from different aspects.
The attempts included different statistical distribution func-
tions (Weibull distribution and normal distribution) and dif-
ferent strength criterions (Mohr-Coulomb and Drucker-
Prager). Meanwhile, the following issues were taken into con-
sideration in these attempts: damage threshold, initial com-
pression, strain softening, and residual strength.
Considering scale effect in rock shearing, some statistical
damage constitutive models of rock under shear stress were
also proposed [22, 23]. In order to research the stress-strain
of rock under damage effect more accurately, many mathe-
matical and mechanical theories have been introduced into
the SDM [20, 24–27].

In addition to rock damage under loading (compression,
tension and shear), the SDM has also been widely used in
research of rock damage in the multiphysical environment
[28–32]. The factors of porosity, temperature, or freeze-
thaw cycles were introduced into the damage variables of
SDM under the multiphysical conditions. Moreover, in order
to investigate the effect of joints on damage, the factors of
crack propagation length, joint friction effect, and joint ori-
entation were drawn into the SDM [33, 34]. There are many
statistical damage models that can be used to analyze the pro-
gressive damage process of rock under various actions, such
as load (compression, tension and shear), high temperature,
freeze-thaw, chemistry, and joint. It can be seen that most
of the presented SDM are based on isotropic properties.
Therefore, the SDM of rock which is based on anisotropic
properties needs to be further studied. It is great valuable to
develop a SDM which can represent the anisotropic charac-
teristic of rock.

In this study, based on the assumption that any plane of
rock was composed of mesoscopic elements whose strength
conformed to the Weibull distribution. The concept of areal

damage was proposed to establish the expression of aniso-
tropic damage variable. Then, a statistical damage constitu-
tive model of anisotropic rock (SDAR model) was
developed by using strain equivalent hypothesis. Subse-
quently, the determination of parameters in the anisotropic
damage constitutive model was conducted by the method
of total differential. Finally, the model was validated based
on the tests of two kinds of rocks under different loading
stress conditions. One was transversely isotropic shale under
conventional triaxial stress condition. And the other was
orthogonal anisotropic coal under true triaxial stress condi-
tion. In addition, the sensitivity study of parameters was con-
ducted by the developed damage model.

2. Development of the Statistical Damage
Constitutive Model of Anisotropic Rock

2.1. Anisotropic Damage Variable. Rock damage refers to the
progressive deterioration of mechanical properties caused by
the defect accumulation in rock under the action of stress and
other factors. In the research on creep behavior of metal
under uniaxial tension, Kachanov found that the propagation
of microdefects was the main reason for creep damage in
material [35]. Consequently, the definition of “continuity”
was proposed to quantitatively show the damage behavior
of material under loading in Eq. (1), i.e.,

ψ =
~S
S
, ð1Þ

where ψ is the continuity of material, S is the initial total area
of the material,and ~S is the actual bearing area, which is the
result of deducting the failure area from the initial total area.

Rabotnov [36] further proposed the concept of “damage
factor ω,” which is presented as Eq. (2). Therefore, the dam-
age factor is the ratio of the failure area which is invalid
caused by the defects to the initial total area.

ω = S − ~S
S

: ð2Þ

Damage variable is an important index to measure the
damage degree of rock. The evolution of damage variable
has an important relationship with the microdefects and
fracture of rock. For the purpose of investigating the damage
evolution of anisotropic rock in orthogonal directions, repre-
sentative volume element (RVE) is taken for analysis. One
plane which is perpendicular to the coordinate i-axis is
extracted from the RVE (Figure 1(a)). The extracted plane
is assumed to be composed of abundant initial mesosopic ele-
ments. The number of initial mesosopic elements is Ni0. The
damage evolution of the plane can be evaluated under three-
dimensional stress condition. The load in the direction of the
i-axis is axial compression, and the load in the other two
orthogonal directions is confining pressure. Meanwhile, the
load in three directions can be changed independently. The
plane can also be applied to true triaxial stress condition.
Under the effect of three-dimensional stress, the elements
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are progressive failure, which results in the rock damage. The
number of damaged elements in the plane under loading
stress is Nid (Figure 1(b)).

In this way, the area of rock plane under loading stress
can be divided into two parts: damaged area and undam-
aged area. The undamaged area is regarded as the effective
area which supports the loading. According to the concept
of damage factor proposed by Rabotnov [36], the defini-
tion of areal damage in different directions which is based
on the ratio of the failure element number (Nid) to the
initial element number (Ni0) in the extracted plane is
given. Because the notation of the i-axis can traverse the
coordinate axis of x, y, and z, the extracted plane which
is perpendicular to the coordinate i-axis can present the
orthogonal anisotropic properties of rocks. Then, the dam-
age evolution of rock in orthogonal directions can be ana-
lyzed by the areal damage in orthogonal directions,
because the planes are extracted perpendicular to the
orthogonal coordinate axes. The areal damage variable Di
of the plane which is perpendicular to the coordinate i

-axis can be given as

Di =
Nid

Ni0
: ð3Þ

In recent years, on the basis of the assumption that the
material was composed of elastic mesoscopic elements and
the material properties satisfied theWeibull distribution, some
statistical damage constitutive models were established [15, 20,
32]. It is also assumed that the strength of all elements in the
plane of each direction are adopted as Weibull distribution
in this study. The element would break and fail after the stress
reaches to the peak strength. Therefore, the failure probability
density function of the mesoscopic elements which are distrib-
uted in the plane perpendicular to the i-axis PðFiÞ in
Figure 1(c) can be expressed as

P Fið Þ = wi

Fi0

Fi

Fi0

� �wi−1
−

Fi

Fi0

� �wi
� �

, ð4Þ

Initial mesoscopic element 
Damaged mesoscopic element

(a) (b)

(c)

k

j i

σiσj

σk

P(Fi)

0 Fi

Damaged portion
Undamaged portion

P(Fi)dFi

dFi

Figure 1: The procedures of proposing the areal damage. (a) Extracting the plane perpendicular to the i-axis from RVE. (b) The damaged
elements in the plane under loading stress. (c) The failure probability density function of the mesoscopic elements.
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where Fi is the strength of mesoscopic element, andwi and Fi0
are the parameters of the Weibull distribution function.

When the element reaches to any stress level in loading
procedure, the number of failure elements in the plane can
be calculated as

Nid =Ni0

ðFi

0

wi

Fi0

Fi

Fi0

� �wi−1
−

Fi

Fi0

� �wi
� �

=Ni0 1 − exp −
Fi

Fi0

� �wi
� �� �

:

ð5Þ

Combining Eqs. (3) and (5), the areal damage variable of
the plane which is perpendicular to the i-axis can be given by

Di = 1 − exp −
Fi

Fi0

� �wi
� �

: ð6Þ

2.2. Damage Constitutive Model of the Anisotropic Rock.
There are many original defects in rock and some newmicro-
cracks will be observed under the damage effect. During the
process of loading, the load can be only supported by the
effective area without damage. Consequently, the concept of
effective stress is put forward. Effective stress refers to the
increased actual stress in the material, which is increased
due to the decrease of the actual bearing area caused by dam-
age and failure. According to this phenomenon, the strain
equivalent hypothesis was proposed by Lemaitre et al. [37].
The constitutive model of strain equivalent hypothesis can
be expressed as

σ∗½ � = σ½ �/ I −Di½ � = C½ � ε½ �/ I −Di½ �, ð7Þ

where ½σ∗� is the effective stress matrix, ½σ� is the apparent
stress matrix, ½C� is the elastic matrix of the material, ½ε� is the
strain matrix, and ½I� is the identity matrix.

In the laboratory triaxial compression test, the three prin-
cipal stresses can be measured by the testing machine. The
generalized Hooke constitutive model can be transformed to

εi =
1
Ei
σ∗
i −〠

i≠j

νij
Ej

σ∗
j , ð8Þ

where εi is the component of three principal strains, and
Ei and νij are the elastic modulus and Poisson’s ratio in
different directions, respectively. The subscript i represents
the direction of the coordinate i-axis. Furthermore, i, j, k
= 1, 2, 3 and i ≠ j ≠ k. The subscript presents the traversal
procedure, but they do not comply with the summation
convention.

Substituting Eq. (8) into (7), the three dimensional elastic
constitutive equation which includes damage effect can be
obtained as

σi = Eiεi 1 −Dið Þ +〠
i≠j

Eiνij
Ej

σj: ð9Þ

Substituting Eq. (6) into (9), a new statistical damage

constitutive model of anisotropic rock (SDAR model) is
developed as

σi = Eiεi exp −
Fi

Fi0

� �wi
� �

+〠
i≠j

Eiνij
Ej

σj: ð10Þ

The Drucker-Prager failure criterion is widely used in the
researches of rock mechanics [38–40]. In view of this, the
Drucker Prager criterion was introduced as the failure crite-
rion of mesoscopic elements in each plane perpendicular to
the coordinate axis. Then, the failure strength of element
(Fi) in the plane which is perpendicular to the coordinate i
-axis can be given by

Fi = αdpI1 +
ffiffiffiffi
J2

p
, ð11Þ

where αdp refers to the parameter of material, I1 is the first
invariant of stress, and J2 is the second invariant of stress
deviator.

The three parameters of the Drucker-Prager failure crite-
rion can be calculated by

αdp = sin φ/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9 + 3 sin2φ

q
,

I1 = σ∗
1 + σ∗2 + σ∗3 ,

J2 =
1
6 σ∗

1 − σ∗2ð Þ2 + σ∗2 − σ∗3ð Þ2 + σ∗
1 − σ∗3ð Þ2

h i
,

8>>>><
>>>>:

ð12Þ

where φ refers to the friction angle, and σ∗
1 , σ

∗
2 , and σ

∗
3 are the

effective stress in three directions.

2.3. Determination of Parameters in the Anisotropic Damage
Constitutive Model. Eqs. (6) and (10) denote the evolution
equation of the damage and SDARmodel, respectively. There
are two important parameters from the Weibull distribution
function in the equations, i.e., wi and Fi0, but the values of wi
and Fi0 are not determined. The method of determining the
two parameters needs to be further investigated.

The stress σi in the SDAR model is differentiated from
Eq. (10), i.e.,

dσi = Ai1dεi + Ai2dFi + Ai3dwi + Ai4dFi0 +〠
i≠j

Eiνij
Ej

σj, ð13Þ

Drilling angle 90º

Drilling angle 0º

Figure 2: Directional coring diagram of shale.
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where Ai1 = ∂σi/∂εi, Ai2 = ∂σi/∂Fi, Ai3 = ∂σi/∂wi, and Ai4
= ∂σi/∂Fi0.

The failure strength of element (Fi) can be regarded as
function of σ1, σ2, σ3, and εi. The subscript i of εi corre-
sponds to that of Fi. Then, the following Eq. (14) can be
obtained by differential of Fi.

dFi =〠Fijdσj + Fi∗dεi: ð14Þ

The parameters of w and F0 from the Weibull distri-
bution function in the development of statistical damage
constitutive model were assumed to be a function of con-
fining pressure in previous research [41]. And the assump-
tion was validated by comparing with test results. In order
to investigate the anisotropic damage of rock, the parame-
ters of wi and Fi0 in each direction are assumed to be

functions of loading stress in the other two directions (σj

, σk) by analogy with that assumption. But σj and σk are
not equal in true triaxial compression, the parameters are
considered as functions of its average value. By differenti-
ation, we can get

dwi =w∗
i d�σi,

dFi0 = F∗
i0d�σi,

(
ð15Þ

where �σi = 1/2ðσj + σkÞ.
Substituting Eqs. (14) and (15) into Eq. (13) yields

〠Uijdσj = −Xidεi, ð16Þ

where

Solving Eq. (16) based on the Kramer’s law yields

dσi = −1ð Þi〠XjΔij

Δ
dεj, ð18Þ

where Δ = jUijj =
U11 U12 U13

U21 U22 U23

U31 U32 U33

								

								
, and Δij is the remain-

der of Δ, i.e.,

Δ11 =
U22 U23

U32 U33

					
					Δ12 =

U21 U23

U31 U33

					
					Δ13 =

U21 U22

U31 U32

					
					,

Δ21 =
U12 U13

U32 U33

					
					Δ22 =

U11 U13

U31 U33

					
					Δ23 =

U11 U12

U31 U32

					
					,

Δ31 =
U12 U13

U22 U23

					
					Δ32 =

U11 U13

U21 U23

					
					Δ33 =

U11 U12

U21 U22

					
					:
ð19Þ

Based on the generalized Hooke constitutive model, the
principle stress σi can be expressed as a function of three

principal strains ε1, ε2, and ε3. Thus, the total differential
of σi can be obtained as

dσi =〠 ∂σi

∂εj
dεj: ð20Þ

In the true triaxial stress test, the stress-strain curve of
rock in each direction to be solved should reach the follow-
ing boundary conditions at the peak point, i.e.,

εi = εicp, σi = σicp,
dσi
dεi

				
εi=εicp

= 0,

8>><
>>: ð21Þ

where εicp refers to the peak strain in the loading direction
along the i-axis, and σicp refers to the peak stress in the
loading direction along the i-axis.

Comparing Eqs. (18) and (20), it can be known that the
coefficients of items at the same position should be the same.
Subsequently, Eqs. (18) and (20) are substituted into Eq. (21),

Uij


 �
=

A12F11 − 1 A12F12 +
1
2A13w

∗
1 +

1
2A14F

∗
10 +

E1ν12
E2

A12F13 +
1
2A13w

∗
1 +

1
2A14F

∗
10 +

E1ν13
E3

A22F21 +
1
2A23w

∗
2 +

1
2A24F

∗
20 +

E2ν21
E1

A22F22 − 1 A22F23 +
1
2A23w

∗
2 +

1
2A24F

∗
20 +

E2ν23
E3

A32F31 +
1
2A33w

∗
3 +

1
2A34F

∗
30 +

E3ν31
E1

A32F32 +
1
2A33w

∗
3 +

1
2A34F

∗
30 +

E3ν32
E2

A32F33 − 1

2
666666664

3
777777775
,

Xi =
A11 + A12F1∗

A21 + A22F2∗

A31 + A32F3∗

2
664

3
775:

ð17Þ
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and the Eq. (22) can be obtained.

∂σi
∂εi

= −1ð Þi XiΔii

Δ
= 0: ð22Þ

For the reason that Δii ≠ 0, the equation that Xi = 0 can be
obtained. By solving Xi = 0, the calculated expressions of wi
and Fi0 can be derived as

wi =
1

ln Eiεicp/σicp −∑i≠j Eiνij/Ej

� 
σj

�  , ð23Þ

Fi0 = Fic wið Þ1/wi : ð24Þ
Eqs. (23) and (24) denote the determination of parame-

ters in the SDAR model, i.e., wi and Fi0. When the material
properties of rock are assumed to be isotropic, the elastic
modulus and Poisson’s ratio in all directions are equal,
respectively. In the conventional triaxial test, the two princi-
pal stresses in the horizontal direction are equal (σ2 = σ3 ≠ 0).
On this basis, for the conventional triaxial compression test
of isotropic rock, the calculated expressions of Eqs. (23)
and (24) can be degenerated to

w = 1
ln Eεcp/σcp − 2νσ3

�  , ð25Þ

F0 = Fc wð Þ1/w, ð26Þ
where σcp is the axial peak stress, and σ3 is the confining
pressure.

For the uniaxial triaxial compression condition of isotro-
pic rock, the calculated expressions of parameters illustrated
as Eqs. (23) and (24) can be further degenerated for lack of
confining pressure (σ2 = σ3 = 0). At this time, Eq. (25) for
solving parameter w is degenerated to Eq. (27), but Eq. (26)
for solving parameter F0 remains unchanged.

w = 1
ln Eεcp/σcp

�  : ð27Þ

Equations (25)–(27) are the calculated expressions of w
and F0 obtained by the degradation of the calculation expres-
sions of wi and Fi0 for isotropic rock under conventional tri-
axial and uniaxial compression, respectively. The calculated
expressions of w and F0 under conventional triaxial com-
pression condition of isotropic rock (Eqs. (25) and (26)) are
consistent with those derived by Wang et al. [42]. Further-

more, the expressions under uniaxial compression condition
of isotropic rock (Eqs. (26) and (27)) are the same as the
research results obtained by Xie and Zhao [43].

3. Model Validation

3.1. Stress-Strain Relationship

3.1.1. Transversely Isotropic Shale under Conventional
Triaxial Stress Condition. As a kind of sedimentary rock,
shale is observed to be transversely isotropic. Shale has the
same mechanical properties in the horizontal direction, but
the mechanical properties in the horizontal direction are dif-
ferent from those in the vertical direction. Heng [44] used
shale which is from the Longmaxi Formation in Chongqing
to drill tested samples along two orthognoal directions
(Figure 2). One is parallel to bedding (drilling angle 0°).
The other is perpendicular to bedding (drilling angle 90°).
Shale samples drilled from different directions were tested
under conventional triaxial compression with confining
pressures of 10, 20, and 30MPa, respectively. Then, the
stress-strain relationships of shale which were drilled in
orthogonal directions under different confining pressures
that are obtained. The parameters used for validation of shale
are shown in Table 1.

Comparing the theoretical results of the SDAR model
and test data of shale on stress-strain in Figure 3, it can be
seen that the theoretical results are very close to the test data
in the same drilling direction under confining pressures of
10, 20, and 30MPa, respectively. The comparison results
show that all the stress-strain curves of shale under conven-
tional triaxial compression can well be evaluated by the
SDAR model. In the prepeak zone, the curve of theoretical
calculation is in good agreement with that of test data. After
the peak stress point, the curve of theoretical results present
strain softening in the postpeak region. The presentation of
strain softening in the SDAR model is also consistent with
the mechanical behavior of shale.

Comparing the peak strength of shale in the same drilling
direction under each confining pressure (Figure 3), the peak
strength of samples in the same drilling direction increases
with the increase of confining pressure. Moreover, the peak
strength under different confining pressures can be accu-
rately calculated by the SDAR model. Then, comparing the
results of samples drilled in different directions under the
same confining pressure, it can be found that the peak
strength of sample drilled in the direction of parallel to bed-
ding is always bigger than that of perpendicular to bedding.
Meanwhile, the peak strain of sample drilled in the direction

Table 1: Mechanical parameters of shale in different directions [44].

Confining
pressure (MPa)

Elastic modulus parallel to
bedding (GPa)

Elastic modulus perpendicular
to bedding (GPa)

Poisson’s ratio
parallel to bedding

Poisson’s ratio
perpendicular to bedding

Friction
angle (°)

10 22.91 42.94 0.384 0.325 30.3

20 22.77 52.51 0.416 0.263 30.3

30 24.04 56.45 0.422 0.258 30.3
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Figure 3: Continued.

7Geofluids



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0

50

100

150

200

250

Test data parallel to bedding
SDAR model parallel to bedding
Test data perpendicular to bedding
SDAR model perpendicular to bedding

D
ev

ia
to

r s
tr

es
s (

M
Pa

)

Strain (%)

(c)

Figure 3: Stress-strain curves of shale under different confining pressures: (a) confining pressure 10MPa, (b) confining pressure 20MPa, and
(c) confining pressure 30MPa.
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Figure 4: Stress loading path and loading direction variations in the true triaxial tests. (a) Stress loading path. (b) Variations of stress loading
direction. [49].

Table 2: Mechanical parameters of coal in different directions [49, 50].

Stress loading
path

Elastic modulus along
the face cleat plane
direction (GPa)

Elastic modulus along
the butt cleat plane
direction (GPa)

Elastic modulus along
the bedding plane
direction (GPa)

Poisson’s ratio
parallel to
bedding

Poisson’s ratio
perpendicular to

bedding

Friction
angle (°)

Path 1
(σ2 = 20MPa,
σ3 = 10MPa)

4.11 3.28 3.24 0.14 0.22 28

Path 2
(σ2 = 30MPa,
σ3 = 10MPa,)

4.55 3.67 2.87 0.14 0.22 28
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Figure 5: Stress-strain of coal in orthogonal directions in different stress loading paths. (a) Path 1 (σ2 = 20MPa, σ3 = 10MPa). (b) Path 2
(σ2 = 30MPa, σ3 = 10MPa).
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Figure 6: Damage evolution of anisotropic coal under different stress loading paths. (a) Path 1 (σ2 = 20MPa, σ3 = 10MPa). (b) Path 2
(σ2 = 30MPa, σ3 = 10MPa).

Table 3: Values of elastic modulus in orthogonal directions.

Serial number
Elastic modulus along the face
cleat plane direction (GPa)

Elastic modulus along the butt
cleat plane direction (GPa)

Elastic modulus along the
bedding plane direction (GPa)

Case 1 3 3 3

Case 2 3.5 3 3

Case 3 4 3 3

Case 4 3 3.5 3

Case 5 3 4 3

Case 6 3 3 3.5

Case 7 3 3 4
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of parallel to bedding is smaller than that of perpendicular to
bedding. The stress-strain of transversely isotropic shale
under conventional triaxial stress can be well calculated by
the SDAR model.

3.1.2. Orthogonal Anisotropic Coal under True Triaxial Stress
Condition. Under the influence of sedimentation, there is an
obvious approximate horizontal bedding plane structure in
coal. In addition, there are a lot of cleats in coal, which can
be divided into face cleat and butt cleat [45]. These two kinds
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Figure 7: Stress-strain and damage evolution of different elastic moduli in orthogonal directions. (a) Stress-strain curves. (b) Damage variable.

Table 4: Values of Poisson’s ratio in different directions.

Serial
number

Poisson’s ratio parallel
to bedding

Poisson’s ratio
perpendicular to bedding

Case 1 0.20 0.20

Case 2 0.25 0.20

Case 3 0.35 0.20

Case 4 0.20 0.25

Case 5 0.20 0.35
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of cleats are approximately orthogonal to each other and per-
pendicular to the bedding plane (Figure 4(a)) [46, 47]. Due to
the existence of cleat and bedding (referred to as fractures),
coal is generally divided into matrix and fracture. The coal
matrix is also usually simplified to shape of cubes. Therefore,
the mechanical properties of coal are considered to be nearly
orthotropic [48].

According to the geological structure characteristics of
coal seam, the raw cubic coal samples were prepared in the
orthogonal fracture directions in Liu’s research [49]. The
orthogonal fracture directions were bedding plane direction
(BD), face cleat plane direction (FD), and butt cleat plane
direction (UD), respectively. Then, the true triaxial loading
test was carried out with the cubic coal samples in two true
triaxial stress paths. The two true triaxial stress paths were
conducted as follows (Figure 4(a)). Firstly, the coal sample
was loaded to the hydrostatic pressure (σ1 = σ2 = σ3) of
10MPa. Next, σ3 was kept constant while the σ1 and σ2 were
increased to the design values of σ2 simultaneously. The
design values of σ2 were 20 and 30MPa, respectively. Finally,
the σ2 and σ3 were kept constant, but the σ1 was increased
until the coal sample failure.

In this way, the complete stress-strain of coal samples
under the true triaxial stress conditon was tested. The loading
directions of three principal stresses (σ1, σ2, σ3) were parallel
or perpendicular to the original fractures (bedding plane, face
cleat, and butt cleat) in the tests. During the whole tests, the
directions of the three principal stresses were kept
unchanged, but the directions of original fractures in cubic
coal sample were changed in turn (Figure 4(b)). Based on
the true triaxial test results under different stress paths, the
developed SDAR model is validated. The parameters used
for validation of coal are illustrated in Table 2.

The theoretical results of the SDAR model and test data
of coal on stress-strain are shown in Figure 5. By comparing
the stress-strain in each stress path, the peak strength of coal

samples prepared in three directions is in the same order. The
peak strength of coal sample along the BD is the largest. And
the peak strength of coal sample along UD is the smallest.
Moreover, the peak strain also decreased in the order of
BD, FD, and UD.

Compared with the test data, the results of the SDAR
model can basically represent the stress-strain relationship of
coal in different directions under true triaxial condition. In
the phase of prepeak, the theoretical results are in good agree-
ment with the test data. The peak stress of the SDAR model is
very close to the experimental value of coal in each case. In the
postpeak phase, all the theoretical curves obviously present
variation of strain softening, which is the same as the test data.
All the values of the SDAR model decrease rapidly after the
peak stress point. The corresponding tested results also show
a decrease trend, but the decrease rate is relatively slow. There
is a certain deviation between the SDAR model and the test
results in the postpeak phase. In the postpeak phase, there
are many reasons for this deviation, including the properties
of rock, test conditions, loading procedure, and failure mode
of rock [20]. On the whole, stress-strain relationship of ortho-
tropic coal under true triaxial loading can be well evaluated by
the SDAR model.

3.2. Evolution of Damage Variable. As a heterogeneous geo-
logical material, rock has many original defects. Under the
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Figure 8: Stress-strain and damage evolution of anisotropic Poisson’s ratio. (a) Stress-strain curves. (b) Damage variable.

Table 5: Increasing values of wi.

Serial number wi

Case 1 6.32

Case 2 9.32

Case 3 12.32

Case 4 15.32

Case 5 18.32
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influence of various stresses, the defects continuously emerge
and expand, which result in damage accumulation in rock.
Damage accumulation is the main reason for progressive fail-
ure of rock. It is also the important factor determining the
stress-strain relationship of rock. It is of great significance
to investigate the rock damage evolution under loading for
developing the constitutive model.

Based on Liu’s research [49], the damage evolution of
orthotropic coal samples drilled in different directions under
true triaxial loading is analyzed by the SDAR model. Figure 6
demonstrates the evolution of coal samples prepared in each
direction (BD, FD, and UD) under different stress paths. It
can be seen that when the axial strain is less than a certain
value, the value of damage variable in all directions is 0. In
other words, there is no damage in the early phase of loading.
In the process of test, the axial strain increases continuously
with the increase of loading stress. After the peak stress point,
the stress-strain curves present the strain softening with the
decrease of stress. But during the whole loading process, both
the damage variable and the axial strain are monotonically
increase. The value of damage variable increases from 0 to1.

In stress path 1 (σ2 = 20MPa, σ3 = 10MPa), the damage
evolution of coal samples loading along the FD and UD is
similar. The initial damage first emerges in the coal sample
loaded in FD, but the damage variable of coal sample loaded
in UD first reaches 1. The initial damage of coal sample
loaded in BD emerges the latest. Meanwhile, the damage
accumulation rate of coal loaded in BD is the slowest. There-
fore, the increase rate of damage variable in BD is the slowest,
and the value of axial strain corresponding to damage vari-
able reaching 1 is the largest.

In stress path 2 (σ2 = 30MPa, σ3 = 10MPa), the initial
damage first emerges in the coal sample loaded in UD, but
the damage variable of coal sample loaded in FD first reaches
1. The development of damage in the BD is still the slowest.
The SDAR model established in this study can well evaluate

the damage evolution of anisotropic rock. And the SDAR
model also provides a theoretical analysis method for the
damage evolution of anisotropic rock under true triaxial
condition.

4. Sensitivity Study of Parameters

The sensitivity analysis was based on the test in BD under stress
path 1 (σ2 = 20MPa, σ3 = 10MPa) of Liu’s research [49]. Sensi-
tivity analysis is conducted from two aspects: mechanical
parameters and model parameters. The mechanical parameters
include anisotropic elastic modulus and anisotropic Poisson’s
ratio. The model parameters refer to wi and F0i.

4.1. Sensitivity of Mechanical Parameters

4.1.1. Anisotropic Elastic Modulus. In order to research the
influence of elastic modulus in each direction on the stress-
strain relationship and damage evolution, the sensitivity of
elastic modulus in orthogonal directions (BD, FD, and UD)
is analyzed on the basis of only changing the value of elastic
modulus in each direction. The other parameters remain
constant. The values of elastic modulus in all three directions
are listed in Table 3. Poisson’s ratio of coal in all directions is
0.3, and the friction angle of coal is 28°. The loading path of
true triaxial stress in the analysis is based on the path 1
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Figure 9: Stress-strain and damage evolution of different wi. (a) Stress-strain curves. (b) Damage variable.

Table 6: Increasing values of Fi0.

Serial number Fi0 (MPa)

Case 1 53.57

Case 2 63.57

Case 3 73.57

Case 4 83.57

Case 5 93.57
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(σ2 = 20MPa, σ3 = 10MPa) in Figure 4(a). According to the
above parameters and stress path, the axial strain and dam-
age evolution of coal samples prepared along the butt cleat
plane direction under true triaxial condition are analyzed.

There are different stress-strain relationships and damage
evolution under various combinations of elastic modulus.
Figure 7 shows the results of stress-strain and damage under
different anisotropic elastic moduli.

Comparing the cases 1, 2, and 3 in Figure 7(a), the
results show that the larger the elastic modulus along the
face cleat plane direction is, the higher the peak strength
of coal is, and the faster the strain softening rate is after
peak point. From the comparison among cases 1, 2, and
3 in Figure 7(b), it shows that the larger the elastic mod-
ulus along the face cleat plane direction is, the later the
accelerated damage accumulation phase emerges. Mean-
while, the increasing rate of damage accumulation
becomes faster, and the damage variable reaches 1 earlier.

Then, comparing the cases 1, 4, and 5 in Figure 7(a), it
can be obtained that with the increase of elastic modulus
along the butt cleat plane direction, the slope of the elastic
deformation phase in the stress-strain curve increases while
the peak strength of coal decreases. At the same time, the rate
of stress dropping increases after peak point. The results of
comparison among cases 1, 4, and 5 in Figure 7(b) demon-
strate that the larger the elastic modulus along the butt cleat
plane direction is, the earlier the accelerated damage accu-
mulation phase emerges. Moreover, the increasing rate of
damage accumulation becomes slower, and the value of dam-
age variable reaches 1 later.

By comparing the curves of cases 1, 6, and 7 in Figure 7,
we can know that the effects of elastic modulus along the bed-
ding plane direction on the variation of peak stress, stress-
strain relationship, and damage are same as the effect caused
by the elastic modulus along the face cleat plane direction,
but the variation degree of curves under the influence of elas-

tic modulus along the bedding plane direction is smaller. In
other words, the sensitivity of elastic modulus along the bed-
ding plane direction is not as high as that of elastic modulus
along the face cleat plane direction.

Because the sensitivity analysis is focused on the case that
the maximum principal stress (σ1) is loaded along the butt
cleat plane direction, the variation of the elastic modulus along
the butt cleat plane direction has a significant influence on the
stress-strain and damage, but the change of elastic modulus in
the other direction, as the face cleat plane or bedding plane,
has little effect on the stress-strain and damage evolution.

4.1.2. Anisotropic Poisson’s Ratio. For the purpose of investi-
gating the influence of Poisson’s ratio on the stress-strain and
damage evolution, the values of Poisson’s ratio in different
directions are changed while the other parameters are kept
constant in the sensitivity analysis. The elastic modulus of
coal in all directions is 3GPa, and the friction angle of coal
is 28°. It can be known that the strain in the i-axis direction
is only influenced by Poisson’s ratio in the other two direc-
tions (vij and vik) from Eqs. (10), (23), and (24). Then, the
calculation is carried out according to the case that the max-
imum principal stress (σ1) is loaded along the direction of
butt cleat plane in Figure 4. The values of Poisson’s ratio in
all directions are shown in Table 4.

The stress-strain and damage of coal under different
Poisson’s ratio are shown in Figure 8. The values of the slope
concerning elastic deformation phase in the stress-strain
curves under different Poisson’s ratios are equal
(Figure 8(a)). With the independent increase of Poisson’s
ratio in a certain direction (parallel to bedding or perpendic-
ular to bedding), the peak strength, peak strain, and the rate
of stress dropping decrease. Meanwhile, with the increase of
Poisson’s ratio, both the axial strain corresponding to the ini-
tial damage and the increase rate of damage variable decrease
(Figure 8(b)).
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Figure 10: Stress strain and damage evolution of different Fi0. (a) Stress-strain curves. (b) Damage variable.
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4.2. Sensitivity of Model Parameters

4.2.1. Parameter of wi. In order to study the parameter of wi,
the value of wi is increased at intervals of 3. And the values of
wi are shown in Table 5. On the premise that other parameters
remain unchanged, with the increase of wi, the phase of linear
elastic deformation becomes longer, and the peak strength and
peak strain increase obviously (Figure 9(a)). Some changes in
the damage variable corresponding to the stress-strain are also
observed. With the increase of wi, the axial strain correspond-
ing to initial damage and the rate of damage accumulation
become larger (Figure 9(b)). The value of damage variable
would reach up to 1 as soon as wi increases.

4.2.2. Parameter of Fi0. In order to analyze the sensitivity of Fi0
, the values of Fi0 are changed according to Table 6. The stress-
strain and damage variable can be obtained in different values
of Fi0. As it can be seen in Figure 10(a), with the increase of
Fi0, the phase of elastic deformation becomes longer, and the
peak strength and peak strain increase obviously. Moreover,
the stress after peak point decreases based on the same slope
at different values of Fi0. Meanwhile, the axial strain corre-
sponding to the emergence of initial damage becomes larger
with the increase of Fi0 (Figure 10(b)). It indicates that higher
loading stress is required for emergence of coal damage. In
addition, the larger the Fi0 is, the larger the axial strain corre-
sponding to the damage variable reaching 1 becomes.

5. Conclusions

(1) Based on the proposed concept of areal damage and
statistical damage mechanics, a statistical damage
constitutive model of anisotropic rock (SDARmodel)
is established. According to the test validation, it is
proved that the model can well evaluate the stress-
strain relationship and damage evolution of aniso-
tropic rock in different directions

(2) The three principal stresses in orthogonal directions
are independent of each other in the process of devel-
oping the SDAR model. Therefore, the SDAR model
can be applied to predict the stress-strain and damage
evolution of anisotropic rock under true triaxial load-
ing condition

(3) The effect of elastic modulus in one direction on the
strain of the same direction is more significant than
that in other directions. With the increase of elastic
modulus in one direction, the slope of elastic defor-
mation in the stress-strain curve of the same direc-
tion becomes larger. Meanwhile, the accelerated
damage accumulation phase begins. With the
increase of Poisson’s ratio, the peak strength, peak
strain, and the rate of stress dropping in the postpeak
zone decrease

(4) The elastic phase in the stress-strain curve becomes
longer with the increased value of wi. Meanwhile,
the peak strength, peak strain, and rate of stress drop-
ping after peak point increase with the increased

value of wi. Moreover, the rate of damage accumula-
tion increases as well. On the basis of increasing Fi0,
the elastic deformation phase in the stress-strain
curve becomes longer. Both peak strength and peak
strain tend to be larger. The rate of stress dropping
after peak point is constant. And the axial strain cor-
responding to the emergence of initial damage
becomes larger

Nomenclature

C: Elastic matrix
D: Damage variable
E: Elastic modulus
F: Failure strength of element
I: Identity matrix
I1: First invariant of stress
J2: Second invariant of stress deviator
N : Number of mesoscopic elements
P: Failure probability density
S: Initial total area
~S: Actual bearing area
w: Parameter of Weibull function
α: Parameter of material
ε: Strain
ν: Poisson's ratio
σ: Apparent stress
σ∗: Effective stress
φ: Friction angle
ψ: Continuity of material
ω: Damage factor.

Subscripts and Superscripts

cp: Peak point of stress or strain
d: Damage
dp: Drucker-Prager criterion
i, j, k: Coordinate axes
0: Initial Value
1, 2, 3: Direction of principal stress.
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Mining is associated with poor safety due to pressure relief gas emission from the goaf during the production period. The aim of this
study was to explore a case study of the Wangjialing coal mine 12322 working face in Shanxi, China, through physical simulation
and field observation. The mine is characterized by overlying strata fracture in goaf during the process of working face mining. A
mathematical model of gas source emission from the working face and gas migration and the finite element COMSOL software
were used to simulate the law of gas migration in the region with overlying strata fissures under the influence of mining. The
simulation results were used to explore the law of distribution of pressure relief gas in goaf. Rational parameters of the high-
level directional long borehole for the pressure relief gas extraction in goaf were designed based on experimental results. The
results showed that the development of the region with overlying strata fissures is affected by mining. In addition, the “trapezoid
platform structure” is formed after fracture areas are connected. The maximum height of the stope caving zone was between
26.8m and 28.1m, and the maximum height of the fracture zone was approximately 110m. The gas concentration exhibited a
saddle-shaped distribution on the cut surface of the direction of the strike. Furthermore, the gas concentration showed an
overall upward trend from the intake airflow roadway to the return airflow roadway and gradually decreased after reaching the
maximum. In the vertical direction, gas concentration increased with the increase in the layer, and the position of the highest
point of gas concentration gradually shifted to the direction of the intake airflow roadway. Construction parameters of the high
directional long borehole were designed through simulation results. After steady extraction and stable extraction, the maximum
gas concentration in the upper corner of the working face was 0.49%, and the maximum gas concentration in return airflow was
0.34%. The findings of this study provide information on the law of fracture evolution of overlying strata and gas migration in
goaf under the influence of mining. These findings provide a basis for reducing gas overlimit in the working face or return
airway corner, thus improving the safety production capacity of the coal mine.

1. Introduction

Currently, many coal seams in China coal mines are thick
continuous coal seams. The coal mines account for about
44% of the total coal reserves in China [1]. Coal is one of
the main energy sources in China [2–4]. Therefore, the devel-
opment of high-yield, high-efficiency, and safe mining tech-
nology for thick continuous coal seams is important to
ensure the high production of coal [5]. However, the rapid
development of mining technology in the coal industry

results in an increase in the depth and intensity of mine min-
ing. These features result in an increase in mine gas emission
quantity. Gas release limits mine efficient mining [6–9]. The
problem of high gas accumulation in the return airway cor-
ner caused by high gas emission from goaf during coal seam
mining has not been fully solved [10, 11]. Advances in mine
gas control technology have significantly improved the
pressure-released gas control capacity in goaf through the
extraction of the high directional long borehole [12–15].
However, the buried pipe in goaf and the pressure relief gas
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drainage technology of the high borehole in coal mining are
limited by the uncertainty of the gas emission law of the
working face and the unclear law of the gas flow field in
goaf and the unclear area of the failure of the overlying
strata. High-efficiency control of gas in goaf is restricted,
thus significantly affecting the safety production of coal
mining. The fracture transfixion area of overburden rock
under the influence of mining which leads the gas in goaf
into the working face under the influence of airflow signif-
icantly affects the safety of coal mining. Therefore, there is
a need to explore the distribution characteristics of the
overlying strata fracture in the process of working face min-
ing, the law of gas migration in goaf, and gas outbursts
from the working face to improve the gas control capacity
of mine goaf.

The caving of overlying strata forms three regions includ-
ing the caving zone, fracture zone, and bending subsidence
zone due to the stress effect [16]. The fracture zone is the
main channel for gas transportation and seepage. Several
studies have explored aspects of the fracture zone, such as
empirical formula, numerical simulation, physical simula-
tion, and field measurement. A large number of fracture
development models of mining overburden have been estab-
lished based on theoretical information. Palchik [17, 18] used
the drainage method to measure the height of the fracture
zone after weak overburden coal seam mining. The findings
showed that the ratio of maximum height of the fracture zone
to coal seam thickness increases with an increase in the inter-
face number of overlying strata and decreases with an
increase in stiffness of the immediate roof. Majdi et al. [19]
determined the height of the failure region at the top of the
working face using two mathematical models that were
established through experimental data. Lin et al. [20] and
Zhang and Wang [21] simulated the actual mining process
of the working face by establishing a physical similarity
model, thus analyzing the fracture evolution law of overlying
strata. Furthermore, Gao et al. [22] and Wu et al. [23] simu-
lated the collapse characteristics and fracture zone height
distribution characteristics of overlying strata in goaf by
establishing two-dimensional discrete element models. In
addition, several studies have explored gas emission and
migration in goaf based on the distribution law of the fissure
zone. Yuan [24] and Danesh et al. [25] report that the law of
overburden fracture evolution is correlated with gas migra-
tion in goaf. Cao and Li [26] and Liu et al. [27] explored
the effect of gas drainage in goaf on gas flow in goaf and
the overburden fissure zone. Whittles et al. [28] established
the gas seepage model of goaf by numerical simulation and
indoor experiments and explored the gas source and the path
to the working face of goaf. Several studies have used these
findings to explore the goaf gas treatment technology and
methods. For instance, Guo et al. [29] evaluated the pressure
control of coal seam horizontal drainage and developed a
conceptual model on gas drainage. Moreover, Zhang et al.
[30] determined the extraction situation of 29 ground bore-
holes in four working faces and analyzed the law of pressure
relief gas extraction. Schatzel et al. [31] evaluated the
dynamic influence of coal seam storage conditions and over-
burden structure on gas drainage in goaf during mining.

The findings from these studies have significantly
improved the understanding of the fracture evolution law
of mining overburden and the law of gas migration in goaf.
However, most studies explore the distribution law of the
fracture area in the direction of the working face, whereas
the distribution law of the fissure area affected by mining in
an inclined direction is not explored; therefore, it is limited
in field application. In addition, the dynamic prediction
model of gas emission in mining has not been fully explored.
Therefore, when using these models to analyze calculations,
they significantly affect the distribution of gas migration in
goaf. Studies should explore the distribution range of the fis-
sure area and the crack expansion in each area when the
overlying strata in goaf are affected by mining. In addition,
studies should explore ways to improve the accuracy of the
gas emission prediction model in each area of the working
face, ensuring accurate prediction of gas distribution in goaf
to improve the effect of gas control in goaf.

This study sought to explore the evolution law of over-
burden fissures through a physical similarity simulation
and drilling peep method. In addition, the distribution range
of overlying strata fractures under the influence of mining
was determined. The dynamic gas emission models of the
coal wall, mining-falling coal, and remnant coal in goaf were
established to improve the accuracy of gas emission predic-
tion in goaf. Furthermore, the gas distribution and migration
of goaf were tested by numerical simulation, and the gas
enrichment area of goaf was explored. The results were then
used to determine the reasonable drainage parameters of
pressure relief gas, and the field application and effect verifi-
cation were carried out. The findings of this study provide a
theoretical basis for guiding mine gas accurate extraction
and ensuring mine safety and efficient mining.

2. Project Overview

The case study mine was the Wangjialing coal mine, located
in the Shanxi mine area in China. The mine has three layers
of mining coal seams with an area of 119.7 km2. The minable
coal seams include No. 2, No. 3, and No. 10. Currently, the
main mining coal seam is the No. 2 coal seam. The main
characteristics of the coal seam are low gas content and low
permeability. It is a high-gas mine characterized by high yield
and high efficiency. The longwall backward mining method
and comprehensive mechanized top caving technology are
used for this mine.

The 12322 fully comprehensive caving working face was
selected as the test face. The location of the working face is
shown in Figure 1. The 12322 working face was buried in
approximately 400m depth and had an average coal thick-
ness of 6.2m, and the coal seam structure was simple. The
working face roof comprised sandy mudstone and siltstone,
and the working face floor comprised sandy mudstone. The
working face strike length was 3300m, whereas the inclina-
tion length was 310m. The average coal seam gas content
was 3.74m3/t. The averaged absolute gas emission quantity
on the working surface is 9.79m3/min. The total gas content
of the working face was low; however, the gas emission was
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abnormal in the mining process due to the high yield and
high efficiency in the production process.

The lithology of overlying strata in coal seam mining
directly affects distribution characteristics of “two-zone”
fractures. Lithology characteristics and rock mechanics
parameters of the overlying strata in the 12322 working face
were determined based on the field drilling coring and labo-
ratory mechanics test of the overlying strata in the 12322
working face (Figure 2).

3. Evolution of Fracture in Overlying Strata

3.1. Physical Experiment of Fracture Evolution of Overlying
Strata in Mining

3.1.1. Model Design. According to geological conditions, two
identical plane stress similarity simulation models were
established when the ratio of geometric similarity is 1 : 200
(Figure 3). The model size was length × height = 2500mm
× 1200mm. The mining of coal seams was simulated with
a length of 500m and a height of 240m. The unsimulated
rock layer was compensated by an external load, and the
pressure of overlying strata was simulated by uniform load-
ing pressure. The thickness of the unsimulated rock layer is
230m, and the average volume weight of the rock layer is
2600 kN/m3. The added uniform loading pressure qm is
1993 kPa. The two models used were the step-by-step mining
model and the one-time mining model. The step-by-step
mining model simulates the working face forward. The exca-
vation step distance was set as 6m, and the total excavation
length was 380m. During the excavation process, 60m pro-
tective coal pillars were set up on both sides to eliminate
the boundary effect. An inclined model was used to simulate
the coal seam cutting process, using 310m obtained from a
one-time excavation simulation test.

Fine sand was used as skeletal material, calcium carbon-
ate and gypsum were used as bonding materials, and mica
powder was used to simulate the weak joint surface between
rock layers. The model comprised 5 survey lines. The 5th sur-
vey line was 20m away from the coal seam, 40m between the
No. 3, No. 4, and No. 5 survey lines, and 60m between the

No. 1, No. 2, and No. 3 survey lines. One displacement mea-
suring point was placed every 20m on each survey line, with
a total of 24 displacement measuring points.

3.1.2. Analysis of Simulation Results. The overlying rock
above the goaf gradually changes from an elastic state to a
plastic state when the coal seam is mined. The overlying rock
mass above the goaf moves and breaks when the working face
advances to a certain distance, forming the caving zone, the
fracture zone, and the bending subsidence zone. In the caving
zone, the rock strata break into blocks and collapse. In the
fracture zone, the fracture of the rock mass is fully developed;
therefore, the survey line subsidence in the caving zone is rel-
atively large, and the subsidence of different survey points on
the same survey line fluctuates significantly. Although the
fracture zone rocks have deformation and fractures, they
have good continuity. The subsidence of the measuring point
decreases with an increase in the measuring line position, and
the subsidence law of each line in the fracture zone is similar.
The “three zones” of mining overburden can be effectively
categorized based on the above analysis.

The simulation results when working face mining to
380m are shown in Figures 4(a)–4(c). When the mining area
reaches 380m, the working face experiences 12 cycles of peri-
odic pressure (Figure 4(a)). Statistical analysis showed that
the first pressure distance was 50m, and the periodic pres-
sure distance average was 25m. The change of the rock strata
after each periodic pressure showed a certain regularity. The
length of the rock layer collapsed after the periodic pressure
was basically the same. All lengths were approximately equal
to the periodic pressure step distance. However, the higher
the overburden, the more backward the caving boundary
was and the farther the projection of the caving boundary
on the coal seam from the working face. The fragmented
rocks appear irregular after the collapse of the caving zone,
and a large difference in the degree of compaction was
observed; therefore, it causes the same rock strata subsidence
quantity disparity to be big. The sinking situation of each
measuring line was drawn based on an analysis of the sinking
value of each measuring point (Figure 4(b)). The final vertical
displacement changes of the five survey lines of the overlying

Shanxi
province

Wangjialing
No.2 coal

seam

Gob of 12322
working face

Ventilation
roadway

Transportation
roadway

Sublevel caving
coal

Fully mechanized
coal

Overlying
strata

Figure 1: Distribution of coal seams in the Wangjialing coal mine.
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strata after mining were visible. Survey line 5 showed the
largest displacement and subsidence, which is close to the
mining thickness of the coal seam, with a maximum value
of 5.4m. The subsidence of survey line 4 and survey line 3
decreased sharply with a similar trend, with a maximum of
3.4m. The sinking amounts of survey line 1 and survey line

2 were the smallest, and the maximum sinking values were
2.3m and 2.1m, respectively. These differences occur
because survey line 5 is located in the caving zone of the coal
roof of the goaf, survey lines 3 and 4 are located in the frac-
ture zone of the coal roof of the goaf, and survey lines 1
and 2 are located above the fracture zone. The overlying

Lithology Columnar
Strata

thickness
(m)

Density
(kg·m–3)

Compressive
strength
(MPa)

Tensile
strength

MPa

Elastic
modulus

(GPa)

Poisson’s
ratio

Geometric
similarity

ratio

Mudstone 11.0 2643 62.6 2.84 10.45 0.30

1:200

Sandy mudstone 38.9 2635 64.0 2.19 16.90 0.23
Mudstone 10.1 2643 62.6 2.84 10.45 0.30

Fine sandstone 6.0 2645 58.5 2.98 18.01 0.21
Sandy mudstone 7.0 2635 64.0 2.19 16.90 0.23

Mudstone 6.7 2643 62.6 2.84 10.45 0.30
Fine sandstone 9.3 2645 58.5 2.98 18.01 0.21

Mudstone 6.7 2643 62.6 2.84 10.45 0.30
Sandy mudstone 6.8 2635 64.0 2.19 16.90 0.23

Mudstone 9.2 2643 62.6 2.84 10.45 0.30
Sandy mudstone 5.6 2635 64.0 2.19 16.90 0.23

Siltstone 8.5 2643 55.4 2.75 9.86 0.18
Sandy mudstone 10.8 2635 64.0 2.19 16.90 0.23

Mudstone 13.1 2643 62.6 2.84 10.45 0.30
Sandy mudstone 10.8 2635 64.0 2.19 16.90 0.23
Fine sandstone 2.8 2645 58.5 2.98 18.01 0.21

Mudstone 16.5 2643 62.6 2.84 10.45 0.30
Sandy mudstone 17.1 2635 64.0 2.19 16.90 0.23

Siltstone 2.0 2643 55.4 2.75 9.86 0.18
Mudstone 3.9 2643 62.6 2.84 10.45 0.30
Siltstone 6.2 2643 55.4 2.75 9.86 0.18

Sandy mudstone 2.1 2635 64.0 2.19 16.90 0.23
Siltstone 3.4 2643 55.4 2.75 9.86 0.18

Sandy mudstone 19.5 2635 64.0 2.19 16.90 0.23
No.2 coal seam 6 .0 1301 13.0 0.88 2.43 0.31

Sandy mudstone 2 .0 2635 64.0 2.19 16.90 0.23

Figure 2: Mechanical parameters of overlying strata in the No. 2 coal seam.
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Figure 3: Physical similarity model of the working face.
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strata fracture distribution network in the coal mining process
is obtained through image processing of Figure 4(a). The dis-
tribution law of the caving zone and fissure zone is accurately
shown in Figure 4(c). The maximum height of the caving zone
of the strike model was 28.2m, the maximum height of the
fracture zone was 118.6m, the caving angle at the cut eye
was 60°, and the caving angle at the working face was 52°.

The simulation result of the one-time mining of the dip
model is presented in Figures 4(d)–4(f). The rock formation
collapsed after mining. One-time excavation is different from
stepwise excavation in that coal cutting speed is faster, result-
ing in an increased distance of fracture of the rock. Analysis
of the sinking value of the measurement points in
Figure 4(e) shows that the sinking of the measurement points
is generally similar to that of the strike model. The farther
away from the roof of the coal seam, the smaller the sinking
amount of the displacement measuring point. In addition,
the displacement variation of each row of measuring points
has a corresponding law. The sinking value of the displace-
ment measuring point of survey line 5, which was 20m away
from the coal seam floor, was between 5.0m and 5.6m. The
maximum subsidence of survey line 4 from 60m of the coal
seam floor was 4.0m, and the maximum subsidence of survey
line 3 was 3.8m. These findings show that the farther the dis-
tance from the coal roof is, the smaller the subsidence of the
survey point. Analysis of the fracture distribution network
shows that the cracks in the middle of the goaf are com-
pacted, whereas the cracks on both sides are relatively devel-
oped (Figure 4(f)). Several broken fracture gaps occur below
28.2m from the roof of the coal seam, which are relatively
messy, and belong to the caving zone. Fractures from the
upper part of the caving zone to a height of 113.6m are
relatively developed and belong to the fracture zone. Mea-
surement of the caving angle of coal seams was inclined to
one-off mining. The caving angle of the coal cutter tail was
56°, whereas the caving angle of the coal cutter head was 63°.

3.2. Field Test of Fracture Evolution of Overlying Strata. The
field test is the most intuitive and reliable method to study

the development of “three-zone” cracks in overlying strata
[32, 33]. Two drill holes are arranged in the coal wall of the
return airway of the working face. The location and develop-
ment of fissures in the borehole under the effect of mining
were monitored using the drilling peep method. Borehole
layout parameters are shown in Table 1, and the layout is
shown in Figure 5.

By observing the development inside the borehole, the
fracture area of goaf is analyzed during the process of mining
(Figure 6). Analysis of the No. I hole at a depth of 24m
showed that the hole wall was complete, and only small
cracks were produced, with no large penetrating cracks. A
large number of cracks occurred in the area from 24m to
59m, resulting in the collapse of the hole wall. The cracks
were developed and irregular. In addition, observation was
done from drilling at 59m to the bottom of the hole. The fis-
sures were stable in this area, and regular penetrating fissures
and separation fissures were observed. Analysis of the No. II
hole showed that the hole wall was intact within 26m deep
before drilling, and a large amount of broken rock appeared
in the area from 26m to 93m. Further observation showed
that the borehole was significantly deformed. Moreover, it
was gradually blocked before the entrance of the bottom of
the borehole, indicating that the borehole had reached the
goaf compaction zone.

Borehole No. I did not enter the caving area behind the
working face before 24m; therefore, the borehole wall in this
area was complete. After entry to the goaf, it first went
through the caving zone, resulting in shredding and shedding
of rocks in the borehole. The borehole entered the fracture
zone at a depth of 59m. The fracture development was regu-
lar, and the rock integrity was good. The front section of
borehole No. II was similar to that of borehole No. I. Several
rock blocks accumulated in the borehole at a depth of 26m
into the caving zone of goaf, whereas at 93m deep, the bore-
hole entered the goaf compaction area and was gradually
blocked.

The location of the hole was determined by drawing the
vertical view and front view of borehole No. I and No. II.
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Figure 4: Migration and fracture development of overlying strata during coal seam mining.
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Analysis of the measured results was done through borehole
peeking. Borehole No. I entered the goaf zone and fracture
zone but did not enter the compaction zone. Borehole No.
II entered the caving zone and compaction zone but did
not enter the fracture zone. The height of the caving zone
was between 26m and 28m, and the compaction area was
about 50m from the mining face and 22m~52m from the
return air roadway.

4. Law of Gas Migration in Goaf under the
Influence of Mining

4.1. Law of Gas Emission from the Fracture Zone

4.1.1. Dynamic Gas Emission Model of the Working Face

(1) Coal Wall Gas Emission Model. The fresh coal wall was
constantly exposed during the mining process of the working
face, and a constant gas pressure gradient was observed in
front of the working face. Therefore, the gas in the coal seam
flowed to the working face. The intensity of gas emission
decreased with an increase in coal wall exposure time. The
amount of coal wall gas emission mainly depends on the
original coal seam gas pressure, coal seam permeability, and
coal gas adsorption performance. Under constant mining
conditions, the gas emission intensity has the following func-
tion relationship with the exposure time:

V1 =V r 1 + tð Þ−n1 , ð1Þ

where V1 represents the gas emission intensity per unit area
of the coal wall at time t, m3/(m2·min); V r represents the gas

emission intensity per unit area of the coal wall at the initial
moment, m3/(m2·min); t represents the coal wall exposure
time, min; and n1 represents the coal wall gas emission atten-
uation coefficient, min-1.

The cumulative gas emission per unit area of the coal wall
during normal advancement of the working face is

q1 =
ðt
0
V1dt: ð2Þ

Absolute gas emission from the coal wall of the working
face is calculated as follows:

Q1 = S•q1: ð3Þ

The effective exposed area of the coal wall of the working
face is divided into the front coal wall S1 and the top coal wall
S2. Gas emission from the coal wall is the sum of the two
parts:

S = S1 + S2, ð4Þ

S1 = l•h0, ð5Þ
S2 = l•w: ð6Þ

In the formula, S represents the effective exposed area of
the coal wall of the working face, m2; l represents the length
of the working face, m; h0 represents the height of the
working face, m; and w represents the width of the working
surface, m.

The absolute gas emission from the coal wall is calculated
through organization and integration of formulas (1)–(6) as
follows:

Q1 =V r
1 + tð Þ1‐n1
1‐n1

‐ 1
1‐n1

 !
l h0 +wð Þ: ð7Þ

(2) The Law of Coal Gas Emission from Coal Mining. Part of
the gas in the working face is released during the mining
process as the coal body is broken into different particle
sizes. The amount of emission is mainly related to factors
such as coal amount, desorption gas content, desorption
strength, and exposure time. In the process of mining,
the gas desorption strength of coal is correlated with the
exposure time of coal. The mathematical expression of this
relationship is

V2 = Vc•e−n2t , ð8Þ

Table 1: Drilling parameters.

Drilling
number

Hole position
Drilling diameter

(mm)
Drilling depth

(m)
Inclination

(°)
Included angle with laneway

midline (°)

1# The coal wall at 20m away from the
working face

ϕ73
120 +27.0 12.0

2# 135 +12.0 35.0

I

II

Figure 5: Schematic of the peephole.
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Figure 6: Observation results of drill holes during mining.
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whereby V2 represents the gas emission intensity at time t
when the mined coal stays at the working face, m3/(t·min);
n2 represents the attenuation coefficient of gas emission
from coal mining, min-1; V c represents the initial gas emis-
sion intensity of broken coal, m3/(t·min); and t represents
the residence time of mined coal on the working face, min.

During the production period, the coal mine gas emission
Q2 is affected by the mined coal quality and gas desorption
strength. The mathematical expression of this relationship
is as shown below:

Q2 =
ðt
0
dV2 ⋅M2

W0
1:5

: ð9Þ

In the formula, dV2 represents the total gas emission
intensity of coal mined at time dt, m3/(t·min);M2 represents
the coal mining quality, t; t represents the time of coal trans-
portation, that is, the time when the coal mass is transported
out of the working face through the scraper conveyor and the
belt, min; and W0 represents the desorption gas content
amount of the coal mass, m3/t.

M2 is calculated as follows:

M2 = Rh1ρdv0, ð10Þ

whereby h1 represents the coal seam thickness, m; ρ is the
coal density, t/m3; d is the shearer cutting depth, m; R
represents the rate of recovery, %; and v0 represents the coal
cutting speed, m/min.

The amount of gas emission in the coal mining process of
the working face can be obtained by combining equations
(8)–(10) and integrating t as follows:

Q2 =
2
3
Rh1ρdv0W0

Vc
n2

1 − e−n2t
� �� �

: ð11Þ

(3) Model of Gas Emission from Remnant Coal in Goaf. In the
process of comprehensive mining, a relationship between the
desorption strength of the remnant coal gas and the exposure
time of the coal mass is observed. The relationship is similar
to the change law of the gas emission intensity of the mined
coal. The mathematical expression of this relationship is

V3 = Vc•e−n3t: ð12Þ

In the formula, V3 represents the gas emission intensity
at time t of unit remnant coal in the goaf, m3/(t·min); n3 rep-
resents the gas emission attenuation coefficient of remnant
coal, min-1; and t represents the stay time of remnant coal
in goaf, min.

Gas emission from the goaf is mainly affected by the
recovery rate during the process of comprehensive mining.
A high recovery rate leads to less remnant coal; therefore,
the gas emission in the goaf is lower. The effective gas emis-
sion in goaf is calculated as follows:

Q3 =
ðt
0
dV3 ⋅M3

W0
1:5

: ð13Þ

In the formula, Q3 represents the gas emission from goaf,
m3; dV3 represents the gas emission intensity of remnant
coal in goaf at time dt, m3/(t·min); M3 represents the quality
of remnant coal in goaf at time t, t;W0 represents the desorp-
tion gas content amount of the coal mass, m3/t; and t repre-
sents the exposure time of remnant coal in goaf, min.

The quality of the remnant coal in goaf depends on the
recovery rate of the working face and is calculated as follows:

M3 = 1 − Rð Þlh1ρl0: ð14Þ

In the formula, h1 represents the coal seam thickness, m;
ρ represents the coal density, t/m3; R represents the rate of
recovery, %; l represents the length of the working face, m;
and l0 represents the depth of goaf, m.

The amount of gas emission from the remnant coal in
goaf can be obtained by combining formulas (12)–(14) and
integrating

Q3 =
2Vc
3n3

1 − e−n3t
� �

1 − Rð Þlh1ρl0W0: ð15Þ

4.1.2. Gas Migration Model of the Mining Fracture Area

(1) Gas Migration Model in the Working Face. The Navier-
Stokes equation accurately describes the flow of fluid in the
pipeline. The airflow in the coal mine roadway and mining
face can be simplified to pipeline flow [34]. In this study,
the Navier-Stokes equation was used as the governing
equation of airflow in the working face, and the dependent
variables were the velocity vector (uns) and pressure (pns).
The equation is expressed as follows:

−∇•η ∇uns + ∇unsð ÞT
� �

+ ρuns•∇uns+∇pns = 0, ð16Þ

∇•uns = 0, ð17Þ

whereby η represents the viscosity coefficient, kg/(m·s); and ρ
is the fluid density, kg/m3.

(2) Gas Migration Model in Goaf. The goaf is affected by the
collapse of the roof and is filled with coal, and there are a lot
of cracks and cavities around the coal. The state of the gas
flow in goaf is between the Darcy seepage and the Navier-
Stokes pipeline flow. This state can be described by the
Brinkman equations, that is, the fluid flow equation in the
porous medium. The equation is mainly affected by the
velocity vector (ubr), the pressure (pbr), and the permeability
and porosity of the porous medium. Moreover, the perme-
ability and porosity in goaf are correlated with the coefficient
of dilatation of rock collapse. This relationship can be
expressed as shown below [35]:
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ρ

ε

∂ubr
∂t

� 	
+

μ

k

� �
ubr = −∇pbr+∇

μ

ε
ubr + ∇ubrð ÞT
� �� �

+ F,

ð18Þ

∇•ubr = 0, ð19Þ

k =
ε3d2m

150 1 − εð Þ2 ,
ð20Þ

ε = 1 −
1
kp

, ð21Þ

whereby η represents the viscosity coefficient, kg/(m·s); ρ is
the fluid density, kg/m3; ε is the porosity; k is the permeability
coefficient; kp is the coefficient of dilatation of rock collapse;
and dm is the average particle diameter of the porous
medium, m.

The fluid flow equations in the porous medium relative to
the velocity vector (ubr), pressure (pbr), and coefficient of
dilatation of rock collapse (kp) can be obtained by reorganiz-
ing equations (18)–(21) as follows:

ρ

ε

∂ubr
∂t

� 	
+

150μkp
kp − 1
� �3d2m

 !
ubr = −∇pbr+∇

μkp
kp − 1

ubr + ∇ubrð ÞT
� � !

+ F:

ð22Þ

4.2. Numerical Simulation of Gas Migration in Goaf

4.2.1. Numerical Model Establishment. The working face and
mining fissure field can be simplified based on the above-

mentioned physical test and the theoretical model of gas
migration. The model is divided into 15 regions based on
the different coefficients of dilatation of rock collapse of the
overburden rock caused by mining (Figure 7(a)).

Based on the physical similarity simulation, a gas migra-
tion model in goaf was established by COMSOL numerical
simulation, as shown in Figure 7(b).

The length and width of the goaf in the model are 400m
and 310m, respectively. In the model, the heights of the goaf,
caving zone, and fracture zone are 3m, 28.2m, and 90.4m,
respectively. And the caving angle in the inner part of the
goaf after the coal seam was mined was 60°, the caving angle
in the location of the coal face was 52°, the caving angle on
the side of the return airflow roadway was 63°, and the caving
angle on the side of the intake airflow roadway was 56°.

The height of the working face was 3m, the width was
5m, and the length was 310m based on the actual mine con-
ditions. The wind speed was 2.26m/s, the air density was
1.29 kg/m3, the gas density was 0.714 kg/m3, the air dynamic
viscosity coefficient was 5 × 10−5 Pa · s, and the gas pressure
was 0.2MPa. The outer boundary condition of the simulation
model is air-impermeable, which indicates that the gas can-
not travel through the boundary. The areas that contain the
caving zone and fracture zone are in free seepage conditions.
Also, the roadway and working face are both set in the free-
flow model of gas.

The gas migration in goaf was affected by permeability
and porosity, as shown by the abovementioned gas migration
model in goaf. In addition, the porosity and permeability are
correlated with the coefficient of dilatation of rock collapse.
Therefore, the coefficient of dilatation of rock collapse is
calculated based on the actual situation in the field. An

A1

B1

C1

B4
B2

B3

B5

A2 A5
A4

A3

C2 C5 C4

C3

(a) Division of the mining fissure field

Intake airway

Return airway 

(b) Numerical model grid segmentation

Figure 7: Numerical model of gas migration in goaf.

Table 2: Coefficient of dilatation of rock collapse of each area.

Area A1, B1 A2, B2 A5, B5 A4, B4 A3, B3 C1, C3 C5 C2, C4

Dilatation coefficient kp 1.2 1.14 1.05 1.12 1.07 1.05 1.07 1.06

Porosity 0.17 0.12 0.05 0.11 0.07 0.05 0.07 0.06

Permeability (10-6/m2) 1.45 1.2 0.03 1.2 0.14 0.14 0.007 0.3
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represents the goaf, Bn represents the caving zone, and Cn
represents the fissure zone. Specific values are shown in
Table 2.

4.2.2. Analysis of Numerical Simulation Results. Under the
influence of coal seam mining, gas migration is affected by
gas concentration and pressure. The development of fissures
of the overlying strata in various areas is very different.
Therefore, the distribution of gas in different areas of the goaf
is also different. During the diffusion of gas in the overburden
fissure area, the distribution of the mining fissure field plays a
vital role in gas migration. The gas concentration results
based on the distribution law of the mining fissure field are
shown in Figure 8.

The distribution patterns of gas with different concentra-
tions are shown in Figure 8. The gas concentration increases
gradually in the deep area of goaf along the coal seam strike.
The gas isosurface was dense, and the gradient of gas concen-
tration was relatively large near the return airway corner of
the working face. The gas migrates to the return airway cor-
ner direction due to the influence of air leakage near the
working face, which makes the gas concentration increase
gradually from the inlet wind corner to the return airway cor-
ner, in the direction of the coal seam inclination of the work-
ing face. The gas reaches the maximum value at the return
airway corner. The distribution of gas concentration in the
vertical direction shows that the gas concentration in the
fracture zone at the return airway corner is significantly
higher compared with that in the caving zone.

The plane gas distribution at 45m inside the extracted
working face is shown in Figure 9. On the plane at a depth

of 45m in goaf, the gas presents a “saddle-shaped” distribu-
tion as a whole. The highest concentration is distributed in
the area of the upper caving zone and lower part of the frac-
ture zone. The gas concentration data is extracted from the
tangent line at the height of 25m, 30m, 35m, 40m, and
45m at a depth of 45m in goaf for quantitative analysis. A
curve of gas concentration variation along coal seam

(a) Figure of gas distribution (b) Figure of concentration isosurface map
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Figure 8: Three-dimensional distribution of gas concentration in goaf.
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Figure 9: Plane diagram of gas concentration distribution at a depth of 45m in goaf.
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tendency was constructed, as shown in Figure 10. The curve
shows that from the intake airflow roadway of the working
face to the return airflow roadway, the gas concentration
gradually increases, then decreases and increases again.
Thereafter, it gradually decreases when it reaches the highest
point. The maximum gas concentration of the tangent at dif-
ferent heights is different. When the heights are 25m, 30m,
35m, 40m, and 45m, the distances from the highest point
of gas concentration to the return airflow roadway are
20.4m, 22.2m, 29.2m, 39.5m, and 49.3m, respectively. The
highest gas concentration at each height was 12.68%,
14.24%, 16.8%, 18.15%, and 21.15%, respectively, and the
gas concentration showed an increasing trend in the vertical
direction.

The effective extraction distance of drill holes in the over-
lying rock fissure of the goaf is affected by the overlying rock
collapse. The results from physical simulation show that the
drill holes should be located in the gas enrichment zone of
the crack area of the overburden rock caused by mining.
Moreover, the drill holes should mainly extract gas at a depth
of 40m-50m from the working face, thereby changing the
upper corner gas flow field and ensuring safety production
at the working face.

Based on this, the on-site setting of the high directional
long borehole is a balanced trade-off with the extraction
capacity and economic benefits. The high directional long
borehole is set as follows. The high directional long borehole
is set within 50m from the return airflow roadway of the
working face. The bottom location of the high directional
long borehole is arranged at the position of 20m, 30m,
40m, and 50m from the horizontal distance of the return air-
flow roadway, and the design layers of the high directional
long borehole are 20-30m, 30-40m, 40-50m, and 40-50m,
respectively.

5. Practical Application

In the normal mining process of the test working face,
affected by gas migration in goaf, the gas concentration of
the return airway corner of the working face is relatively high,
which affects safety production. Unsafe gas emission cannot
be effectively solved by ventilation. Reasonable high direc-
tional long borehole layout parameters are designed to
extract gas in the goaf overburden fracture area based on
the analysis of the law of fracture distribution of overlying
strata and gas migration in goaf, thus reducing the gas emis-
sion in goaf and changing the gas flow field near the return
airway corner. The location of the gas enrichment area of
the gas migration process can be effectively determined by

tracking the gas concentration of the working face and the
return airway corner during the mining process and real-
time monitoring of the gas concentration and the gas extrac-
tion volume of the high-position long borehole.

5.1. Drilling Location Selection. The primary task of gas
extraction in the fracture zone of the goaf is designing the
extraction method and parameters based on the determina-
tion of the range of the high-concentration gas enrichment
area. Regional determination of the gas enrichment area is
important for efficient extraction. Choosing the location of
the directional long boreholes in the gas enrichment area
can help in effectively extracting high-concentration gas
and achieving safety production in the mine. A reasonable
high-level directional long borehole parameter is designed
to carry out pressure relief gas extraction in the fissure zone
of goaf based on these findings. The design parameters are
shown in Table 3, and a high-level directional long borehole
arrangement is shown in Figure 11.

5.2. Effect Investigation

5.2.1. Extraction Effect. The extraction effect was determined
through the real-time monitoring of the gas extraction effect
of the high-level directional long borehole during the mining
of the working face (Figure 12). The findings show that in the
normal mining process of the working face, the four high-
level directional long boreholes in the drilling site extraction
effects were improved. The extraction concentrations of the
four boreholes were 11.0%-26.2%, 7.5%-32.6%, 10.0%-
20.0%, and 7.3%-19.0%. The average extraction concentra-
tions were 19.6%, 17.5%, 15.2%, and 13.0%. The minimum
gas extraction purity of the four boreholes was more than
0.4m3/min, and the maximum purity was 1.9m3/min. The
average gas extraction purities of the four boreholes were
0.91m3/min, 0.62m3/min, 0.99m3/min, and 0.88m3/min.

The averaged absolute gas emission quantity on the
working face is 9.79m3/min.When the gas extraction volume
reached 1.95m3/min, it can meet the “provisional require-
ments for compliance of coal mine gas drainage,” while the
average total of the gas extraction volume of the four high-
level directional long boreholes is 3.42m3/min. Therefore,
the construction locations of the high-level directional long
boreholes were all in the gas enrichment area, and the overall
drainage effect of the boreholes reached the expected effect.

5.2.2. Investigation on the Effect of Gas Governance. The
change of the return airway corner and the return airflow
gas concentration of the working face for the high-level direc-
tional long borehole extraction pressure relief gas of the goaf

Table 3: Parameters of the high-level directional long borehole.

Drilling
site

Drilling
number

Design layer
(m)

Design horizontal distance
(m)

Construction layer
(m)

Construction horizontal
distance (m)

Length
(m)

6#

6-1 45 50 43 50 483

6-2 40 40 41 40 480

6-3 35 30 33 29 477

6-4 25 20 24 19 474
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during the stable mining period of the working face is shown
in Figure 13. Gas concentration in the return airway corner
was between 0.30 and 0.49%, whereas the gas concentration
of return airflow was between 0.12% and 0.33%.

According to regulations in Shanxi province, China,
when the coal mine return airway corner and the return air-
flow methane concentration are greater than or equal to
0.8%, the methane sensor will alarm. So the safety threshold
of the return airway corner and return airflow gas concentra-
tion should be less than 0.8%. The gas concentrations of the
return airway corner and the working face are all below the
safety threshold when the working face is normally mined,
and high-level directional long boreholes are used to extract
pressure relief gas.

6. Discussion

The gas migration behavior in goaf can be analyzed by
exploring the law of fracture evolution of overlying strata
caused by mining. This study used physical similarity simula-
tion to explore gas migration. The fracture area distribution

of the coal seam strike direction and inclined direction under
the influence of mining was explored in this study. Physical
test results were verified through an on-site drilling peep
method.

The fracture area distribution of overlying strata was
obtained using comparative on-site drilling peep and analogy
simulation test results. The coal mining face was within 70m
of the return airway as a fracture area. After exceeding this
area, it entered the compaction zone. The high fracture zone
developed to about 100m and entered the bending subsi-
dence zone, and fissures were less developed.

Therefore, the distribution of the “three zones” of the
overlying strata of the working face after mining was deter-
mined through comprehensive judgments. The h2 which rep-
resents the final height of the caving zone was 28.2m, and the
h3 which is the development height of the fracture zone was
113.6m. In the strike direction, the β2 of the caving angle
in the inner part of the goaf after the coal seam was mined
was 60°, and the β1 of the caving angle in the location of
the coal face was 52°. In the inclined direction, the a1 of the
caving angle on the side of the return airflow roadway was
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63°, and the a2 of the caving angle on the side of the intake
airflow roadway was 56°. Analysis of the development of frac-
tures after mining showed a vertical fracture development
area above the top of the goaf, which was interpenetrated
from the delamination fracture and vertical fracture. This
fracture was directly connected to the area of the caving zone
to form an “O”-type circle fracture zone [36] (Figure 14). A
large number of delamination fractures and a small amount
of penetrating fractures were formed in an “O”-type circle.
After mining, the pressure relief gas moves and accumulates
in this area, thus becoming the enrichment area of the pres-
sure relief gas.

The different laws of gas emission of the coal wall, coal
mine, and goaf were used to establish the dynamic emission
models of different gas sources in goaf. The gas migration
model of the working face and the goaf was established based
on the law of gas migration. The gas migration model
between the working face and the goaf was also established,

which provides a basic algorithm to explore the law of the
solid-gas coupling and gas migration in the fracture zone.

Further borehole peep results, gas emission models, and
gas migration models based on physical analogy simulation
test results were used to establish a numerical model of gas
migration in goaf. The numerical model was used to test
the gas migration in goaf. The gas migration law and distri-
bution characteristics were obtained from quantitative analy-
sis of the distribution of the gas enrichment area of overlying
strata in goaf. The construction parameters of the high direc-
tional long borehole and the high-concentration gas area in
the goaf overburden fracture zone were then used to control
the gas in goaf. The gas emission in the mining period of the
working face was effectively controlled, thus ensuring the
safety production of the working face.

The aim of this systematic study was to explore the law of
fracture evolution of overlying strata and the law of gas
migration in goaf under fixed conditions. However, the law
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of the distribution of fracture of overlying strata and the gas
emission in goaf under multiple disturbance conditions
should be explored further. For instance, the law of the distri-
bution of fracture of overlying strata in mining under the
conditions of changes in mining speed, coal and rock proper-
ties, and faults should be determined. In addition, studies on
the high-level drilling and buried pipe extraction in goaf and
the gas migration law in goaf under the dynamic changes of
the wind flow in goaf should be explored further to ensure
the efficiency of gas control at the working face.

7. Conclusion

(1) A physical similarity experiment was used to simu-
late the distribution characteristics of the overlying
strata fracture zone in goaf in the process of working
face mining. Under the influence of mining, the frac-
ture development of overlying strata in goaf is a
“trapezoid platform structure,” the maximum height
of the caving zone is between 26m and 28m, and the
maximum height of the fracture zone is about 110m.
Furthermore, the compaction area of goaf is located
in the middle area of goaf, about 50m away from
the working face and approximately 22m to 52m
away from the side of the return air roadway

(2) The mathematical model of dynamic gas emission in
different states such as the coal wall, coal mine, and
goaf was established based on the different forms of
gas sources in the working face. The model was then
used to establish the gas migration model in goaf.
Moreover, the model was used to study the law of
gas migration in the fracture of overlying strata in
goaf under the influence of mining. Quantitative
analysis of the gas distribution law at the 45m depth
of the goaf was carried out. The distribution law of
the highest point of gas concentration at different
heights was determined

(3) Reasonable high-location directional long borehole
construction parameters were designed, and gas
drainage in the goaf was carried out to ensure gas
control in the fracture zone of the overlying strata
in goaf. These processes can effectively solve the
problem of high-concentration gas emission from
the fracture zone of the overlying strata in goaf, thus
effectively controlling the gas in the working face and
the return airway corner. These processes ultimately
improve mine gas control, thus ensuring safety pro-
duction in mines
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With the increasing depth of coalbed methane (CBM) exploitation, temperature becomes the main factor affecting the efficiency of
CBM exploitation. The change of temperature has significant influence on the mineral composition and pore structure of coal. To
study the effects of thermal treatment on mineral composition and pore structure of coal, X-ray diffraction (XRD) test, scanning
electron microscopy (SEM) test, and mercury intrusion test were carried out for three groups of coal. The mineral composition
and pore structure of coal specimens after thermal treatment (25, 50, 75, and 100°C) were analyzed. The results show that the
main mineral compositions of three groups of coal specimens after different temperatures are basically unchanged, and the
maximum diffracted intensity after different temperature treatments decreases first and then increases with the increasing
temperature. The count of fissures decreases first and then increases with temperature, and the count of pores increases first and
then decreases with the increasing temperature. The velocity of mercury injection in high pressure (100~400MPa) of coal
specimens increases first and then decreases with temperature. The porosity, pore area, median pore diameter, and average pore
diameter increase with the increasing temperatures. The volume of microfracture decreases, then increases, and finally decreases.
The volume of macropore and mesopore increases slowly, and that of transition pore decreases slowly with the increasing
temperature. Meanwhile, the volume of micropore increases first and then decreases during the process of thermal treatment.
The fractal dimension of pore size ranges from 2.6 to 2.9 and increases linearly with the increasing temperature.

1. Introduction

With the depletion of shallow coal resources, more and more
coal mines are entering the deep mining stages. The high
ground stress, high temperature, and high water pressure
restrict the safe and efficient mining of deep coal resources
[1–3]. Coalbed methane (CBM) is a form of low-carbon clean
energy, which is important for optimizing energy production
and achieving carbon neutrality goals [4–6]. The temperature
has significant influence on permeability and porosity of coal,
which is important for the efficiency of CBM exploitation [7–
9]. Therefore, it is urgent to study the evolution of mineral
composition and microstructure of coal after different tem-
perature treatments.

Previous studies have proved that rocks and rock-like
materials have significant thermal effects, and the physical
and mechanical properties change significantly after thermal
treatment. The physical and mechanical properties of granite
after temperature treatments have been a research hotspot
for underground nuclear waste disposal, and many scholars
have analyzed its physical and mechanical properties, such
as fracture toughness [10], rockburst proneness [11], uniaxial
compressive strength [12, 13], elastic modulus [13], longitu-
dinal wave velocity [13], mechanical behavior [14, 15], tensile
strength [12, 16, 17], acoustic emission characteristics [18,
19], mineral composition [20], pore structure [16, 20, 21],
and permeability [22]. The physical and mechanical proper-
ties of sandstone after temperature treatments have also
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attracted a lot of attention; the properties such as thermal
cracking process [23], peak strength [24], mechanical behav-
ior in unloading conditions [25], wave velocity [26, 27],
porosity [27], triaxial mechanical behavior [28], permeability
behavior [28], microstructure [26], pore characteristics [29,
30], elastic modulus [29], tensile strength [31], energy evolu-
tion [32], microstructure deterioration [33], and morpholog-
ical properties [34] have been investigated in depth. The
physical property and tensile strength of shale have been also
analyzed [35, 36]. Peng et al. and Rong et al. analyzed the
physical andmechanical behaviors of thermal-damagedmar-
ble [37, 38]. The microstructure characteristic, mechanical
behaviors, pore distribution, and AE characteristic of lime-
stone have been investigated [39–41]. Yavuz et al. [42] inves-
tigated the changes of physical properties of five carbonate
rocks (two marbles and three limestones) after different heat-
ing temperatures. The unconfined compressive strength and
elastic moduli of gabbro after thermal loading have been
studied by Keshavarz et al. [43]. Brotóns et al. [44] investi-
gated the effect of thermal treatment on physical and
mechanical properties of calcarenite. Ugur et al. [45] studied
the changes in porosity features of natural stones after ther-
mal treatment. The effect of thermal treatment on petro-
graphic and mineralogical composition of coal mining
wastes was analyzed by Nowak [46]. Tian et al. [47] investi-
gated the changes of physical and mechanical behavior of
claystone due to the thermal treatment, such as uniaxial com-
pressive strength, triaxial compressive strength, and density.
The grain size distribution and mineral composition of flux
calcined porcelanites after thermal treatment have been stud-
ied by Saidi et al. [48]. Ersoy et al. [49] analyzed the mineral-
ogical and geomechanical properties of volcanic rocks
subjected to high temperatures. The effect of temperature
on pore structure and mechanical properties of shotcrete
was studied by Liu et al. [50]. Miao et al. investigated the evo-
lution of coal pore-fracture during the thermal damage pro-
cess [51]. The above studies mainly focus on physical and

mechanical properties of dense hard rocks (granite, sand-
stone, marble, shale, and gabbro). The main reason is that
these dense rock strata are often at high temperatures when
storing nuclear waste. Meanwhile, the high temperature in
those studies generally exceeds 500°C. However, the geother-
mal temperature increases by 25~30°C with an increase of
1000m in mining depth, and the geothermal temperature is
generally below 100°C in deep coal mining. Therefore, the
temperature of thermal treatment ranges from 25 to 100°C
in this study.

Coal, as an anisotropic medium, is highly sensitive to
temperature. The structure and mechanical properties of coal
will change significantly when the temperature changes, thus
affecting the permeability and porosity of coal. To analyze the
changes of physical and mechanical properties from a micro-
scopic point of view, the X-ray diffraction (XRD) tests, mer-
cury intrusion tests, and scanning electron microscopy
(SEM) tests were carried out for three groups of coal after
thermal treatment at different temperatures (25, 50, 75, and
100°C). The mineral composition and microstructure of coal
specimens after thermal treatment were analyzed, and veloc-
ity of mercury injection, pore parameters, and distribution of
pore size for three groups of coal were investigated based on
the mercury intrusion tests. The result is significance for
CBM exploitation and gas extraction.

2. Experimental Scheme

2.1. Specimen Preparation. As shown in Figure 1, the coal
blocks were collected from Jingjia Coal Mine, Changzhi Coal
Mine, and Pingdingshan Coal Mine, respectively. Jingjia Coal
Mine is located in southwest of Guizhou Province, China.
Changzhi Coal Mine is located in the southeast of Shanxi
Province, China. Pingdingshan Coal Mine is located in the
middle of Henan Province, China. The coal blocks were
crushed into coal lumps with the dimension less than
30mm in length, width, and height (Figure 1), and the coal
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Figure 1: Location of the study areas and coal specimens.
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Figure 2: Continued.
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Figure 2: XRD patterns of three groups of coal specimens after different temperature treatments: (a) JJ coal specimen, (b) CZ coal specimen,
and (c) PDS coal specimen.
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Figure 3: The SEM images of JJ coal specimens after different temperature treatments.
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lumps with smooth surface were selected for the mercury
intrusion tests and SEM tests after thermal treatment. The
coal lumps were milled to coal powder for XRD tests after
thermal treatment. The coal specimens from Jingjia Coal
Mine, Changzhi Coal Mine, and Pingdingshan Coal Mine
were marked as JJ, CZ, and PDS, respectively.

2.2. Experimental Equipment and Process. Before the test, the
three groups of coal lumps were heated to target temperature
(25, 50, 75, and 100°C) in the drying oven and kept at a target
temperature for 24 hours, and then, the coal lumps were
sealed and cooled naturally to room temperature. The coal
lumps after thermal treatments were prepared for the XRD,
SEM, and mercury intrusion tests to analyze the variation
of mineral composition, microstructure, and pore structure.

The XRD test was performed on D8 ADVANCE X-ray
Diffractometer (BRUKER Corporation, Germany). The
radius of goniometer is 250mm, divergence slit is 0.6mm,
and antiscatter silt is 8mm. The coal powder was milled
and sieved to pass through a 325 mesh sieve, and the mass
of each group of coal powder was not less than 0.5 g. The coal
powder was poured into the center of a clean sample tray and
then capped with a clean glass sheet to flatten the surface of
the coal powder. Then, the mineral composition can be mea-
sured. The next coal powder is measured after the coal pow-
der measurement completed.

The mercury intrusion test was conducted on Autopore
IV 9510 Automatic Mercury Porosimeter. The working pres-
sure ranges from 0 to 60000 psi (414MPa), and the measure-
ment range of pore size is 0.003~1000μm. According to the
previous research [52], the contact angle was set to 130°,
and the mercury (Hg) surface tension was set to 0.485N/m.
The mercury intrusion tests were carried out on three groups
of coal specimens, and the related parameters such as pore
size distribution, total pore volume, and total pore area can
be obtained after the test.

The specimens were scanned by Quanta 250™ SEM scan-
ner (FEI, USA). The electron beam voltage ranges from 200V
to 30 kV, and the range of magnification is 6~1000000.
Before the test, the sample is first placed in the sample bin
and then vacuumed. The region of interest (ROI) was magni-
fied by 400, 1000, 3000, 10000, and 20000 times, respectively,
and the SEM images were stored simultaneously.

3. Results and Discussions

3.1. Mineral Composition after Thermal Treatment. XRD
tests are commonly used to investigate the mineral composi-
tion of coal and rock materials [20, 39, 46, 53, 54]. Therefore,
XRD tests were carried out on coal powder after different tem-
perature treatments (25, 50, 75, and 100°C). As shown in
Figure 2, the mainmineral composition of three groups of coal
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Figure 4: The SEM images of CZ coal specimens after different temperature treatments.
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specimens is basically unchanged; namely, no chemical
changes occur after the thermal treatment. The result is con-
sistent with that of granite [20]. As shown in Figure 2(a), the
main mineral compositions of JJ coal specimens are kaolinite,
calcium phosphate, and clinochlore. The maximum diffracted
intensity is 1506 at 25°C, decreases at 50°C, and then increases
to the peak of 1605 at 100°C. As shown in Figure 2(b), the
mineral compositions are kaolinite, quartz, and clairite for
CZ coal specimens. The maximum diffraction intensity is
1575 at 25°C, decreases to 1250 at 75°C, and then increases
to 1323 at 100°C. As shown in Figure 2(c), the mineral compo-
sitions of PDS coal specimens are kaolinite, clairite, and mont-
morillonite. The maximum diffraction intensity is 1601 at
25°C, decreases to 1264 at 75°C, and then increases to 1492
at 100°C. Thus, the maximum diffracted intensity of three
groups of coal specimens after different temperature treat-
ments decreases first and then increases with the increasing
temperature. The phenomena are mainly caused by thermal
treatment and the anisotropy of coal specimens. In summary,
there is no change in the main mineral compositions, and the
maximum diffracted intensity changes a little after heat treat-
ment. The maximum diffracted intensity after different tem-
perature treatments decreases first and then increases with
the increasing temperature.

3.2. Microstructure after Thermal Treatment. SEM tests are
commonly used to investigate the microstructure of cross-

sections of coal and rock materials [26, 33, 34, 39, 41, 51,
55]. Therefore, SEM tests were carried out on coal samples
after different temperature treatments (25, 50, 75, and
100°C). The regions of interest (ROI) of coal specimens were
magnified by 400, 1000, 3000, 10000, and 20000 times,
respectively. The SEM images of three groups of coal speci-
mens after different temperature treatments are shown in
Figures 3–5, which were magnified by 1000 times. As shown
in Figure 3, the fissure width is large at the temperature of
25°C, and there are no obvious fissures at the temperature
of 100°C. Thus, the fissure width decreases with the increas-
ing temperature. Meanwhile, there are a few pores generated
after thermal treatment. Similarly, it can be seen from
Figure 4 that the pores grow with the rise of temperature of
thermal treatment, and the fissure width decreases with the
increasing temperature. As shown in Figure 5, the fissure
width decreases first and then increases with the rise of tem-
perature of thermal treatment, and there are many pores gen-
erated after thermal treatment. Thus, thermal treatment has a
significant effect on microstructure of coal specimens, which
is related to the permeability. In summary, the count of fis-
sures decreases first and then increases with the increasing
temperature, which is mainly caused by thermal expansion
and thermal cracking of coal matrix. Meanwhile, the count
of pores increases first and then decreases with the increasing
temperature of thermal treatment, which is mainly due to the
thermal shrinkage and thermal expansion of coal matrix.
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Figure 5: The SEM images of PDS coal specimens after different temperature treatments.
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3.3. Pore and Fissure Distribution. Mercury intrusion tests
are commonly used to investigate the pore and fissure char-
acteristics of coal and rock [20, 50, 51, 56–58]. To obtain the
pore and fissure characteristics of coal specimens after ther-
mal treatment, mercury intrusion tests were carried out on
coal samples after different temperature treatment (25, 50,
75, and 100°C). As shown in Figure 6, the mercury injection
curve is S-shape, which can be divided into three stages,
namely, initial injection stage, slow injection stage, and rapid
injection stage. The cumulative pore volume increases fast at
the initial injection stage, increases slowly during the slow
injection stage, and increases rapidly at the rapid injection
stage. There are significant differences in cumulative pore
volume for different coal specimens. The cumulative pore
volume is 0.03mL/g in PDS coal specimen, and the cumula-
tive pore volume is 0.12mL/g in JJ coal specimen, which is 4
times higher than that in PDS coal specimen. The main rea-

son is the differences in microstructure of coal specimens.
Similarly, there also exist some differences in mercury injec-
tion curve of coal specimens after different temperature
treatment. The cumulative pore volume increases first and
then decreases with the increasing temperature for CZ coal
specimen. For JJ coal specimen, the cumulative pore volume
increases first, then decreases, and finally increases with the
increasing temperature. The cumulative pore volume
decreases first and then increases with the increasing tem-
perature for PDS coal specimen. These phenomena indicate
that the mineral composition and pore distribution have a
significant effect on the mercury injection curve.

To analyze the velocity of mercury injection of coal spec-
imens after different temperatures, the velocity in high pres-
sure (100~400MPa) is calculated using the least squares
method. As shown in Figure 7, the fitted curves fit well for
those data. The velocity of coal specimens after different
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Figure 6: Curves of mercury injection and ejection in three groups of coal specimens after different temperature treatments: (a) JJ coal
specimen, (b) CZ coal specimen, and (c) PDS coal specimen.
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temperature treatment is shown in Figure 8. The velocity of JJ
coal specimen is higher than 1:4 × 10−4mL/(g·MPa), and that
of CZ and PDS coal samples ranges from 4 × 10−5 to 6 × 10−5
mL/(g·MPa), which is mainly caused by the differences in
microstructure of coal specimens. Meanwhile, the velocity
of JJ and CZ coal specimen increases first and then decreases
with the increasing temperature. However, the velocity of
PDS coal specimen decreases first and then increases with
the rise of temperature. These phenomena are mainly caused
by the mineral composition and pore structure.

The pore distribution of coal specimens can be measured
by the mercury intrusion tests, and the relationship between
the pore size and the applied pressure can be expressed as
follows [52]:

p rð Þ = −
2γ cos θ

r
, ð1Þ

where pðrÞ is the applied pressure, r is the radius of pore, θ is
the contact angle (130°), and γ is the Hg surface tension
(0.485N/m).
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Figure 7: Relationship between cumulative volume and pressure in three groups of coal specimens after different temperature treatments: (a)
JJ coal specimen, (b) CZ coal specimen, and (c) PDS coal specimen.
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Table 1: Pore parameters of the three groups of coal specimens after different temperature treatments.

Specimen source Temperature (°C) Porosity (%) Pore area (m2/g)
Median pore
diameter (nm)

Bulk density
(g/mL)

Average pore
diameter (nm)

Jingjia Coal Mine

25 12.52 36.57 23.4 1.12 12.2

50 13.70 41.05 21.0 1.11 12.1

75 12.45 50.61 10.1 1.10 8.9

100 13.92 41.11 23.5 1.14 11.9

Changzhi Coal Mine

25 3.98 14.06 11.0 1.27 8.9

50 4.35 15.51 11.6 1.24 9.0

75 5.34 14.36 27.4 1.29 11.6

100 4.71 11.59 63.7 1.33 12.2

Pingdingshan Coal Mine

25 3.80 13.98 10.9 1.24 8.8

50 3.63 13.00 11.4 1.24 9.0

75 3.61 12.63 11.2 1.27 9.0

100 3.79 13.45 11.4 1.25 9.0
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Figure 9: Relationship between pore volume and pore diameter in three groups of coal specimens after different temperature treatments: (a)
JJ coal specimen, (b) CZ coal specimen, and (c) PDS coal specimen.
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The pore parameters of the three groups of coal speci-
mens after different temperature treatments are listed in
Table 1. The porosity, pore area, median pore diameter,
and average pore diameter for JJ coal specimens are higher
than those for CZ and PDS coal specimens. However, the
bulk density of JJ coal specimens is lower than that of CZ
and PDS coal specimens. In general, the porosity, pore area,
median pore diameter, and average pore diameter increase
with the increasing temperatures. However, there are some
exceptions. These phenomena are mainly caused by the min-
eral composition and pore structure.

Figure 9 shows the relationship between pore volume
and pore diameter in three groups of coal specimens after
different temperature treatments, and the pore diameter
ranges from 3nm to 150μm. Previous studies show that
the pore can be classified as microfracture (10~150μm),

macropore (1~10μm), mesopore (0.1~1μm), transition
pore (10~100nm), and micropore (3~10 nm) [52]. As
shown in Figure 9, the pore volume of micropore and micro-
fracture increases first and then decreases with the increas-
ing temperature of thermal treatment, and the pore volume
of macropore, mesopore, and transition pore changes a little
with the increasing temperature. Those phenomena indicate
that the micropore and microfracture are strongly influ-
enced by the temperature. However, there exist significant dif-
ferences among these three coal specimens. The pore diameter
of JJ coal specimen is mainly concentrated on 3~100nm,
which mainly consisted of micropores and transition pores.
On the contrary, the pore diameter is concentrated on
50~150μm (microfracture) for CZ and PDS coal specimens.

To quantitatively analyze the pore distribution character-
istics after different temperature treatments, the pore volume
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Figure 10: Variation of volume for five types of pores with the increasing temperatures: (a) JJ coal specimen, (b) CZ coal specimen, and (c)
PDS coal specimen.
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with different diameters after the thermal treatments is cal-
culated. As shown in Figure 10, the volume of microfracture
decreases at 50°C, which is mainly caused by thermal expan-
sion of coal matrix; it increases at 75°C due to thermal
shrinkage of coal matrix; it decreases at 100°C due to ther-
mal expansion. The volume of macropore and mesopore
increases slowly, and that of transition pore decreases slowly
with the increasing temperature. Meanwhile, the volume of
micropore increases first and then decreases after the ther-
mal treatment. These phenomena indicate that the micro-
pore and microfracture are strongly influenced by the
temperature. However, there are some exceptions due to
the differences in mineral composition and pore structure.

Previous studies have demonstrated that the pore size
distribution of coal and rock conforms to fractal characteris-
tics [51, 59, 60]. Therefore, the effect of temperature on the
pore structure of coal after different temperature treatments
can be quantitatively analyzed based on fractal theory.
According to the methods mentioned in previous studies
[51, 59, 60],

lg dV
dP

= k lg P + b, ð2Þ

where V is the pore volume, P is the applied pressure, k is the
linear slope, and b is the constant.

And the fractal dimension (D) of pore size can be
obtained:

D = k + 4: ð3Þ

As shown in Figure 11, the fractal dimension ranges from
2.6 to 2.9 and increases with the increasing temperature,
which indicates that the pore surfaces is less and less smooth
as the temperature rises. To analyze the evolution of fractal

dimension with temperature quantitatively, the least squares
method was used to fit the above data. As shown in Figure 11,
the fractal dimension is nearly linearly related to the temper-
ature. These phenomena indicate the pore surfaces of coal
become rougher as the temperature rises.

In summary, thermal treatment has significant effects on
mineral composition, microstructure, and pore structure of
coal. The main mineral compositions after thermal treat-
ment are basically unchanged, and the maximum diffracted
intensity decreases first and then increases with the increas-
ing temperature. The count of fissures decreases first and
then increases, and the count of pores increases first and
then decreases with the increasing temperature. The poros-
ity, pore area, median pore diameter, and average pore
diameter increases with the increasing temperatures. The
fractal dimension of pore size ranges from 2.6 to 2.9 and
increases linearly with the increasing temperature. The pore
structure varies with mineral composition and microstruc-
ture due to the thermal shrinkage and thermal expansion
of coal matrix. Meanwhile, the macroscopic mechanical
properties are related to mineral composition, microstruc-
ture, and pore structure.

4. Conclusions

The X-ray Diffraction (XRD) test, scanning electron micros-
copy (SEM) test, and mercury intrusion test were carried out
for three groups of coal, and the mineral composition and
pore structure of coal specimens after thermal treatment
(25, 50, 75, and 100°C) were analyzed. The main conclusions
are as follows:

(1) The main mineral compositions of three groups of
coal specimens after thermal treatment are basically
unchanged, and the maximum diffracted intensity
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Figure 11: Relationship between fractal dimensions of pore size with different temperatures in three groups of coal specimens.
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changes a little after heat treatment. The maximum
diffracted intensity after different temperature treat-
ments decreases first and then increases with the
increasing temperature

(2) The count of fissures decreases first and then
increases with the increasing temperature, and the
count of pores increases first and then decreases with
the increasing temperature. Thermal treatment has a
significant effect on microstructure of coal specimens

(3) The velocity of mercury injection in high pressure
(100~400MPa) of JJ and CZ coal specimens increases
first and then decreases with the increasing tempera-
ture, but that of PDS coal specimen decreases first
and then increases with the increasing temperature.
The porosity, pore area, median pore diameter, and
average pore diameter increase with the increasing
temperatures

(4) The volume of microfracture decreases, then
increases, and finally decreases. The volume of
macropore and mesopore increases slowly, and that
of transition pore decreases slowly with the increas-
ing temperature. Meanwhile, the volume of micro-
pore increases first and then decreases during the
process of thermal treatment. The fractal dimension
of pore size ranges from 2.6 to 2.9 and increases with
the increasing temperature. The fractal dimension is
nearly linearly related to the temperature
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Coal mines are composed of multiple complex rock strata with different mechanical characteristics and energy accumulation and
release performances. This implies uneven energy distribution in the coal-rock combination system (CRCS). To explore the effect of
the included angle between the loading direction and the coal-rock contact surface on the mechanical properties, crack propagation
mode, and energy evolution characteristics of the CRCS, the uniaxial compression tests were carried out on the CRCS samples with
zero and 30° inclination angles. The obtained mechanical properties and energy dissipation trends of the tested samples were
similar to those of the pure (raw) coal and rock ones but strongly depended on the inclination angles. The impact energy index
of the CRCS samples was smaller than those of the pure coal and pure rock samples, and its impact tendency was less
pronounced. The deformation and failure of the CRCS samples occurred in the coal part, the rock part inhibiting the
development and deformation of the coal. According to the deformation and failure characteristics of the CRCS, the coal support
far away from the contact surface should be strengthened in engineering practice to avoid the rock mass failure caused by the
expansion and evolution of cracks in the coal part. At a 30° inclination angle, the CRCS sample was tensioned at the coal-rock
contact surface, and the original cracks and pores were gradually compacted under the stress component perpendicular to the
contact surface. With an increase in the inclination angle, the difference between the total energy accumulated before the peak and
the released energy after the peak was reduced, and the difference between the total energy accumulated before the peak and the
dissipated energy increased gradually. CRCS samples with different inclinations exhibited three damage stages: initial damage,
stable damage growth, and rapid damage growth. The results obtained are considered instrumental in rockburst preventing,
monitoring, and early warning under different stress environments.

1. Introduction

As the depth and intensity of coal mining continue to
increase, large deformation of the roadway and dynamic
disasters become more and more topical [1, 2]. Isolated coal
pillars turn into frequent zones of dynamic disasters. The
coal-rock system structure composed of the coal seam and

the surrounding rock is an important carrier of underground
mining activities, which plays an important role in
supporting the overlying strata and maintaining the roadway
stability [3]. Therefore, it is of great significance to study the
deformation, failure, and energy evolution mechanism of
coal-rock combination systems (CRCS) for prevention, mon-
itoring, and early warning of coal mine disasters.
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The laboratory tests and numerical simulation of CRCS
are common methods used to study the structure of the
coal-rock system [4]. The mechanical characteristics, energy
evolution, and impact tendency of the CRCS with different
combination modes, coal-rock height ratios, strength ratios,
and dip angles became topical for the global research com-
munity. Dou et al. [5, 6] experimentally studied the damage
evolution in CRCS samples using AE signals and electromag-
netic radiation signals. The correlation between the impact
tendency of the CRCS and the AE signals was obtained.
Zuo et al. [7, 8] carried out the strength and deformation fail-
ure tests on CRCS with different coal-rock combinations.
They revealed the effect of different combinations on the
impact tendency of the coal-rock system. Mou et al. [9] pro-
posed the criteria of stable and unstable failures of the CRCS
based on their instability and failure characteristics. Chen
et al. [10] studied the variation trends of mechanical param-
eters of CRCS with different coal-rock height ratios. They
analyzed the gradual instability process and failure mode of
the coal-rock combination structure. Zhang et al. [11] carried
out uniaxial and triaxial compression tests on samples of
three different coal-rock combinations and analyzed the
influence of combination modes on the CRCS mechanical
properties and failure modes. Based on the energy evolution
and failure mechanism of the CRCS, the energy driving
mechanism of the crack initiation of the combination was
determined by the energy storage characteristics, and the
inclination angle effect of the whole instability failure of
CRCS samples was revealed [12, 13]. Yang et al. [14] studied
the energy evolution characteristics of the coal-rock system
and proposed the system collaborative control technology.
Chen et al. [8] carried out the uniaxial compression tests of
CRCS samples and analyzed the evolution process of crack
propagation in the CRCS under uniaxial loading based on
CT scanning and the AE monitoring technology. Yang
et al. [15] experimentally proved that shear fracture and axial
splitting failure were the main failure modes of CRCS. The
kinetic energy in the CRCS samples during a failure was
related to the strength difference of the coal rock. In addition,
the numerical simulation method was applied to study the
effects of the strength ratio and height ratio of the CRCS sam-
ples on their impact tendency and failure mode [16]. The
numerical simulation of different lithologic combinations
performed in the study [17] revealed the phenomenon of
local deformation and fracture migration of samples. The
interface parameters of coal-rock combination have obvious
influence on the mechanical and acoustic emission signal
characteristics, which are mainly concentrated in prefabri-
cated cracks, endogenous cracks, and mechanical and acous-
tic emission signals under different loading conditions [18,
19], especially the macro- and micromechanical characteris-
tics and failure mechanism of the whole coal-rock combina-
tion [20]. There are few reports on the mechanical and
energy evolution of different angles between the loading
direction and the contact surface of the composite.

Previous studies were focused on the mechanical proper-
ties, deformation, and failure mechanism of CRCS. During
the loading process, the damage evolution of CRCS was char-
acterized by laboratory tests and numerical simulation, the

AE technology, and the electromagnetic radiation method.
However, studies on the energy partition evolution and the
multistage damage of CRCS are quite scarce, to explore the
mechanical characteristics and energy dissipation trend of
CRCS with different inclinations under the uniaxial load.
Given the above, this study performed uniaxial compression
tests of CRCS samples via an RMT150 rock mechanics test-
ing machine. The energy evolution and failure mechanism
of different CRCS samples during loading were clarified.
The relationship between the AE signal and the mechanical
behavior was monitored in real time. The energy accumula-
tion trends in the CRCS were analyzed to provide references
for the prevention and monitoring of dynamic disasters in
coal mines.

2. Test Design and Loading Scheme

2.1. Sample Preparation. The coal collected on-site is difficult
to be processed into a combination with the inclined contact
surface. The heterogeneity of the coal and rock mass causes
its physical and mechanical properties to be quite discrete
[21]. To unify the variables and highlight the main research
object of the test, all the test samples were processed with
similar materials, as shown in Figure 1(a). The test setup
included the coal monomer, the rock monomer, and the
CRCS samples with 50mm × 100mm standard samples.
The CRCS samples were subdivided into two groups with
inclination angles equal to zero and 30°, respectively.

The sample preparation materials included quartz sand,
barite powder, iron powder, rosin, pulverized coal, sodium
humate, and alcohol. The mass ratio of the standard rock
sample was as follows: quartz sand : barite powder : iron
powder = 1 : 2 : 1. The alcohol content was 5% of the aggre-
gate mass, and the rosin binder concentration was 25%. The
mass ratio of materials for the standard coal sample was as
follows: 0−1mmpulverized coal : 1 − 3mm pulverized coal
= 19 : 6, and the amount of water was 10% of the aggregate
mass. The amount of a single standard rock sample from
the trial test was as follows: 132 g of quartz sand, 264 g of
barite powder, 132g of iron concentrate powder, 26.4 g of alco-
hol, and 6.6 g of rosin. The material consumption of a sin-
gle standard coal sample was as follows: 197.6 g of 0-1mm
pulverized coal, 62.4 g of 1-3mm pulverized coal, 26 g of
water, and 0.83 g of sodium humate. The material con-
sumption of the standard coal-rock sample was half of
the above one.

During the preparation, the material was weighed and
stirred evenly according to the required proportion, put into
the self-made steel mold, and formed with the testing
machine. The forming pressures for the standard rock and
standard coal samples were 4.9 and 29.4 kN, respectively,
and their duration was 5min, as shown in Figure 1(b).
According to the China national standards and the Interna-
tional Society for Rock Mechanics standards, the nonparalle-
lism of both ends of the formed samples was no more than
0.01mm; the diameter deviation of both ends did not exceed
0.02mm. Each formed sample was placed in a dry and well-
ventilated place for seven days. Three standard rock samples,
three standard coal samples, and six CRCS samples (three
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with a 0° inclination and three with a 30° inclination) were
prepared.

2.2. Testing System and Scheme. Laboratory tests were carried
out in the State Key Laboratory of Anhui University of Sci-
ence and Technology. The test system is shown in Figure 2.
It mainly includes the loading device, the AE device, and
the digital camera. During the test, the three devices were
synchronized for later test data processing and analysis.
The loading device was a Shenzhen SUNS UTM4000 elec-
tronic universal testing machine, servodriven by the AC
motor, with good stability, high precision, and a maximum
test load of 20 kN. The AE device was a DS2-8B acoustic
emission signal analyzer, which was used to monitor the fail-
ure process of uniaxial compression in real time. To reduce
the influence of external equipment on the AE signal acquisi-
tion, the threshold value of the AE system was set at 100MV,
and a Vaseline lubricator was placed between the AE probe
and the sample to enhance the sensitivity of AE signal acqui-
sition [22]. A Canon digital camera was used to capture the
sample’s deformation and failure stage points under the uni-
axial load. The load and AE signals were transmitted to the
computer for real-time display and storage.

Twelve uniaxial compression tests were subdivided into
four groups, with three standard samples in each group.
Before the test, the prepared standard rock samples, the coal
samples, and CRCS samples were numbered and weighed,
and the test system was launched by connecting the line.
Due to the small strength of samples, to prevent rapid failure,
which would make it impossible to measure the continuous
stress-strain curve, the displacement-controlled loading
mode was adopted. The loading rate was 0.01mm/s, and
the loading was continuous until the sample’s final fracture.

3. Results and Analysis

3.1. Stress-Strain Characteristics of CRCS Samples with
Different Inclinations. The stress-strain curves of typical
CRCS samples under uniaxial compression are shown in
Figure 3. According to the stress-strain curves, the sample
deformation could be subdivided into four stages [23]. Due
to the differences in material components and proportion

of the samples, the stress-strain curves of the samples with dif-
ferent proportions under the uniaxial load varied greatly. The
strength of the CRCS samples slightly exceeded that of pure
coal monomers, indicating that the strength of the CRCS sam-
ple mainly depended on the coal. The decreasing order of the
compressive strength of samples was as follows: pure rock
sample>0°-inclination CRCS sample>30°-inclination CRCS
sample>pure coal sample. The decreasing order of elastic
moduli was pure rock sample>0°-inclination CRCS sample>-
pure coal sample>30°-inclination CRCS sample. The peak
strains of the pure coal and pure rock samples were 0.878
and 1.026, respectively. The peak strain of the CRCS sample
is less than that of the pure coal sample and pure rock sample,
mainly because the rock mass part of the CRCS sample expe-
rienced no significant deformation under the uniaxial com-
pression load [24, 25]. The brittle failure after the peak of the
pure rock sample was strongly pronounced, and the stress
dropped, while the CRCS and pure coal samples exhibited
good continuity after the peak.

In the stress-strain curves constructed under the uniaxial
compression load conditions, the ratio of the accumulated
deformation energy before the peak to the loss of
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deformation energy after the peak is referred to as the impact
energy index [26]. The impact energy index of the CRCS
samples was smaller than that of the pure coal and pure rock
samples. That is, the CRCS impact tendency was weak. The
deformation and failure of the CRCS samples mainly
occurred in the coal part, while the rock part inhibited the
development and deformation of the coal body. The coal part
expanded and deformed for a long time before the peak stress
was reached, so the deformation and failure mechanism of
the CRCS sample changed.

The complete stress-strain curve of the rock reflected its
damage evolution process. The rock experienced compaction
stage (I), elastic stage (II), plastic stage (III), and residual
deformation stage (IV). The rock’s mechanical properties in
each stage were different. The stress state of rock can be
revealed by analyzing the four stages of rock deformation.
The boundary points of the four stages of the sample are
shown in Figure 4. The results show that the strain in the
30° CRCS sample exceeded that of the 0° one, and the residual
deformation was large in the four stages. It changed asyn-

chronously with the other three stages, indicating that the
sample was seriously damaged and prone to serious disasters.

3.2. AE Response of CRCS Samples with Different Inclinations.
The displacement controlled loading method was used in the
test, and the loading rate was 0.01mm/s until the specimen
was destroyed. The sampling frequency of acoustic emission
system is 1000 kHz, and the threshold is 40 dB. In order to
enhance the coupling effect between the acoustic emission
probe and the sample, Vaseline is smeared between the sen-
sor and the sample to reduce the acoustic impedance differ-
ence and energy attenuation of the contact surface and
improve the effectiveness of AE signal in the test process.
The failure characteristics and AE response of CRCS samples
with different inclinations are shown in Figure 5. When the
inclination of the coal-rock sample increased from 0° to 30°,
the CRCS sample’s fracture mode evolved from splitting fail-
ure of the coal rock to the sliding failure at the interface of the
CRCS. There was a close correlation between the AE and the
stress drop of the rock sample. The stress curve fluctuated
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greatly after the peak, and there existed an obvious stress
drop, accompanied by large energy AE events. The AE signal
of the coal sample under uniaxial loading was weak, and the
correlation with stress drop was low. The AE events of large
energy were mainly concentrated in the after-peak stage.
The fluctuation of the stress-time curve of the CRCS sample
occurred within a small range, and there was only one peak
point. The correlation between the AE and the stress drop
was not obvious, and numerous AE signals were mainly con-
centrated in the stable rising stage of stress before the peak.

The AE energy can better characterize the damage and
fracture of the coal-rock sample and directly reflect the evolu-
tion process of crack initiation, propagation, and penetration
in the sample [27, 28]. Therefore, the AE energy was used as
a characteristic parameter to further analyze the damage pro-
cess of the coal-rock samples with different inclinations.

Based on the statistical damage theory, the damage
evolution equation of samples under uniaxial loading was
established in the following form:

σ = E 1‐Dð Þε1, ð1Þ

where σ is the axial stress, in MPa; E is the elastic modulus, in
MPa; and D is the damage factor, which is derived as the
number of cracks in the microelement in the sample.

Assuming that the strength of the microelement in the
sample followed the Weibull distribution law, the relation-
ship between the damage factor and the AE energy parame-
ters was obtained:

D = Nt

Na
, ð2Þ

where Nt and Na are the AE cumulative energies at time t
and sample’s fracture, respectively, in mV·mS units.

The samples had a certain residual strength after the peak
under a uniaxial load. The damage factor and the AE energy
parameter model based on the Weibull distribution disre-
garded the residual strength after the peak. It was assumed
that the sample was destroyed when the maximum strain
was reached, i.e., D = 1, which was inconsistent with reality.
Therefore, the correction factor m was introduced, with the
calculation equation of the damage factor reduced to the fol-
lowing form:

D =m
Nt

Na
: ð3Þ

With an account of the residual strength, the correction
factor m can be obtained as follows:

m =
σc − σp
σc

, ð4Þ

where σc is the compressive strength, in MPa and σp is the
residual strength, in MPa.

By substituting Equations (3) and (4) into Equation (1),
the damage evolution equation of the uniaxial compression
of CRCS samples characterized by the AE energy was
obtained:

σ = E 1‐
σc‐σp
σc

N t
Na

� �
ε1: ð5Þ

The damage evolution process of a typical sample under
uniaxial compression was obtained by transforming the
damage variables of the CRCS sample based on the normali-
zation method [29, 30]. As shown in Figure 5, the CRCS sam-
ples with different inclinations were characterized by the
multistage damage mechanism, which included three stages,
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according to the damage factor-time curve. The first stage
was the initial damage stage, with a damage factor of about
zero and low damage. It mainly corresponded to the initial
stage of the stress-strain compaction and the elastic stage.
At this time, the original cracks closed, the internal structure
was uniform, and there was no new crack initiation or prop-
agation. The second stage was the stable growth stage of dam-
age, in which the damage factor increased nonlinearly, and the
damage degree was high, mainly in the middle and late por-
tions of the elastic stress-strain stage and the early part of the
plastic stage. At this time, the primary cracks reached their
limit state, and new cracks initiated and propagated with
increased loading pressure. The third stage was the rapid
growth stage of damage, mainly located in the middle and late
portions of the stress-strain plastic stage and the residual stage
after the peak. At this time, the internal microcracks in the
sample expanded rapidly, converged, formed a network of
cracks, and merged, resulting in the macrofracture.

In comparison with Figure 5, acoustic emission signals
and damage factors of different dip coal-rock assemblages
show the characteristics of stage evolution. The stress-strain
curve of rock sample is in drop type after the peak, and the
stress-strain curve of the coal-bearing component decreases
slowly, indicating that the rock sample has good brittleness
[31]. The combined samples first appeared microcracks in
the attachment of contact surface, and the microcracks devel-
oped gradually until the specimen was destroyed. The rock
samples and coal samples first appeared cracks at the loading
end and developed and expanded gradually.

3.3. Failure and Instability Characteristics of Coal-Rock
Combination with Different Dip Angles. In the same stress
state, coal is the first to be destroyed, and microcracks and
weak planes appear. With the continuous loading, these
microcracks gradually connect and develop with the weak
surface, forming the macrofailure characteristics. In the com-
bination, the coal component is mainly longitudinal failure,

and the angle between the crack and the axial direction of
the sample is in the range of 0° to 30° which belongs to shear
failure. The failure process is that the local point begins to
lose stability and then leads to the overall instability [32].
The failure mode of 30° composite specimen is “point type”
incomplete failure.

To sum up, with the gradual increase of the dip angle of
the coal-like rock combination, the combination failure
mode gradually transits from shear failure and “point type”
incomplete failure, and with the gradual increase of dip angle,
the failure degree changes from complete failure to incom-
plete failure.

4. Energy Evolution in the CRCS Mass

4.1. Energy Calculation Method. Energy evolution accom-
panies the whole process of damage and failure of the coal
and rock mass, so it is more practical to reveal the coal and
rock mass damage from the energy evolution standpoint
[33, 34]. Based on this, the energy evolution of CRCS samples
with different inclinations under uniaxial compression was
performed to analyze the trend of total energy accumulated
before the peak, total release energy after peak, elastic energy,
dissipated energy, and surplus energy.

The uniaxial stress-strain curve of coal-like rock combi-
nation is obtained by the test, and the stress-strain curve is
integrated according to the calculus method, as shown in
Figure 6. During the cyclic loading experiment, it is found
that the unloading curve is curved due to the viscous hyster-
esis. The elastic energy accumulated before the peak can be
approximately calculated by means of elastic stage transla-
tion, and the formula is shown below:

Ue = 1
2σcε

e, ð6Þ
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where σc is compressive strength, in MPa and εe is the elastic
strain that can be recovered before the peak, in %.

According to the first law of thermodynamics, assuming
that there is no heat exchange between the coal-rock combi-
nation and the outside world under uniaxial load, part of the
work done by the testing machine is converted into elastic
strain energy, which is stored in the sample, and part of it is
consumed in the form of dissipative energy, i.e.,

U =Ue +Ud , ð7Þ

U =
ðε1
0

σi + σi+1
2 dε, ð8Þ

where U is the total energy before the peak, Ud is the dissi-
pated energy, ε1 is the strain corresponding to the peak stress,
and σi and σi+1 are stresses in ith andi + 1th microelements,
respectively.

The postpeak energy U f of the sample is

U f =
ðεmax

ε1

σi + σi+1
2 dε, ð9Þ

where εmax is the limit strain after the peak.
Part of the elastic energy stored before the peak is con-

sumed by the sample rupture, and the remaining energy is
converted into the initial kinetic energy of the sample ejec-
tion. Therefore, the surplus energy is the difference between
the pre peak elastic energy and the postpeak released energy.

Uy =Ue −U f , ð10Þ

where U f is the total release energy after peak and Uy is the
surplus energy.

4.2. Energy Evolution of CRCS Samples with Different
Inclinations. The evolution of rock damage is accompanied
by energy transfer and conversion, presenting comprehen-
sive information on stress and strain evolutions. It is of cer-

tain significance to evaluate the process of rock loading to
catastrophe based on energy. Figure 7 shows the energy con-
version law of CRCS samples with 0° and 30° inclination angles.

As shown in Figure 7, the stress-strain evolution can be
subdivided into the following four stages, namely, compres-
sion stage (I), elastic stage (II), plastic stage (III), and after-
peak stage (IV). The dissipated and elastic energies exist in
the compression, elastic, and plastic stages; the released and
surplus energies exist in the after-peak stage, while shares
and forms of energy in each stage are adjusted. According
to Equations (6) to (10), calculations were performed for
the total energy accumulated before the peak, released energy
after peak, elastic energy accumulated before the peak, dissi-
pated energy, and surplus energy. The performed analysis
revealed that the energy characteristics of 0° and 30° CRCS
samples were similar, and the dissipated energy of the 30°

CRCS sample was small.
Figure 8 shows the law of energy release after the peak in

the rock. As expected, the variation trends of 0° and 30°CRCS
samples were very similar. All samples with different inclina-
tions satisfied the law of stable energy release in the initial,
middle, and later stages exhibited a gradual slowdown in
the later stage and maximum energy release. According to
the curve’s slopes of samples with different inclinations, the
energy release after the peak of 30° CRCS was intense.

Figure 9 shows the variation law of total energy, elastic
energy, dissipated energy, released energy, and surplus
energy accumulated before the peak of 0° and 30° coal-rock
combination samples. From the horizon and trend relation-
ship of the curve, it can be seen that the total energy accumu-
lated before the peak is > elastic energy > released energy >
dissipated energy > surplus energy, and there is no offside sit-
uation. It shows that the variation of samples of 0° and 30°

coal-rock assemblages can meet the general law of energy
evolution, and only fluctuates in numerical value. With the
increase of the inclination angle, the positions of the total
energy accumulated before the peak and the elastic deforma-
tion energy are closer and closer. The difference between the
total energy accumulated before the peak and the released
energy after the peak shows a decreasing trend, and the
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difference between the total energy accumulated before the
peak and the dissipated energy shows a gradually increasing
trend. The results show that with the increase of dip angle,
the energy storage characteristics of coal-like rock combina-
tion are gradually enhanced.

5. Analysis of Inclination Influence
Mechanism in CRCS

The experimental results show that the AE signal is highly
consistent with the loading failure process of the specimen,
which is consistent with the previous research results. How-
ever, the mechanical and acoustic emission characteristics
of coal-rock associations with different dip angles are signif-

icantly different. In order to explore the influence of contact
angle on peak load and uniaxial compressive strength, a
mechanical model as shown in Figure 10 is established. In
the contact surface of the coal rock, σ sin α is the stress of
the contact surface of the parallel coal rock, σ cos α is the
stress of the contact surface of vertical coal rock, where σ is
the axial stress applied and α is the angle between the contact
surface and the horizontal direction of the coal rock. With an
increase in the inclination of the contact surface of the coal
rock, σ sin α increased gradually and σ cos α decreased
gradually, that is, the shear slip failure was enhanced during
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loading, and the tensile splitting failure was weakened gradu-
ally. The crack morphology and mechanical properties of the
CRCS samples with different inclinations exhibited different
patterns under the external loads.

At α = 0°, the axial stress was normal to the contact sur-
face of the coal rock of the combination, the original fractures
and pores of the sample were compressed to a large extent,
and numerous cracks perpendicular to the contact surface
were produced, so the sliding instability failure did not occur
easily. When the peak load was reached, the cracks perpen-
dicular to the contact surface were not completely connected,
showing good ductility failure. The small cracks perpendicu-
lar to the contact surface after the peak were rapidly con-
nected, and the sample was damaged instantly. At α = 30°,
there was a stress component parallel to the contact surface
in the CRCS; the sample was tensioned at the contact surface;
cracks were generated under the action of the stress compo-
nent parallel to the contact surface, and the original cracks
and pores of the sample were gradually compacted under
the action of the stress component perpendicular to the con-
tact surface. Therefore, the 30°CRCS samples were more
prone to losing cohesion and experienced a sliding failure
along the contact surface.

The CRCS samples with different inclinations can reflect
the characteristics of the coal-rock contact surface. When the
coal seam is the same, the angles between the principal stress
and the contact surface are different, and the energy dynamic
evolution and impact tendency differ as well. The larger
strain energy is accumulated before the peak, the shorter
the failure time after the peak, and the greater the impact ten-
dency. The test results show that with an increase in the incli-
nation angle α of the contract surface, the elastic energy
accumulated before the peak increased, and the failure time
decreased. Before the sample was loaded to the peak load,
numerous AE signals appeared, and intensive AE signals
were detected in the middle of the failure process.

6. Conclusions

The results obtained made it possible to draw the following
conclusions:

(1) The coal and rock mass near the contact surface of
the CRCS affected each other. The limiting effect of
the rock mass in the failure stage before the peak
was obvious, and the coal part effect in the failure
stage after the peak was more pronounced. The sam-
ple failure mode was closely related to the inclination
angle of the contact surface, i.e., the larger the inclina-
tion, the greater the shear slip failure

(2) With an increase in the inclination angle of the con-
tact surface, the positions of the total energy accumu-
lated before the peak and the elastic energy of the
CRCS shifted closer to each other. The difference
between the total energy accumulated before the peak
and the released energy after the peak decreased. The
difference between the total energy accumulated
before the peak and the dissipated energy tended to
increase gradually

(3) The rock art in the CRCS sample limited the strength
of the coal part. Compared with the pure coal mono-
mer, the pressure-bearing time of the sample in the
expansion stage after the peak was longer, and the
impact tendency of the CRCS sample was weaker.
According to the deformation and failure character-
istics of the combination, the support of the coal body
far from the contact surface should be strengthened
in engineering practice to avoid the rock damage
caused by the expansion and evolution of cracks in
the coal part

Data Availability

The data used for conducting classifications are available
from the corresponding author authors upon request.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

We acknowledge the financial support for this work provided
by the China National Key Research and Development Pro-
gram (2019YFC1904304) and 115 innovation team support
project in Anhui Province.

References

[1] M. C. He, H. P. Xie, S. P. Peng, and Y. D. Jiang, “Study on rock
mechanics of deep mining,” Chinese Journal of Rock Mechan-
ics and Engineering, vol. 24, no. 16, pp. 2803–2813, 2005.

[2] H. P. Xie, H. W. Zhou, D. J. Xue, H. W. Wang, R. Zhan, and
F. Gao, “Research and thinking on deep mining and limit min-
ing depth of coal,” Journal of China Coal Society, vol. 37, no. 4,
pp. 535–542, 2012.

[3] L. Yuan, J. H. Xue, Q. S. Liu, and B. Liu, “Surrounding rock
control theory and support technology of deep rock roadway
in coal mine,” Journal of China Coal Society, vol. 36, no. 4,
pp. 535–543, 2011.

Coal-
rock co

ntac
t in

ter
fac

e

Coal

Rock

σ

σ sin α

σ cos α
α

Figure 10: Schematic diagram of the inclination angle effect in
CRCS.

10 Geofluids



[4] S. L. Song, X. S. Liu, Y. L. Tan, D. Y. Fan, Q. Ma, and H. L.
Wang, “Study on failure modes and energy evolution of coal-
rock combination under cyclic loading,” Shock and Vibration,
vol. 2020, Article ID 5731721, 16 pages, 2020.

[5] L. M. Dou, J. C. Tian, C. P. Lu et al., “Study on electromagnetic
radiation law of impact failure of composite coal and rock,”
Chinese Journal of Rock Mechanics and Engineering, vol. 24,
no. 19, pp. 143–146, 2005.

[6] L. M. Dou, C. P. Lu, Z. L. Mou, X. T. Zhang, and Z. H. Li,
“Experimental study on impact propensity of combined coal
and rock,” Journal of Mining and Safety Engineering, vol. 23,
no. 1, pp. 43–46, 2006.

[7] J. P. Zuo, H. P. Xie, A. M. Wu, and J. F. Liu, “Study on failure
mechanism and mechanical properties of deep coal rock
monomer and combination,” Chinese Journal of RockMechan-
ics and Engineering, vol. 30, no. 1, pp. 84–92, 2011.

[8] Y. L. Chen, J. P. Zuo, D. J. Liu, and Z. B. Wang, “Deformation
failure characteristics of coal–rock combined body under uni-
axial compression: experimental and numerical investiga-
tions,” Bulletin of Engineering Geology and the Environment,
vol. 78, no. 5, pp. 3449–3464, 2018.

[9] Z. L. Mou, H. Wang, P. Peng, Z. J. Liu, and X. C. Yang, “Exper-
imental study on failure characteristics and impact tendency of
rock coal rock combination,” Journal of Mining and Safety
Engineering, vol. 30, no. 6, pp. 841–847, 2013.

[10] S. J. Chen, D. W. Yin, N. Jiang, F. Wang, and Z. H. Zhao,
“Mechanical properties of oil shale-coal composite samples,”
International Journal of Rock Mechanics and Mining Sciences,
vol. 123, article 104120, 2019.

[11] Z. T. Zhang, J. F. Liu, L. Wang, H. T. Yang, and J. P. Zuo,
“Experimental study on influence of combination mode on
mechanical properties and failure characteristics of coal rock
combination,” Journal of China Coal Society, vol. 37, no. 10,
pp. 1677–1681, 2012.

[12] F. Du and K. Wang, “Unstable failure of gas-bearing coal-rock
combination bodies: insights from physical experiments and
numerical simulations,” Process Safety and Environmental
Protection, vol. 129, no. 2019, pp. 264–279, 2019.

[13] Y. L. Tan, W. Y. Guo, Q. H. Gu et al., “Research on the rock-
burst tendency and AE characteristics of inhomogeneous
coal-rock combination bodies,” Shock and Vibration,
vol. 2016, no. 2, Article ID 9271434, p. 11, 2016.

[14] K. Yang, Z. Wei, X. L. Chi, Y. G. Zhang, and W. J. Liu, “Exper-
imental research on the mechanical characteristics and the
failure mechanism of coal-rock composite under uniaxial
load,” Advances in Civil Engineering, vol. 2020, no. 1, Article
ID 8867809, p. 11, 2020.

[15] S. Yang, J. Wang, J. G. Ning, and P. Q. Qiu, “Experimental
study on mechanical properties, failure behavior and energy
evolution of different coal-rock combined specimens,” Applied
Sciences, vol. 9, no. 20, pp. 4427–4438, 2019.

[16] Q. Ma, Y. L. Tan, X. S. Liu, Z. H. Zhao, and D. Y. Fan,
“Mechanical and energy characteristics of coal–rock compos-
ite sample with different height ratios: a numerical study based
on particle flow code,” Environmental Earth Sciences, vol. 80,
no. 8, pp. 309–321, 2021.

[17] W. R. Liu, W. Yuan, Y. T. Yan, and X. Wang, “Analysis of
acoustic emission characteristics and damage constitutive
model of coal-rock combined body based on particle flow
code,” Symmetry, vol. 11, no. 8, pp. 1040–1053, 2019.

[18] C. Zhang and L. Zhang, “Permeability characteristics of bro-
ken coal and rock under cyclic loading and unloading,” Natu-
ral Resources Research, vol. 28, no. 3, pp. 1–13, 2018.

[19] W. Zhao, K. Wang, Y. P. Cheng, S. M. Liu, and L. Fan, “Evolu-
tion of gas transport pattern with the variation of coal particle
size: kinetic model and experiments,” Powder Technology,
vol. 367, pp. 336–346, 2020.

[20] F. Du, K. Wang, X. C. P. Xin, L. Y. Shu, and G. D. Wang,
“Experimental study of coal-gas outburst: insights from coal-
rock structure, gas pressure and adsorptivity,” Natural
Resources Research, vol. 29, no. 4, pp. 2481–2493, 2020.

[21] F. Du, K. Wang, G. D. Wang, Y. Huang, and L. P. Yi, “The
mechanism of damage in gas-bearing coal-rock combination
bodies and gas seepage in coals,” Energy Sources, Part A:
Recovery, Utilization, and Environmental Effects, vol. 43,
no. 10, pp. 1181–1201, 2019.

[22] X. Ding, X. C. Xiao, X. F. Lv et al., “Time frequency signal char-
acteristics and evolution mechanism of acoustic emission dur-
ing coal and rock fracture process,” Journal of China Coal
Society, vol. 44, no. 10, pp. 2999–3011, 2019.

[23] Z. G. Xia, S. Liu, B. Zhang, J. H. Song, F. Fen, and N. Jiang,
“Mechanical properties and damage characteristics of coal-
rock combination with different dip angles,” KSCE Journal of
Civil Engineering, vol. 25, no. 5, pp. 1687–1699, 2021.

[24] Z. H. Zha, W. M. Wang, L. H. Wang, and C. Q. Dai, “Com-
pression-shear strength criterion of coal-rock combination
model considering interface effect,” Tunnelling and Under-
ground Space Technology, vol. 47, no. 2015, pp. 193–199, 2015.

[25] H. T. Sun, L. C. Dai, Y. B. Liu, and H. W. Jin, “Critical condi-
tions and energy transfer characteristics of the failure process
of coal-rock combination systems in deep mines,” Geofluids,
vol. 2021, no. 16, Article ID 6655443, p. 14, 2021.

[26] X. S. Liu, Y. L. Tan, J. G. Ning, Y. W. Lu, and Q. H. Gu,
“Mechanical properties and damage constitutive model of coal
in coal-rock combined body,” International Journal of Rock
Mechanics and Mining Sciences, vol. 110, no. 2018, pp. 140–
150, 2018.

[27] Z. P. Meng, P. Zhang, Y. D. Tian, Y. H. Wang, S. N. Li, and
C. Li, “Experimental analysis of stress-strain, permeability
and acoustic emission of coal reservoir under confining pres-
sure,” Journal of China Coal Society, vol. 45, no. 7, pp. 2544–
2551, 2020.

[28] M. M. Kou, X. R. Liu, Z. Q. Wang, and S. D. Tang, “Laboratory
investigations on failure, energy and permeability evolution of
fissured rock-like materials under seepage pressures,” Engi-
neering Fracture Mechanics, vol. 247, no. 2021, article
107694, 2021.

[29] X. L. Li, S. J. Chen, E. Y. Wang, and Z. H. Li, “Rockburst mech-
anism in coal rock with structural surface and the microseis-
mic (MS) and electromagnetic radiation (EMR) response,”
Engineering Failure Analysis, vol. 124, no. 3, article 105396,
2021.

[30] Y. Yang, C. B. Jiang, X. W. Guo, S. J. Peng, J. J. Zhao, and F. Z.
Yan, “Experimental investigation on the permeability and
damage characteristics of raw coal under tiered cyclic unload-
ing and loading confining pressure,” Powder Technology,
vol. 389, no. 2021, pp. 416–429, 2021.

[31] C. Zhang, S. H. Tu, and Y. X. Zhao, “Compaction characteris-
tics of the caving zone in a longwall goaf: a review,” Environ-
mental Earth Sciences, vol. 78, no. 1, pp. 1–12, 2019.

11Geofluids



[32] K. Wang and F. Du, “Coal-gas compound dynamic disasters in
China: a review,” Process Safety and Environmental Protection,
vol. 133, pp. 1–17, 2020.

[33] P. Wang, H. J. Jia, and P. Q. Zheng, “Sensitivity analysis of
bursting liability for different coal-rock combinations based
on their inhomogeneous characteristics,” Geomatics, Natural
Hazards and Risk, vol. 11, no. 1, pp. 149–159, 2020.

[34] J. J. Feng, E. Y. Wang, R. X. Shen, L. Chen, X. L. Li, and N. Li,
“A source generation model for near-field seismic impact of
coal fractures in stress concentration zones,” Journal of Geo-
physics and Engineering, vol. 13, no. 4, pp. 516–525, 2016.

12 Geofluids



Research Article
Research and Optimization of Gas Extraction by Crossing-Seam
Boreholes from Floor Roadway

Gang Li and Jiafei Teng

College of Mining, Liaoning Technical University, Fuxin, Liaoning Province, China

Correspondence should be addressed to Gang Li; ligang@lntu.edu.cn

Received 3 June 2021; Accepted 25 July 2021; Published 10 August 2021

Academic Editor: Feng Du

Copyright © 2021 Gang Li and Jiafei Teng. 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.

Deep coal seams are characterized by large stress, high gas pressure, and low permeability. The gas disaster threatens the safe
production of coal mine seriously. Gas extraction by crossing-seam boreholes from floor roadway (GECMBFR) can reduce the
pressure and content of coal seam gas, which is the main measure to prevent gas disaster. Considering the Klinkenberg effect,
governing equations of gas adsorption/desorption-diffusion, gas seepage, and stress fields within the coal seam are established to
form the seepage-stress coupling model. The governing equations are embodied into a finite element driven software to
numerically simulate gas migration and fluid-solid coupling law in coal seam. On this basis, the process of gas extraction under
different borehole spacings and diameters is simulated. The effects of these two key parameters on coal seam gas pressure, gas
content, and gas permeability were analyzed. The borehole spacing and diameter were determined to be 5m and 0.09m,
respectively. Combined with the actual situation of a mine, the process of gas extraction from floor roadway with different
cross-sectional schemes, ordinary drilling boreholes and punching combined drilling boreholes, is comparatively analyzed. The
results show that the gas extraction effect by ordinary drilling boreholes is lower than that of the punching combined drilling
boreholes, and the extraction is uneven and makes it difficult to meet the standard. Hydraulic punching was carried out, and
coal was washed out of the borehole, which expanded the contact area between the borehole wall and coal seam. The coal seam
around the punching borehole is unloaded, which improves coal permeability and accelerates gas migration towards the
borehole, thus promoting the efficiency of gas extraction. It is more reasonable to use punching combined drilling borehole
scheme when implementing the GECMBFR technology.

1. Introduction

As the mining depth increases, gas pressure and content in
coal seam increase. This may lead to gas accidents such as
coal and gas outburst and gas explosion, which seriously
threaten the safety production of coal mine [1, 2]. Gas extrac-
tion by borehole drilling from floor roadway can effectively
reduce coal seam gas and eliminate gas disaster risk [3]. Rea-
sonable arrangement parameters of extraction boreholes can
avoid blind extraction area among boreholes and improve
gas extraction volume. Meanwhile, an optimal scheme will
reduce drilling construction and thus decrease the cost of
field application. Understanding the law of gas migration in
the coal seam is the key to determine the reasonable borehole
parameters [4].

Scholars have studied the interaction relationship
between coal and gas. They consider that the change of geos-
tress and gas pressure in the coal seam will cause coal defor-
mation and change of porosity and permeability. For
instance, Liang et al. [5], Xu et al. [6], and Connell [7] estab-
lished gas-solid coupling models of coal and gas under differ-
ent stress conditions. Then, the gas ad/desorption-induced
coal deformation is introduced into the gas-solid coupling
model [8–10]. In fact, the existence of water in the coal seam
will occupy the migration channel of methane and reduce the
relative permeability of gas phase [11, 12]. At the same time,
the gas flow in the coal seam is very different from the liquid
flow, because the effective permeability depends on the com-
pressibility and gas pressure [13]. The dependence of coal
seam permeability on gas pressure is called the Klinkenberg
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effect. It has important influence on gas flow behavior [14].
In previous studies, the Klinkenberg effect is often ignored,
resulting in large errors in borehole design and gas extraction
calculation [15, 16].

In this study, considering the action of the Klinkenberg
effect, the seepage-stress coupling model for gas extraction
from coal seam is established by combining the controlling
equations of gas diffusion field in coal matrix, gas seepage
field in fractures, and stress field within the coal seam. The
mathematical equations were embedded into the finite
element (FE) analysis software to model the gas extraction
through boreholes from floor roadway. The influence of
borehole spacing and borehole diameter on gas extraction
through boreholes is analyzed. And the research results
provide guidance for optimizing the borehole schedule of
gas extraction.

2. Seepage-Stress CouplingModel for Coal Seam
Gas Extraction

Considering the occurrence environment of coal seam gas,
we put forward the following assumptions [17–19]: (1) coal
seam is an elastic continuous medium, which contains both
fractures and porous matrix; (2) gas adsorbs on the surface
of both pores and fractures, and gas transports in the space
of pores and fractures in the state of free; (3) with the process
of gas extraction, gas first desorbs from the surface of pores
and then diffuses into fractures and finally seepages into
boreholes from the fractures, obeying the Langmuir adsorp-
tion law, Fick’s law, and Darcy’s law, respectively; and (4)
gas is a kind of ideal gas.

2.1. Controlling Equation of Seepage Field. Coal seam is struc-
tured by pores, fractures, and solid phase. Coal seam gas is
generated from the solid phase and stored within the pores
and fractures. In the coal matrix, gas content includes
adsorbed and free gas. The gas content in the coal matrix
can be expressed as [20]

mm =V sgρsρgs + φmρmg, ð1Þ

where V sg is volume of adsorbed coalbed methane, m3/kg; ρs
is density of coal skeleton, kg/m3; ρgs is gas density in stan-
dard state, kg/m3; φm is the porosity of the coal matrix; and
ρmg is gas density in the coal matrix, kg/m3.

Gas existing in the space of pores and fractures obeys the
ideal gas law. The density of free gas is given as

ρg =
Mg
RT

p, ð2Þ

whereMg is molar mass of gas, kg/mol; R is molar constant of
gas, J/(mol·K); T is geothermal temperature, K; and p is gas
pressure, MPa.

The volume of adsorbed coalbed methane in coal matrix
can be defined by Langmuir law [10]:

V sg =
VLpm
PL + pm

, ð3Þ

where VL and PL are the Langmuir constants and pm is gas
pressure in matrix, Pa.

Before the operation of gas extraction, the coal seam gas
is in the state of equilibrium, namely, gas pressure in pores
equals that of gas in fractures. After implementing gas extrac-
tion, the equilibrium is disturbed, and the gas desorbs from
the surface of pores and diffuses into the fractures driven by
concentration gradient. By using Fick’s law, the mass conser-
vation in the porous matrix is obtained [13]:

∂mm
∂t

= −
Mg
τRT

pm − pfð Þ, ð4Þ

where pf is gas pressure in coal fracture, MPa, and τ is diffu-
sion time, s.

Combining Equations (1)–(4), the controlling equation
of gas migration in the matrix is gained:

∂
∂t

VLpm
PL + pm

ρs
Mg
RTs

ps + φm
Mg
RT

pm

� �
= −

Mg
τRT

pm − pfð Þ: ð5Þ

For gas transporting in a fracture system, the diffused gas
from the coal matrix acts as the mass source, and the gas
mass conservation of the fracture system can be expressed
as [21]

∂ φf ρg

� �
∂t

+∇ ⋅ ρg q
!

g

� �
= 1 − φfð Þ Mg

τRT
pm − pfð Þ, ð6Þ

where φf is porosity of fracture and q!g is seepage velocity of
gas, m/s.

The Klinkenberg effect will increase the apparent perme-
ability especially when the gas pressure is low. Considering
this, we define the gas flow rate in the fracture as [21, 22]

q!g = −
k
μg

1 + bk
pf

� �
∇pf , ð7Þ

where k is fracture permeability, m2; μg is gas dynamic
viscosity, Pa·s; and bk is slippage factor, Pa.

Submitting Equation (7) into (6), the controlling
equation of seepage field of gas can be obtained:

∂
∂t

φf
Mg
RT

pf

� �
+∇ ⋅ −

Mg pf + bkð Þ
RT

k
μg

∇pf

 !
= 1 − φfð Þ Mg

τRT
pm − pfð Þ:

ð8Þ
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2.2. Controlling Equation of Stress Field. The strain of coal
mass is the sum of strain caused by stress, gas pressure, gas
ad/desorption, and temperature change [20]:

εij =
1
2Gσij −

1
6G −

1
9K

� �
σkkδij +

αmpm + αfpf
3K δij +

εa
3 δij,

ð9Þ

where δij is Kronecker sign; D is modified elastic modulus,
GPa; D = 1/ð1/Es + 1/ðaKnÞÞ; G is shear modulus of coal,
GPa; G =D/2ð1 + υÞ; K is volume modulus of coal, GPa, K
=D/3ð1 − 2υÞ; Ks is volume modulus of coal skeleton, GPa;
Kn is the stiffness of fracture, GPa; υ is the Poisson ratio;
αm and αf are effective stress coefficients; a is the length of
matrix, m; εa is gas adsorption-caused strain of coal skeleton,
which is proportional to adsorption capacity [13]:

εa = αsgV sg, ð10Þ

where αsg is strain coefficient of gas adsorption, kg/m3.

According to the classical mechanics, the strain-
displacement equation and static equilibrium of coal seam
can be derived as

εij =
1
2 ui,j + uj,i
� �

,

σij,j + Fi = 0,

8<
: ð11Þ

where F is volume force, Pa; u is the displacement, m; and the
subscript i and j stand for the direction of x, y, and z.

Combining Equations (9)–(11), the controlling equation
of stress field can be obtained:

Gui,jj +
G

1 − 2υ uj,ji − αmpm,i − αf pf ,i − Kεa,i + Fi = 0: ð12Þ

2.3. Porosity and Permeability Equations. The mechanical
properties of coal seam are largely dependent on the struc-
ture of pores and fractures. Porosity and permeability are
the key parameters for evaluating gas migration in coal.
The variation of pores and fractures is closely related to the
stress state, as well as the mechanical properties of coal seam.
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Figure 1: Conceptual model of representational element volume of coal mass.
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Figure 2: Geometric model for investigating the influence of borehole parameters on gas extraction.
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The equation of matrix porosity is taken from a published
literature, which is defined as [23]

φm = φm0 1 + S0ð Þ + αm S − S0ð Þ
1 + Sð Þ , ð13Þ

in which the strain S = εv + pm/Ks − εa; εv is the volume strain
of coal; and the subscript “0” stands for the initial state.

The conceptual model of presentational element volume
(REV) in the coal seam is shown in Figure 1, where a is
defined as the length of the matrix and b is the length of
the fracture.

Fracture porosity is taken as [24]

ϕf = ϕf0 +
ϕf0Km

3 K f + Km/r3mt − Km
� � Δεa +

Δεv
r3mt

+ αmΔpm
Km

� �
,

ð14Þ

where K f is improving fracture stiffness, K f = bKn, GPa;
rm = a/ða + bÞ is defined as the proportion of matrix length
to the REV length; and Km is the bulk modulus of the
matrix, Pa.

Pa
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Figure 3: Gas pressure with different borehole spacings after 120 days’ extraction.

Table 1: Relevant parameters for simulation of gas extraction.

Parameter name Value Parameter name Value

Initial gas pressure of coal seam (p0, MPa) 1.0 Geothermal temperature (T0, K) 300

Gas adsorption volume constant (VL, m
3/kg) 0.0256 Adsorption strain coefficient (εmax, kg/m

3) 0.06

Gas adsorption pressure constant (PL, MPa) 1.07 Molar mass of gas (Mg, g/Mol) 16

Gas dynamic viscosity (μg, Pa·s) 1:84 × 10−5 Molar gas constant (R, J/(Mol·K) 8.314

Hydrodynamic viscosity (μw, Pa·s) 1:03 × 10−3 Standard temperature (Ts, K) 273.5

Gas desorption time (τ, d) 1.21 Standard atmospheric pressure (ps, kPa) 101

Initial porosity of coal (φm0) 0.035 Coal density (ρc, kg/m
3) 1410

Initial fracture degree of coal (φf 0) 0.012 Initial permeability (kf 0, m
2) 1:8 × 10−17

Slippage factor (bk, MPa) 0.36 Poisson’s ratio of coal (v) 0.35
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The cubic law is adopted to illustrate the relation of
fracture permeability and fracture porosity [25], which is
expressed as

k
k0

= φf
φf0

� �3
: ð15Þ

Submitting Equation (14) into Equation (15), the avail-
able fracture permeability is

k = k0 1 + Km
3 K f + Km/r3mt − Km
� � Δεa +

Δεv
r3mt

+ αmΔpm
Km

� � !3

,

ð16Þ

where k0 is initial permeability, m2.
By using the partial differential equations of Equations

(5), (8), and (12)–(16), the seepage-stress coupling model is
obtained, and the partial differential equations can be embed-
ded into software by programming to simulate the law of gas
extraction by drilling through floor roadway.

3. Effects of Borehole Spacing and Diameter on
Gas Extraction through Boreholes

3.1. Geometric Model and Definite Solution Condition. In
order to design and optimize the layout scheme of gas
extraction through boreholes in floor extraction roadway,
the influence of borehole spacing and borehole diameter on
gas extraction through boreholes was studied. The three-
dimensional geometric model of gas extraction through
boreholes in floor roadway is constructed, as shown in
Figure 2. Coal seam is a cuboid with a size of 20m ×
20m × 3:3m. The four borehole centers are square and

arranged in the center of the model. The borehole spac-
ing is S, while the borehole diameter is d.

When solving the mathematical model, the sliding
boundary is around the geometric model in Figure 2. The
bottom is fixed boundary, and the top is applied with
15MPa of vertical stress. The extern sides of the model are
set as impermeable boundaries, indicating that there are no
gas flows at these boundaries. The borehole wall of the
extraction borehole is set as the pressure boundary condition,
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and the extraction pressure is 20 kPa. For the simulation of
gas extraction by crossing-seam boreholes, the initial
gas pressure is 1.0MPa, and the initial permeability is
1:8 × 10−17m2. Other relevant parameters are shown in
Table 1.

In order to facilitate the analysis, the single variable con-
trol method is used. On the basis of keeping other parameters
unchanged, the gas extraction law of borehole spacing or
diameter in the range of change is discussed. In other words,
when the borehole spacing is studied, the borehole diameter
is fixed to 0.09m, and the borehole spacing is set to 3m,
4m, 5m, and 6m, respectively. To reveal the influencing
law of varying borehole diameters on the gas extraction effi-
ciency, we set four sizes of borehole diameter starting from
0.09m with an interval of 0.14m. When the borehole diam-
eter is research objectives, the borehole spacing is fixed to
5m, and the borehole diameter is set to 0.09m, 0.23m,
0.37m, and 0.51m, respectively.

3.2. Effect of Borehole Spacing on Gas Extraction by Crossing-
Seam Boreholes.After 120 days’ gas extraction, the contour of
gas pressure with a borehole spacing of 3m, 4m, 5m, and
6m is shown in Figure 3.

The black line represents the gas pressure 0.74MPa.
When the gas pressure is lower than 0.74MPa, it meets
requirements of gas extraction. Under the action of extrac-
tion pressure, coal seam gas migrates into the borehole, and
the gas pressure near the borehole decreases. With the oper-
ation of extraction, the area of gas pressure reduction extends
outward. After 120 days’ extraction, the volume of effective
gas extraction for a borehole spacing of 3m, 4m, 5m, and
6m is 119.75, 143.65, 152.69, and 69.43m3, respectively. It
is visible; the borehole spacing is not the greater the better,
nor the smaller the better. When the borehole spacing is
5m, the effective gas extraction area is the largest and the
efficiency of gas extraction is the highest.

Under different borehole spacings, the variation of gas
content with time at reference point P1 is shown in
Figure 4. With the prolonging of gas extraction, the gas con-
tent at the reference point gradually decreases. In the same
time interval, the decline of gas content at the initial stage is
greater than that at the late stage of extraction. The greater
the borehole spacing, the smaller the degree of gas content
reduction. Meanwhile, the decrease of gas content is nonlin-
ear with the increase of borehole spacing. For example, at 60
days of extraction, the gas content at the reference point P1
with 3, 4, 5, and 6m borehole spacing is 9.73, 10.67, 11.29,
and 11.68m3/t, respectively, which is 21.29%, 13.66%, 8.69%,
and 5.49% lower than that of the original gas content. After
120 days’ extraction, the gas content is 8.71, 9.68, 10.41, and
10.94m3/t, respectively, which is 29.55%, 21.66%, 15.76%,
and 11.46% lower than the original gas content, respectively.

Under different borehole spacings, the variation of coal
seam permeability with time at position P1 of reference point
is shown in Figure 5. From the Equation (16), the actual
permeability of coal seam is the result of the competition of
permeability in free stress state and the coaction of gas pres-
sure, ground stress, and adsorption deformation. The perme-
ability ratio of coal seam at the reference point P1 at the
initial stage of extraction is 0.9713. With the increase of
extraction time, the permeability of the reference point posi-
tion increases gradually. The larger the borehole spacing is,
the smaller the increase of permeability is, and the two are
nonlinear. After 120 days of extraction, the permeability
ratios of coal seams were 1.0197, 1.0065, 0.997, and 0.9897,
respectively, which were 5.01%, 3.66%, 2.65%, and 1.93%
higher than the original permeability, respectively.

3.3. Effect of Borehole Diameter on Gas Drainage by
Crosslayer Boreholes. When gas extraction is conducted for
120 days, the gas pressure distribution in the coal seam with
a borehole diameter of 0.09m, 0.23m, 0.37m, and 0.51m is
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presented in Figure 6. The gas pressure of 0.74MPa in the
coal seam is considered as the requirement of effective gas
extraction. The increase of borehole diameter expands the
contact area between borehole wall and coal seam, and the
area of gas pressure reduction increases. After 120 days of
extraction, the effective gas extraction volumes with borehole
diameters of 0.09m, 0.23m, 0.37m, and 0.51m were
152.69m3, 208.49m3, 240.18m3, and 263.78m3, respectively.
The effective gas extraction volume of 0.51m borehole diam-
eter increased by 111.09m3 compared with 0.09m borehole
diameter, which increased by 72.75%. When the borehole
diameter is 0.09m, the effective extraction area of the four
boreholes has been connected into pieces to meet the extrac-
tion requirements.

Gas content at reference point P1 with the different bore-
hole diameters of 0.09m, 0.23m, 0.37m, and 0.51m varies, as
shown in Figure 7. The greater the diameter is, the smaller
the residual gas content is. After 120 days’ extraction, the
gas content of reference point P1 with borehole diameters
of 0.09m, 0.23m, 0.37m, and 0.51m were 10.41m3/t,
9.92m3/t, 9.54m3/t, and 9.23m3/t, respectively, which were
3.298m3/t, 3.791m3/t, 4.166m3/t, and 4.477m3/t lower than
those of initial gas content -13.71m3/t. It can be found that
the borehole diameter of 0.51m is 4.67 times larger than that
of 0.09m, while the decrease amplitude of gas content only
increases by 0.36 times. Therefore, gas content cannot be
reduced multiply when the borehole diameter multiplied.
The decrease of gas content is the comprehensive effect of
permeability, gas pressure gradient, and borehole diameter.

Figure 8 shows the permeability variation in the coal
seam with time at reference point P1 under different borehole
diameters. With the development of gas extraction, the per-
meability of the reference point position increases gradually,
which is mainly controlled by the shrinkage of coal matrix.
The greater the borehole diameter is, the higher the
increment of permeability is, and both of them are nonlin-
ear. After 120 days’ extraction, coal permeabilities were

0.9968, 1.0034, 1.0085, and 1.0127, respectively, which were
2.65%, 3.33%, 3.86%, and 4.95% higher than the original
permeability, respectively.

4. Scheme Optimization of Gas Extraction by
Crossing-Seam Boreholes from
Floor Roadway

The length of the mine field in a coal mine is about 4 km
north and south, and the width of the east and west is about
3 km. The mine field area is 12.87 km2, and the approved pro-
duction capacity is 1.4 million t/a. The dynamic phenomena
of coal and gas outburst occurred 28 times in total. The types
of gas outburst were mainly pressure, outburst, and dump-
ing. The maximum outburst gas amount was 25704m3, and
the maximum outburst coal amount was 293 t. With the
depletion of shallow coal resources, coal mining gradually
shifts to the deep. The coal seam shows complex occurrence
conditions, high geostress, high gas, and low permeability,
and the outburst risk increases.
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Figure 9: Section of gas extraction boreholes drilling from floor
roadway.
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The construction was carried out at 20m outside the floor
gas extraction roadway of intake roadway, and the interval
between the two roadway layers was 18m. Starting at 35m
from the floor roadway opening, a group of boreholes were
designed for each 6m, with 9 boreholes in each group, and
the aperture was 89mm. The borehole control range is
15m outside the contour line of the two sides of the intake
roadway. The depth of the borehole is 0.5m above the roof
of the 15 coal seam. Figure 9 is the plane layout of the gas
extraction borehole in the floor roadway. In addition, in
order to compare and analyze and optimize the scheme, the
pore size of 6 #~9 # borehole is expanded to 500mm by
hydraulic punching in Figure 9; that is, 1 #~5 # is ordinary
extraction borehole and 6 #~9 # is hydraulic punching.

According to the gas extraction scheme of intake
roadway, a three-dimensional geometric model of numerical
calculation is established (Figure 10). Reference section A is
set in the geometric model to observe the change of gas pres-
sure in the coal seam.

Figure 11 shows the gas pressure distribution nephogram
of the two extraction schemes after 120 days of extraction. In

Figure 11(a), the gas pressure drops faster in coal seams far
from the floor extraction roadway and slower in coal seams
near the floor extraction roadway. After 120 days of extrac-
tion, there are still substandard extraction areas that do not
meet the requirement of less than 0.74MPa near the floor
extraction roadway. By comparison, it is found that the gas
pressure in the coal seam near or far from the floor extraction
roadway in Figure 11(b) decreases rapidly. This is due to the
hydraulic punching of four boreholes close to the floor
roadway, which expands the borehole diameter. The extrac-
tion effect of hydraulic punching is obviously better than that
of ordinary drilling. The main reasons may include the
following: (1) hydraulic punching flushes the coal out of the
borehole, expanding the contact area between the borehole
wall and the coal seam; (2) after the coal is washed out, the
coal around the hydraulic punching is unloaded. The perme-
ability of coal seam is improved, the speed of gas migration to
borehole is accelerated, and the efficiency of gas extraction
is promoted.

As illustrated in Figure 12, the gas pressure of coal seam
on section A is extracted. Figure 12(a) shows the results of
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cross section using a crosslayer drilling scheme, and
Figure 12(b) shows the results of gas extraction using five
crosslayer drilling and four hydraulic punching. In the case
of scheme 1, that is, through-layer drilling scheme is adopted
for all sections. The gas pressure decreases significantly in the
area far from the floor extraction roadway, while the gas pres-
sure decreases slightly in the area near the floor extraction
roadway. The reason is that the inclination angle of the bore-
hole far from the floor extraction roadway is small, the trajec-
tory through the coal seam is longer, and the contact area
formed with the coal seam is larger. Under the same negative
pressure of extraction, the extraction effect is better. In the
case of scheme 2, the hydraulic punching is used near the
floor extraction roadway, and the ordinary drilling is used
far from the floor extraction roadway. In the area where the
hydraulic punching is arranged, the gas pressure decreases
rapidly, and the extraction reaches the standard after 120
days. In the case of scheme 2, namely, hydraulic punching
is adopted near the floor pumping roadway on the cross sec-
tion. The scheme of ordinary drilling is adopted far from the
floor extraction roadway. In the area where hydraulic punch-
ing is arranged, the gas pressure drops rapidly, and the
extraction can reach the extraction standard after 120 days
of extraction. In summary, using the extraction scheme of
full-section ordinary crosslayer drilling, the extraction effect
on the side near the floor extraction roadway is lower than
that on the side far from the floor extraction roadway due
to the short trajectory of crosslayer drilling through the coal
seam, which leads to uneven extraction and difficulty in
reaching the standard. The gas efficiency will be greatly
improved by further hydraulic punching on the basis of the
borehole near the floor extraction roadway, expanding the
borehole diameter and increasing the exposed area of the
borehole coal wall. At the same time, hydraulic punching is
not required for all boreholes, which saves the construction
cost. Therefore, it is more reasonable to adopt the scheme
of common through-layer drilling and hydraulic punching.

5. Conclusions

(1) The controlling equations of gas adsorption/desorp-
tion-diffusion field in coal matrix, gas seepage field,
and stress field in coal fracture are derived on the
basis of assuming coal seam as pore-fracture dual-
porosity medium. Combined with the coupling terms
such as porosity and permeability, the seepage-stress
coupling model of gas migration considering the
Klinkenberg effect is established, which can be used
to study the law of coal seam gas extraction

(2) The gas extraction law of a four-hole model in hori-
zontal coal seam was simulated, and the influence of
borehole spacing and diameter on gas pressure, gas
content, and coal permeability after different
extraction times was analyzed. Under the simulated
coal seam conditions, the effective extraction area
increases first and then decreases with the borehole
spacing. And the borehole spacing of 5m is more rea-
sonable. The effective extraction area increases with

the increase of borehole spacing. Under the condi-
tions permitted, increasing the borehole diameter will
significantly improve the efficiency of gas extraction

(3) The gas extraction process of floor roadway crossing
layer under the full-section ordinary drilling scheme
and the hydraulic punching combined with ordinary
drilling scheme was compared and analyzed. Adopt-
ing hydraulic punching near floor extraction road-
way, enlarging borehole diameter, and increasing
exposure area of borehole wall will greatly improve
gas efficiency. It is more reasonable to adopt the
scheme of common crossing-seam drilling combined
with hydraulic punching boreholes

Coal seam is characterized by heterogenous properties,
while the change of coal seam temperature will have an impact
on the results. Therefore, the heterogeneity of coal seam and
the thermal effect will be considered in the future works.
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The suction negative pressure is an important factor affecting the spontaneous combustion of coal around a borehole. Because the
mechanism of suction negative pressure in the gas extraction process remains unclear, a constant suction negative pressure is often
used in coal mines, leading to a low efficiency of gas extraction in deep coal seams. Moreover, the coal body easily undergoes
spontaneous combustion during the extraction process, which is not conducive to safe mining. To study the effect of the suction
negative pressure near the end sealing section, a numerical model of the combustion process around a borehole under the
influence of suction negative pressure was established using COMSOL. The variation laws of the gas seepage velocity, oxygen
concentration, and coal temperature in the borehole cycle were analyzed, and the gas suction negative pressure under different
sealing parameters was optimized to ensure efficient gas extraction and prevent the spontaneous combustion of coal. The results
showed that the negative pressure of extraction provides the power required for gas seepage into the borehole, and the gas flow
rate increases with increasing negative pressure of extraction, exhibiting a linear growth trend. The range of the coal suffocation
zone around the sealing section decreases with the increase in the negative pressure. With the extension of the gas extraction
time, the oxygen concentration decreases rapidly, and the inflection point advances with the increase in the negative pressure.
When the negative pressure of gas extraction is <40 kPa, the range of the high-temperature area around the block increases with
the negative pressure of gas extraction. Based on the present situation of the spontaneous combustion induced by gas drainage
in the Pingdingshan No. 10 Coal Mine, different sealing parameters should be set with different negative pressures of extraction,
and the negative pressure of extraction should not exceed −18 kPa when the sealing depth is 20m and the sealing length is 8m
in the 24130 working face. These parameter settings can help effectively prevent spontaneous combustion during the extraction
process.

1. Introduction

The negative pressure of gas extraction is one of the main
indices affecting the progress of gas extraction in coal mines
[1–5]. In the process of gas drainage along the bed, the nega-
tive pressure provides the power for gas extraction, and the
gas and surrounding gas continuously flow into the extrac-
tion pipe through the fissured coal around the plugging sec-

tion, thus realizing gas extraction. An excessive negative
pressure not only reduces the gas concentration in the bore-
hole but also increases the oxygen content around the fis-
sured coal, leading to a spontaneous combustion of the coal
around the borehole. A low negative pressure increases the
extraction time, and performing the extraction for a long
duration can also easily lead to a spontaneous combustion.
Therefore, setting a reasonable negative pressure for gas
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extraction has important guiding significance for improving
the gas extraction efficiency, shortening the construction
period, and ensuring the safety of gas extraction [6].

Several theoretical and experimental studies have been
conducted on the negative pressure and gas extraction effi-
ciency. Liu et al. [7] proposed a mechanism-based model to
theoretically describe the gas desorption, diffusion, and flow
through coal around a drainage borehole. The proposed
model was numerically solved and verified with borehole
drainage data obtained from a mine site. Zhang et al. [8]
designed a simulation test platform and performed a numer-
ical simulation on the gas seepage characteristics. The opti-
mal negative pressure of extraction was between 30 kPa and
40 kPa, and the extraction concentration was the highest at
35 kPa. Qi et al. determined the spontaneous combustion
area of coal around a gas drainage borehole and optimized
the gas drainage negative pressure using numerical simula-
tion software, with the air flow velocity as the criterion [9–
11]. The effects of gas concentration and coal spontaneous
combustion characteristics on gas seepage and coal sponta-
neous combustion have been analyzed on the basis of the
gas seepage theory, control equation, and combustion calcu-
lation model [12–17].

Despite the numerous studies on negative pressure drain-
age [18, 19], currently, the mechanism of spontaneous com-
bustion induced by the negative pressure remains unclear,
and a constant negative pressure is generally used in the gas
drainage of coal mines. Some research results have shown
that with the change in the sealing parameters, coal seam
depth, and geological conditions, the gas leakage channel
around the borehole changes significantly [20–22]. More-
over, with the increase in the gas extraction time, the sur-
rounding oxygen concentration, seepage distribution, and
coal temperature vary. The use of the constant negative pres-
sure cannot solve the problem of gas extraction and coal
spontaneous combustion. Based on the actual conditions in
a mine, selecting reasonable drainage parameters is beneficial
to improving the efficiency of coal seam gas drainage [23].
However, increasing the negative pressure of extraction
aggravates the spontaneous combustion of the coal around
the borehole [24–27]. Because of the particularity and
complexity of the coal body environment around the gas
extraction borehole, it is difficult to directly observe the
surrounding gas concentration, seepage velocity distribution,
and coal body temperature during the gas extraction process.
Moreover, the laws of temporal and spatial evolutions cannot
be directly reflected. A reasonable negative pressure for
extraction is the key to solving the problems related to the
gas extraction and coal spontaneous combustion zone
around the borehole [28, 29].

Although considerable research has been conducted on
negative pressure drainage, there are few studies on the
mechanism of coal spontaneous combustion induced by the
negative pressure. Based on the actual sealing situation of
the 24130 working face of Pingdingshan No. 10 Mine and
considering gas diffusion, permeability variation, coal oxida-
tion reaction, and porous media heat transfer, this study
established a gas drainage coupling model under different
drainage negative pressure conditions. The simulation results

reveal the variations in the gas concentration, seepage distri-
bution, and coal temperature around the borehole; help ana-
lyze the negative pressure of drainage under different sealing
parameters; and lay a theoretical foundation for ensuring safe
and efficient gas drainage.

2. Mathematical Modeling of Spontaneous
Combustion of Coal around Boreholes
Induced by Gas Drainage

2.1. Darcy’s Law. The fractured coal body around a borehole
is considered a porous medium space with nonuniform
porosity and permeability. The permeability is a continuous
function [30–32]. The gas seepage velocity in the porous
medium can be expressed as in

∂
∂t

εpρ
� �

+∇ ⋅ ρμð Þ =Qm, ð1Þ

v = −
k

2μp1
dP
dl

: ð2Þ

In Equations (1) and (2), εp is the porosity, and the unit is
1; ∇ is the flow gradient; ρ is the mixed gas density, kg/m3; p1
is the negative pressure, Pa; v is the vector velocity of the air-
flow, m/s; μ is the dynamic viscosity of the mixed gas; k is the
permeability, m2.

2.2. Mass Transfer in Porous Media. The combustion of air in
the fractured coal body around a borehole is a complicated
process, and the volume fraction of the gas in the porous
medium is affected by multiphysical parameters.

2.2.1. Governing Equation for the Gas around the Borehole.

p2,j
∂ci
∂t

+ p1,i+∇ ⋅ Γi + u ⋅ ∇ci = Ri + S, ð3Þ

p3,j =△p: ð4Þ
In Equations (3) and (4) [29], p2 is the original rock

stress, MPa; Ri is the reaction rate, mol/(m3·s), p3 is the road-
way pressure, MPa; △p is the pressure of the coal body
around the borehole, MPa.

The equations governing the gas diffusion process are as
follows:

p1,i = ci
∂△p

∂t
,

Ni = Γi + uci = −De,j∇ci + uci,

De,j =
△p

τF,j
DF,j,

ð5Þ

where De,j is the diffusion coefficient of different gases, m2/s.

2.2.2. Coal Oxidation Reaction Equation. The air around the
borehole reacts chemically with the coal, and the governing
equation for the oxygen consumption reaction is as follows:
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∂ci
∂t

+∇ ⋅ −Di∇cið Þ + u∇ci = Ri: ð6Þ

The oxygen consumption rate in Equation (6) is related
to factors such as the coal spontaneous combustion charac-
teristics, oxygen concentration, and temperature. The tem-
perature and oxygen volume fraction have a greater
impact on the oxygen consumption rate of the fractured
coal body around the borehole. According to literature
[33], the following is the general expression for the oxygen
consumption rate:

Rc = −
c O2ð Þ
c0 O2ð Þ γ0e

α T−TΓð Þ: ð7Þ

In Equation (7), Rc is the oxygen consumption coeffi-
cient, mol/(m3·s); c0ðO2Þ is the initial oxygen concentration,
1; cðO2Þ is the actual oxygen concentration, 1; T is the abso-
lute temperature of the coal body, °C; TΓ is the initial tem-
perature of the coal seam, °C.

2.2.3. Porous Medium and Heat Transfer Fluid. The coal
around the borehole chemically reacts with the outside air,
and the heat released increases the temperature of the coal
body around the borehole. According to the hypothesis of
local heat balance, the heat transfer equation [34] for the
spontaneous combustion process of coal is as follows:

Ceq
∂T
∂t

+ φρgCpg�q ⋅ ∇T−∇ ⋅ keq∇T
� �

= −RcQT , ð8Þ

where Ceq is the heat capacity of the gas, kg·K; keq is the ther-
mal conductivity of the gas, J/(m·k·s); Cpg is the heat capacity
of coal, J/(m·K); QT is the heat of oxidation, kJ/mol.

3. Mathematical Model Construction

3.1. General Situation of 24130 Working Face in
Pingdingshan No. 10 Mine. The Pingdingshan No. 10 Coal
Mine of China Pingdingshan Coal Group Co., Ltd. is an out-
burst coal mine. The coal seam easily undergoes spontaneous
combustion. The buried depth of the No. 15 coal seam in the
24130 working face is 1200m. The gas drainage method
mainly adopts the through-layer predraining gas technology
and the gas prevention technology in the working face. The
gas pressure range of the 15th and 16th coals of the No. 10
mine is 0.1–2.95MPa, and the gas pressure range of the
17th coal is 0.4–1.85MPa. The amount of gas in the 15th
and 16th coals of the No. 10 mine is in the range of 2.15–
20.04m3/t and that in the 17th coal is in the range of 6.49–
12.13m3/t. The air permeability of the coal seam at the
24130 working face is 0.0019MD, and the attenuation coeffi-
cient is 0.068 d−1. The coal seam has poor air permeability
and is difficult to extract. The inclination angle of the coal
seams in the mining area varies significantly. The inclination
angle of the coal seams south of the Shikuang syncline is in
the range of 10–20°, and the coal seam inclination angles
from the north of the Guozhuang anticline to the Likou syn-
cline gradually decrease from 40° to 0–5°.

3.2. Model and Mesh. A 2D axisymmetric model is estab-
lished for the spontaneous combustion of coal around a bore-
hole induced by negative pressure drainage. The working face
length (airway length) is 70m, the working face width (cut
hole length) is 160m, and the depth of the borehole for gas
drainage along the bedding based on an actual drilling diam-
eter of 94mm, the model drilling diameter is set to 100mm
considering drilling disturbance. Based on the actual situa-
tion of the 24130 working face, the coal seam temperature
is set to 48°C, the sealing parameter is 20-8 (sealing depth-
sealing length), and the suction pressures are 18, 23, 30,
and 35 kPa. Figure 1 shows the constructed physical and geo-
metric models. The grid is divided in a distributed manner.
The maximum number of grid cells is 3.5, the minimum
number of cells is 0.045, the maximum cell increase rate is
1.1, and the curvature factor is 0.3. The entire grid contains
24624 domain cells and 2546 boundary elements.

3.3. Key Parameters and Boundary Conditions. The perme-
ability of the coal body around a drainage borehole is affected
by both roadway excavation and drilling construction. The
permeability and porosity of the coal body along the borehole
direction decrease. The farther away from the center of the
borehole, the lower the porosity and permeability. According
to literature [32], the formula for the plastic zone radius is as
follows:

RL = a0
p2 + c cot φð Þ 1 − sin φð Þ

p4 + c cot φ

� � 1−sin φð Þ/ 2 sin φð Þ
, ð9Þ

where a0 is the drilling radius, mm; φ is the internal friction
angle of the rock mass, °; c is the cohesion of the rock mass,
MPa; and p4 is the support resistance, MPa.

Spontaneous combustion mainly occurs around the
borehole; therefore, the coal around a single borehole is
selected as the main calculation area. The main parameters
of this model (Table 1) are from experimental results and ref-
erences [30, 35]. Based on the actual situation, the initial and
boundary conditions are listed in Table 1. Figure 1 shows the
model of the spontaneous combustion around the borehole
induced by gas drainage. No displacement constraints were
applied to the upper, left, and right sides of the model bound-
ary. The initial conditions of the gas–air seepage pressure
conditions are P2ð0Þ = 1:6MPa and P3 ð0Þ = 0:1 kPa. The ini-
tial oxygen concentration is 0, the initial roadway tempera-
ture is 28°C, and the pressure of AB and BC is set to
0.1 kPa; GH, FG, and IH are P2ð0Þ = 1:6MPa, oxygen con-
vection AB and BC. The oxygen concentration at the bound-
ary is 9.375mol/m3; CD, FG, and IH have no diffusive
convection; AB, BC, GH, and IH have a thermal convection
boundary; and CD and FG are adiabatic.

Table 1 lists the main parameters of the model. Based on
a field test, the test borehole depth of the 24130 working face
was set to 1200m; the average bulk density of the overlying
rock mass was 2:7 × 104 N · m−3; the cohesive force was
2.1MPa. The internal friction angle of the rock mass was
25°. The support resistance was 0.09MPa. Substituting these
parameters into Equation (9), we obtain RL = 0:25m. The
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empirical formula for the borehole permeability obtained by
Louis [29] is expressed in Equation (10). Equation (11)
expresses the coal seam permeability around the borehole
at the 24130 working face of Pingdingshan No. 10 Mine:

k = k0e
η b−xð Þ, ð10Þ

k = 0:039e1:4 0:156−xð Þ, ð11Þ

where k0 is the initial coal seam permeability, m2; b = RL − r0
is the width of the plastic zone, m; η is the permeability
growth coefficient of the equivalent fissure field around the
borehole, taking a value of 1.4; and x is the coal permeability
at a distance from the borehole center, m.

4. Analysis of the Temporal and Spatial
Evolution Laws of Coal Spontaneous
Combustion Induced by Negative
Pressure Drainage

The wind speed of the gas leakage around the gas drainage
borehole is a vector, and it is difficult to measure it during
the gas drainage process. The oxygen concentration is
affected by both the air leakage state and the oxygen state.

The area with a higher oxygen concentration has serious air
leakage, the area with a high natural degree consumes more
oxygen, and the oxygen concentration is low. The oxygen
content reflects the supplying conditions of the coal body
around the borehole and the heat storage conditions. The tem-
perature of the coal body around the borehole is the most
direct indicator reflecting the spontaneous combustion state
around the borehole. Because the surrounding environment
of the borehole is complicated, it is difficult to detect the inter-
nal temperature of the borehole [31]. Therefore, the numerical
simulation method is used to study the spatial evolutions of
the gas leakage streamlines, wind speed distribution, oxygen
concentration, and temperature around the borehole under
different suction negative pressure conditions.

4.1. Influence of Negative Pressure on the Gas Seepage Velocity
around a Borehole. Figure 2 shows cloud diagrams of the gas
seepage velocity around a gas drainage borehole, where the
plugging depth is 20m, the plugging length is 8m, and the coal
seam temperature is 48°C. As shown, the gas around the
drainage borehole mainly flows from the roadway wall and
the exposed borehole into the gas drainage pipe. The gas seep-
age gradient around the gas drainage borehole is high, and the
gas gradient area is large. The main channel for gas leakage is
via the extraction borehole. In Figures 2(a)–2(d), the seepage
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Figure 1: (a) Physical model and (b) simulation model of drainage borehole.

Table 1: Model parameters.

Parameters Magnitude and unit Parameters Magnitude and unit

Coal density 1250 (kg/m3) Initial oxygen volume fraction 9.375 (mol/m3)

Original coal permeability 0.039 (m2) Heat transfer coefficient 180 (W/(m2·K))
Methane heat capacity 1625 (J/(kg·K)) Gas viscosity 1:84 × 10−5 (Pa·s)
Coal heat capacity 1260 (J/(kg·K)) Air viscosity 1:79 × 10−5 (Pa·s)
Molar air mass 0.029 (kg/mol) Oxygen consumption constant 0.036 (mol/(m3·h))
Oxygen diffusion coefficient 1:6 × 10−4 (m2/s) Thermal conductivity of coal 0.26 (J/(m·s·K))
Oxidation heat of coal 19744.37 (J/g)
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velocity on the inner side of the plugging section of the gas
drainage borehole is the highest, and when the negative pres-
sures of drainage are 18, 23, 30, and 35 kPa, the maximum
wind speeds at the inner end of the plugging section are
0.0053, 0.0068, 0.0081, and 0.01m/s, respectively. With the
increase in the plugging depth, the maximum velocity of
the gas around the plugging section decreases, showing a
negative correlation. In the range of 12–17m in the plugging
section, the wind flow velocity remains largely unchanged.
The greater the negative pressure of drainage, the greater
the gas seepage velocity around the gas drainage borehole;
the two are positively correlated. The function relationship
between the maximum gas seepage velocity around the gas
drainage borehole and the negative pressure of drainage is y
= 2:6 × 10−4x + 5:72 × 10−4, R2 = 0:98, where x is the suction
negative pressure (kPa), and y is the gas seepage velocity
(m/s). The closer to the center of the gas drainage borehole,
the greater the gradient of seepage increase, and the denser
the seepage distribution line in the figure, the faster the
increase in the seepage velocity of the surrounding gas.

Figure 3 shows the seepage distribution law of the moni-
toring points around the plugging section with different
plugging parameters under different suction pressure condi-
tions. The legend “18-20-0.1” indicates that the negative
pressure of drainage is 18 kPa, the sealing depth is 20m,
and the distance from the center of the borehole is 0.1m.
Figures 3(a) and 3(b) show the seepage velocity distributions
at R = 0:1m and R = 0:4m, respectively. As shown, when the
sealing depth is 20m, the sealing length is 8m, and R = 0:1m,
the maximum wind speed around the plugging section
increases with the increase in the inspiratory pressure, and
there is a positive correlation between them. In the distance
range of 0–7m in the plugging section, the seepage air flow
velocity is low. In this area, combined with the distribution
law of the oxygen volume fraction, the oxygen volume frac-
tion is greater than 8%, and when the wind velocity is low,
the coal body is prone to spontaneous combustion. In the
range of 7–10m, the airflow velocity around the plugging
section has an exponential relationship with the distance of
the outer port of the plugging section. Here, the airflow
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Figure 2: Cloud maps of the gas seepage velocity around a gas drainage borehole under suction pressures of (a) 18 kPa, (b) 23 kPa, (c) 30 kPa,
and (d) 35 kPa.
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velocity is high, the oxygen volume fraction is low, and the
surrounding coal is not prone to spontaneous combustion.
The seepage distribution law at R = 0:4m, shown in
Figure 3(b), is lower than that shown in Figure 3(a), and
the increase rate of the seepage in the range of 6–10m is evi-
dently reduced.

4.2. Influence of Negative Pressure on the Volume Fraction of
Oxygen around the Borehole. The negative pressure of the
drainage directly affects the pressure distribution of the
fractured coal in the plugging section around the drainage
borehole, which leads to the size of the gas and oxygen
distribution range in the roadway. Figure 4 shows the varia-
tion in the oxygen volume fraction around the plugging sec-
tion with the gas drainage time when the plugging depth is
20m, the plugging length is 8m, and the negative pressures
are 18, 23, 30, and 35 kPa. The legend dltaP = 18000 Pa,
ð0:5, 15Þ implies that the plugging depth is 15m, the plug-
ging length is 8m, the suction pressure is 18 kPa, and the
location of the monitoring point is 0.5m from the borehole
radial distance and 15m from the roadway wall.

Figure 4 shows the variation in the oxygen volume frac-
tion over time at each monitoring point for different suction
pressures with a sealing depth of 20m and a sealing length of
8m. As shown, the monitoring point moves to the inner side
of the plugging section, and the oxygen volume fraction
decreases; the oxygen volume fraction at each monitoring
point hardly changes with the progress of gas drainage. As
shown in Figures 4(a) and 4(b), at suction negative pressures
of 18 and 23 kPa, respectively, the oxygen volume fraction is
<8%, and the sealing section lengths are 5 and 4m, respec-
tively. The greater the negative pressure, the wider the range
of oxygen diffusion. Within 90 days of gas drainage, the oxy-
gen volume fraction was relatively stable, and the downward
trend was relatively slow, indicating that the coal body
around the borehole was in a slow oxidation stage and that

there was no spontaneous combustion. As shown in
Figures 4(c) and 4(d), at negative extraction pressures of 30
and 35 kPa, the oxygen volume fraction is <8% in the dis-
tance range of 16~20m from the roadway, with no condi-
tions for a spontaneous ignition. Between 16m, the oxygen
volume fraction is >8%, and the inflection point appears at
extraction times of 60 d and 52d, that is, the point where
the oxygen volume fraction begins to drop rapidly. At this
time, the surrounding fractured coal enters the rapid oxida-
tion stage. In summary, with the increase in the negative
pressure of extraction, the narrower the range of the coal suf-
focation zone around the plugging section, the earlier the
rapid decline in the oxygen concentration, and the shorter
the time required by the fissured coal around the plugging
section to ignite. Therefore, when the sealing depth is 20m
and the sealing length is 8m, the oxygen volume fraction is
used to determine whether spontaneous combustion occurs
in the coal as the standard, and the suction pressure should
not be >23 kPa.

4.3. Influence of Negative Pressure on Coal Temperature
around Borehole. Figures 5(a)–5(d) show that when the plug-
ging depth is 20m, the plugging length is 8m, and the suction
pressures are 18, 23, 30, and 35 kPa, respectively, the fissure
coal around the plugging section is in the 90th day of gas
drainage. The body temperature distribution cloud chart
shows that with the increase in the suction pressure, the
high-temperature areas around the gas drainage boreholes
where the coal temperature is >70°C expand, and the highest
values of the coal body temperature reach 71.3, 83.4, 106, and
128°C. The high-temperature area is within the range of 0–
2m from the outer end of the plugging section. The oxygen
concentration in this area is high, and the seepage velocity
is low, which are conducive to produce and store heat. In
summary, when the plugging depth is 20m and the plugging
length is 8m, to prevent the spontaneous combustion, the
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negative pressure of the drainage should not exceed 18 kPa
when the gas drainage time is within 90 days.

Figure 6 shows the temporal and spatial evolutions of the
coal temperature around the borehole under different drain-
age negative pressure conditions at positions (0.5, 12), (0.5,
15), (0.5, 17.5), and (0.5, 20). Figure 6(a) shows the monitor-
ing point (0.5, 12) outside the plugging section. The temper-
ature of the coal body increases with the increase in the gas
drainage time, exhibiting a linear trend, and the negative
pressure of the drainage increases. The higher the tempera-
ture of the coal body around the borehole, when the suction
pressure is 35 kPa, the coal temperature reaches 105°C.
Figures 6(b) and 6(c) show the evolution laws of the coal
body temperature at the monitoring points (0.5, 15) and
(0.5, 17.5). As shown, when the negative pressure of drainage
is >30 kPa, the gas drainage is approximately 70 days, and the

temperature of the coal body begins to decrease, indicating
that the heat dissipation of the coal body is greater than the
heat generation. This is mainly because as the degree of coal
oxidation increases, the area outside the plugging section
consumes a large amount of oxygen; therefore, the closer
the plugging section is to the inner side, the more the oxygen
consumed and the lower the heat released, thereby decreas-
ing the temperature of the coal body. Figure 6(d) shows that
the coal at the monitoring point (0.5, 20) has largely no
change in its temperature. This is mainly due to the fact that
it is close to the inner side of the plugging section, the gas
seepage velocity is high, the oxygen concentration is low,
and the heat dissipation is significantly lower than the heat
production. The low temperature increase is also due to
the heat conduction of the gas. In summary, along the dril-
ling direction, on both sides of the plugging section, the
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Figure 4: Change law of the oxygen concentration at different monitoring points for suction pressures of (a) 18 kPa, (b) 23 kPa, (c) 30 kPa,
and (d) 35 kPa.
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maximum temperature of the coal body temperature
decreases, and the area outside the plugging section has the
highest heating rate. It is also most prone to fire area and
is important for prevention and treatment.

4.4. Model Validation. In this study, the test boreholes in the
conveyor roadway of the 24130 working face were taken as
examples for a comparative verification. Each test borehole
was equipped with two AD590JH temperature sensors to
monitor the temperature at two positions 12m and 14m
away from the borehole orifice. Figure 7 shows the tempera-
ture at the numerical simulation point and the test monitor-
ing point. As shown, with the increase in the gas drainage
time, the surrounding coal temperature increases. The coal
temperature around the borehole at the test point is lower
than the simulated point at the test point, and the tempera-
ture at the test point (0.5, 12). The initial stage is less than
(0.5, 14), but with the increase in the time, when the gas
drainage time is 60 d, the coal body temperature (0.5, 12)

on the outer side is higher than (0.5, 14). In the early stage
of gas drainage, the heat release of coal oxidation at a lower
temperature is lower, and the closer to the outside, the greater
the heat dissipation. With the increase in the gas drainage
time, the coal near the outside (0.5, 12) is sufficient. The oxi-
dation reaction is accelerated under oxygen conditions, the
heat production is far greater than the heat dissipation, and
the heating rate is accelerated. Comparing the temperature
changes at (0.5, 12) between the simulated and experimental
points, the simulation results are largely consistent with the
changes in the field test data. The average coal temperature
at the simulated point within 90 days is calculated to be
56.4°C. The average coal temperature is 52°C. Similarly, it
can be calculated that the average coal temperature within
90 days of gas drainage at (0.5, 14) is 52.6°C, and the temper-
ature at the simulation point is 56.8°C. The errors between
the average coal temperature at (0.5, 12) and (0.5, 14) of the
numerical simulation monitoring point and the average coal
temperature of the test point are 7.8% and 7.4%. The error is
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Figure 5: Coal temperature cloud maps around a gas borehole at suction pressures of (a) 18 kPa, (b) 23 kPa, (c) 30 kPa, and (d) 35 kPa.
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low, and the monitoring value is in good agreement with the
numerical simulation value, indicating the reliability of the
numerical simulation. Similarly, by monitoring the tempera-
ture in the borehole using the beam tube, the CO volume
fraction in the beam tube was detected. Figure 8 shows the
obtained data results. The figure shows that the CO volume
fraction increases with the increase in the gas drainage time.
The CO concentration in the borehole in the early stage of
drainage is much lower than that in the later stage of gas
drainage, which is largely consistent with the temperature
change as the drainage progresses. From the side, the sponta-
neous combustion of coal around the drainage borehole is
verified, which further confirms the model accuracy.

5. Conclusion

To effectively solve the complex problems of gas drainage
efficiency and spontaneous combustion of coal around bore-
holes, we applied Darcy’s law, porous media, mass fluid
transfer, and porous media heat transfer to establish a spon-

taneous combustion model for drainage boreholes. The tem-
poral and spatial evolution laws of the borehole gas seepage
velocity, concentration, and coal temperature under different
negative pressures were determined. The following results
were obtained:

(1) Using the theory of porous medium seepage and heat
transfer, the changes in the crack coal seepage field
and temperature field around a gas extraction hole
were simulated, and the influence of negative pressure
on the spontaneous combustion of a cracked coal
body was analyzed. Based on the actual situation in
the 24130 working face of the Pingdingshan No. 10
Mine, a theoretical analysis method was used to obtain
a function formula for the permeability around the
borehole under gas drainage in the working face: k =
0:039e1:4ð0:156−xÞ. From the formula, we find that the
permeability and porosity of the coal body decrease
exponentially; the farther the distance from the bore-
hole center, the lower the porosity and permeability
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Figure 6: Temporal and spatial evolutions of the temperature in the coal body around a borehole at different monitoring points: (a) (0.5, 12),
(b) (0.5, 15), (c) (0.5, 17.5), and (d) (0.5, 20).
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(2) A mathematical model of the negative pressure
drainage inducing coal spontaneous combustion
around the borehole was established. The gas flow
velocity increased with the increase in the negative
pressure of the drainage, exhibiting a linear growth
trend, and the negative pressure of the drainage
increased. The narrower the range of the coal suffoca-
tion zone around the plugging section, the earlier the
rapid decline in the oxygen concentration, the higher
the temperature of the coal around the borehole, and
the wider the high-temperature area. The high-
temperature area around the borehole is at a distance
from the outside of the sealing within 1–2m. At the
outer end of the borehole plugging section to the

inner 1–2m location, the occurrence of heat storage
and spontaneous combustion is first observed; it then
spread to both ends of the borehole

(3) The oxygen concentration in the fissures around the
borehole, gas seepage velocity, and coal temperature
were used to determine the spontaneous combustion
of the coal in the 24130 working face. When the seal-
ing depth and sealing length are 20m and 8m,
respectively, the suction pressure should not exceed
18 kPa
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The influence of the interaction among water-cement ratio, content of expansion agent, water reducing agent, and retarder on the
compressive strength of new sealing material was studied. The Design-Expert software was used to design experiments, establish a
quadratic polynomial regression model, draw response surface, and optimize parameters. The microstructure morphology of the
sample is explored by a scanning electron microscope (hereinafter referred to as SEM). The research results show that the
interaction between the water-cement ratio and expansion agent content is the most crucial factor affecting the compressive
strength of the new sealing material. Under the optimal condition of 0.4% water reducing agent, 0.04% retarder, 0.8 water-
cement ratio, and 8% expansion agent, the compressive strength of the sealing material cured for 3 d and 7 d is 39.247MPa and
41.044MPa, with the maximum absolute error of 1.71% and 2.81%, which proves the high accuracy of the model. The main
hydration products of the new sealing material are ettringite and C-S-H gel, interlacing each other to form a dense structure,
which contributes to the high strength of the new sealing material.

1. Introduction

China is currently faced with the most severe gas disaster in
coal mines in the world [1–3]. Gas predrainage is effective
for coal mine gas control, and the performance of sealing
material is the key to ensuring drainage efficiency. The coal
mine gas drilling sealing material can be divided into inor-
ganic grouting material and organic grouting material. Inor-
ganic sealing materials are mainly cement mortar, low-cost
but easy to shrink and crack [4, 5]. Organic sealing materials,
including polyurethane and modified resin [6–8], have a bet-
ter sealing effect but are expensive, flammable, and toxic [9,
10]. In recent years, scholars have studied composite sealing
materials for coal mines. Some researchers have developed
a CF expansion sealing material with cement, the base mate-
rial, and metal Al powder, gypsum, and other inorganic addi-
tives with good expansibility [11, 12]. Glass fiber would
reduce the fluidity of pure cement paste, and the higher the
content of glass fiber, the more pronounced the effect [13].
Carbon nanofibers can effectively increase the shrinkage

and crack resistance of ultra-fine cement while keeping the
hardness unchanged [14]. Fly ash was used as a base material
and adding water-retaining agent, expansion agent. This
material, with a certain degree of expansion, is not easy to
shrink and adheres tightly to coal and could significantly
improve the mechanical properties of grouting materials
[15–17]. The strength of the sulfoaluminate cement sealing
material decreases rapidly with the increase of the water-
cement ratio [18]. Portland cement has been used to modify
the polyurethane material and developed a new grouting
material, which not only keeps good mechanical properties
of polyurethane material but also overcomes the shortcom-
ing of flammability [19]. Wang et al. [20–22] developed a
new polymer sealing material for underwater tunnels and
studied its swelling property, mechanical property, flame
retardant property, and creep recovery property. Tan et al.
[23] studied the waterproof performance of two kinds of
water swellable pad materials: water swellable rubber
(WSR) and water swellable polyurethane (WSP). Expansion
tests were carried out to determine the expansion ratio under
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compression and free expansion conditions. A dynamic
mechanics analyzer (DMA) was used to measure the storage
modulus under different compression pressures and different
saline environments. The morphology of WSR and WSP was
observed by scanning electron microscopy (SEM). Liu et al.
[24, 25] studied the enhancement effect of expansion agent
on the performance of underground mass concrete structure.
The field test results show that the expansion strain of con-
crete can be increased effectively by the postcast and postcast
expansion reinforcement belts, which indicates that the
expansion agent can enhance the crack prevention perfor-
mance of concrete structures in situ.

With the increase of coal mining depth, the in situ stress
increases gradually. Under the action of high in situ stress,
the borehole sealing section is easy to cause hole collapse,
resulting in air leakage, which is not conducive to gas
extraction. In order to improve the gas extraction effi-
ciency, the compressive strength of grouting materials was
studied. This paper investigates the performance of com-
posite sealing materials from the perspective of macrome-
chanics and microstructure with the quadratic polynomial
regression model. The results reveal that the interaction
between the water-cement ratio, retarder, expansion agent,
and water reducing agent in the composite sealing material
system significantly affects the compressive strength of the
sealing material cured for 3 d and 7d. The optimal ratio
is determined by the verification test, and the mechanism
of action of the new sealing material is revealed by SEM
analysis.

2. Materials and Methods

2.1. Experimental Materials. The base material used in the
experiment is ultrafine Portland cement. The measured
values of D90 and D50 are 12.6μm and 5μm, respectively,
which can be effectively injected into microcracks below
0.1mm. The seaweed powder with a white appearance, which
is easily soluble in water, is used as the retarder. The solution
is a colorless and transparent viscous liquid, which can
advance the setting time and improve the strength of cement
materials [26]. After being added, PCE (polycarboxylic acid
water-reducing agent), a white powder, which is easily solu-
ble in water, can disperse cement particles with the water-
reduction rate of 20-35% [27, 28]. The compound expansive
agent of calcium oxide and calcium sulfate (HCSA), with a
gray-white appearance, promotes a good spatial structure of
cement hydration products [29, 30]. The composition of
ultrafine cement and expansion agent used in the experiment
is shown in Table 1.

2.2. Experimental method. 29 groups of experiments with
four factors and three levels were designed using Box-
Behnken experiment design function in Design-Expert 8.0.5
software. The steps of the parameter optimization process
are shown in Figure 1. The four factors are water-cement
ratio, retarder content, water reducing agent content, and
expansion agent content, as shown in Table 2. The materials
were mixed, then water was added, and the mixture was
poured into the triple mold (7:07 cm × 7:07 cm × 7:07 cm).

The mold surface was scraped flat and put into the curing
box. After curing the mixture for one day, the mold was
removed, and then, the stone body was cured for 3 d and 7d.

The compressive strength of stones of different ages was
tested by the RMT uniaxial press, as shown in Figure 2. The
microstructure of the new sealing material and ordinary
cement materials was then observed by the FEI Quanta 200
FEG environmental scanning electron microscope. After
the experiment, the response surface regression analysis was
carried out by Design-Expert 8.0.5 software. By taking com-
pressive strength as the response value, a quantitative regres-
sion model of the relationship between the compound dosing
amounts of admixtures was obtained [31], which provides a
basis for optimizing the sealing material.

3. Experimental Results

It can be seen from Table 3 that after 3 d curing (temperature
20 ± 2°C, relative humidity above 95%), the minimum com-
pressive strength of the new sealing material is 23.997MPa,
and the maximum is 39.918MPa. After 7 d curing (the curing
conditions are the same), the minimum compressive strength
is 27.012MPa and the maximum is 42.197MPa. These
results show that the new sealing material has good mechan-
ical properties.

4. Response Surface Optimization Analysis

According to the experimental results in Table 3, the water-
cement ratio, retarder, water reducing agent, and expansion
agent were set as independent variables A, B, C, and D, and
the compressive strength of the samples cured for 3 d and
7d was used as the objective function for multiple nonlinear
regression fitting.

4.1. Model Variance Analysis and Significance Test. As shown
in Table 4, the P values of the two models are both less than
0.0001, indicating a small experimental error [32]. It can be
seen from the significance test that the significance order of
each factor in the regression equation of the sample cured
for 3 d is as follows: A ðwater‐cement ratioÞ >D ðexpansion
agentÞ > C ðwater reducing agentÞ > B ðretarderÞ; interaction
of different factors: AD ðwater‐cement ratio, expansion agentÞ
> AC ðwater‐cement ratio, water‐reducing agentÞ > AB ðwater
‐cement ratio, retarderÞ > CD ðwater‐cement ratio, expansion
agentÞ > BD ðretarder, expansion agentÞ > BC ðretarder, water
reducing agentÞ. The P value of A and D is less than 0.0001,
indicating extremely significant influence. The P value of B
and C is greater than 0.05, showing the insignificant impact.
The P value ofAD and AC is less than 0.05, suggesting a signif-
icant effect. The P value of AB, BC, BD, and CD is greater than
0.05, indicating insignificant influence. The P value of the BC
is 0.8102, meaning the least significant impact. According to
the compressive strength of the experimental scheme, a poly-
nomial regression equation of the compressive strength (R3d,
R7d) of the independent variables A, B, C, and D can be
obtained as
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Figure 1: Steps of the parameter optimization process.

Table 1: Chemical composition of raw materials (%).

Chemical composition w (SiO2) w (Al2O3) w (Fe2O3) w (CaO) w (MgO) w (SO3) Loss Total

HCSA expanding agent 4.96 8.52 0.99 64.18 2.67 16.97 1.19 99.48

Superfine Portland cement 20.57 9.89 3.08 57.65 2 2.7 2.6 98.49

Table 2: Range of factors in the experiment.

Test group
Value range of each factor (%)

Water-cement ratio Retarder Water-reducing agent Expanding agent

ZJ1-29 0.8~1.0 0.03~0.05 0.3~0.5 8-10
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R3d = +29:601 − 3:65 ∗ A − 0:47 ∗ B + 0:6 ∗ C − 1:91 ∗D

− 1:01 ∗ AB − 1:10 ∗ AC + 1:63 ∗ AD + 0:12 ∗ BC

+ 0:51 ∗ BD − 0:54 ∗ CD + 0:84 ∗ A2 − 2:86 ∗ B2

+ 1:04 ∗ C2 + 1:61 ∗D2,
ð1Þ

R7d = +30:38 − 3:41 ∗ A − 0:70 ∗ B + 0:79 ∗ C − 2:42 ∗D

− 0:58 ∗ AB − 0:62 ∗ AC + 1:54 ∗ AD + 0:048 ∗ BC

+ 0:24 ∗ BD − 0:25 ∗ CD + 1:44 ∗ A2 − 1:97 ∗ B2

+ 1:85 ∗ C2 + 1:85 ∗D2:

ð2Þ

The order of the significance of each factor in the
regression equation of specimen cured for 7 days is as
follows: A ðwater‐cement ratioÞ >D ðexpansion agentÞ > C
ðwater reducing agentÞ > B ðretarderÞ; interaction of differ-
ent factors: AD ðwater‐cement ratio, expansion agentÞ > AC ð
water‐cement ratio, water‐reducing agentÞ > AB ðwater‐cement
ratio, retarderÞ > CD ðwater‐cement ratio, expansion agentÞ >
BD ðretarder, expansion agentÞ > BC ðretarder, water reducing
agentÞ. The P value of A and D is less than 0.0001, indicating
extremely significant influence. The P value of B and C is
greater than 0.05, indicating an insignificant impact. The P
value of AD is less than 0.05, indicating significant interac-
tion. The P value of the AC changes from 0.0432 to 0.3482,
suggesting that the interaction between A and C has a more
significant impact on the sample cured for three days, and
the longer the sample is cured, the less significant the effect.
The P value of BC is 0.9413, indicating the least significant
interaction effect.

As the items (F value, R2) of conformity degree compar-
ison were relatively abstract, it was necessary to verify the
selected model in other ways. The studentized residual was
used to compare the predicted residual value and the actual
value (Figure 3). The points were mostly concentrated in
the center of the map in terms of the abscissas and were dis-
tributed approximately on a straight line, indicating that the
model was reliable.

4.2. Response Surface Analysis. Figure 4 is the three-
dimensional surface obtained according to the response value
under the interaction of each two independent variables,
where the X-axis and the Y-axis show the factor level and Z
-axis shows the compressive strength. The interaction and
law of the other two factors under the condition that any
two of the four factors A (water-cement ratio), B (retarder
content), C (water-reducing agent content), and D (expan-
sion agent content) remain unchanged were determined.

Figure 2: Compressive strength test of composite material
specimen.

Table 3: Response surface test design and test results.

No.

Parameter value
R3d

(MPa)
R7d

(MPa)
Water-
cement
ratio

Retarder
Water-
reducing
agent

Expanding
agent

1 0.80 0.04 0.40 8.00 39.918 42.197

2 0.80 0.04 0.40 10.00 30.986 32.991

3 0.80 0.04 0.50 9.00 37.697 38.477

4 0.80 0.05 0.40 9.00 31.652 34.133

5 0.80 0.04 0.30 9.00 33.997 35.010

6 0.80 0.03 0.40 9.00 29.899 32.069

7 0.90 0.03 0.40 10.00 26.943 28.511

8 0.90 0.03 0.30 9.00 27.696 31.233

9 0.90 0.03 0.40 8.00 30.931 32.871

10 0.90 0.03 0.50 9.00 28.479 32.141

11 0.90 0.04 0.40 9.00 29.601 30.381

12 0.90 0.04 0.30 10.00 31.239 32.011

13 0.90 0.04 0.40 9.00 29.601 30.381

14 0.90 0.04 0.40 9.00 29.601 30.381

15 0.90 0.04 0.30 8.00 32.986 36.021

16 0.90 0.04 0.40 9.00 29.601 30.381

17 0.90 0.04 0.50 8.00 35.112 38.021

18 0.90 0.04 0.50 10.00 31.213 32.997

19 0.90 0.04 0.40 9.00 29.601 30.381

20 0.90 0.05 0.50 9.00 27.162 29.133

21 0.90 0.05 0.40 8.00 28.922 30.410

22 0.90 0.05 0.40 10.00 26.993 27.012

23 0.90 0.05 0.30 9.00 25.896 28.033

24 1.00 0.04 0.40 8.00 28.911 31.036

25 1.00 0.04 0.50 9.00 26.976 29.989

26 1.00 0.04 0.40 10.00 26.513 27.978

27 1.00 0.03 0.40 9.00 26.295 28.091

28 1.00 0.05 0.40 9.00 23.997 27.843

29 1.00 0.04 0.30 9.00 27.664 29.008
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Figures 4(a) and 4(b) show the influence of the interac-
tion between water-cement ratio and expansion agent on
the compressive strength of the sample. The compressive
strength of the sample varies greatly with the water-cement

ratio or the value of the expansion agent. At this time, the
response surface is steep, which indicates that the interaction
of water-cement ratio and expansion agent has a significant
influence on the response value. It is consistent with the

Table 4: Response surface secondary model and ANOVA results.

Curing age (d) Source Sum of squares df Mean square P value Significance

3

Model 332.63 14 23.76 24.40 <0.0001 ∗∗∗

A 159.82 1 159.82 164.12 <0.0001 ∗∗∗

B 2.63 1 2.63 2.70 0.1224 ∗

C 4.27 1 4.27 4.39 0.0549 ∗

D 43.67 1 43.67 44.85 <0.0001 ∗∗∗

AB 4.10 1 4.10 4.21 0.0593 ∗

AC 4.81 1 4.81 4.94 0.0432 ∗∗

AD 10.67 1 10.67 10.96 0.0052 ∗∗

BC 0.058 1 0.058 0.060 0.8102 ∗

BD 1.06 1 1.06 1.09 0.3145 ∗

CD 1.16 1 1.16 1.19 0.2940 ∗

A2 4.61 1 4.61 4.73 0.0473 ∗∗

B2 53.14 1 53.14 54.57 <0.0001 ∗∗∗

C2 7.07 1 7.07 7.26 0.0174 ∗∗

D2 16.88 1 16.88 17.33 0.0010 ∗∗

Residual 13.63 14 0.97

Lack of fit 13.63 10 1.36

Pure error 0.000 4 0.000

Cor total 346.26 28

R2 = 0:9606 Adj R2 = 0:9213 ∗∗∗P value [-∞, 0.0001]; ∗∗P value [0.0001, 0.05]; ∗P value [0.05, +∞]

7

Model 328.94 14 23.50 14.33 <0.0001 ∗∗∗

A 139.62 1 139.62 85.15 <0.0001 ∗∗∗

B 5.81 1 5.81 3.55 0.0807 ∗

C 7.43 1 7.43 4.53 0.0515 ∗

D 70.35 1 70.35 42.91 <0.0001 ∗∗∗

AB 1.34 1 1.34 0.81 0.3819 ∗

AC 1.55 1 1.55 0.94 0.3482 ∗

AD 9.45 1 9.45 5.76 0.0308 ∗∗

BC 9:216E − 003 1 9:216E − 003 5:621E − 003 0.9413 ∗

BD 0.23 1 0.23 0.14 0.7128 ∗

CD 0.26 1 0.26 0.16 0.6981 ∗

A2 13.54 1 13.54 8.26 0.0123 ∗∗

B2 25.25 1 25.25 15.40 0.0015 ∗∗

C2 22.23 1 22.23 13.56 0.0025 ∗∗

D2 22.18 1 22.18 13.53 0.0025 ∗∗

Residual 22.96 14 1.64

Lack of fit 22.96 10 2.30

Pure error 0.000 4 0.000

Cor Total 351.90 28

R2 = 0:9348 Adj R2 = 0:8695 ∗∗∗P value [-∞, 0.0001]; ∗∗P value [0.0001, 0.05]; ∗P value [0.05, +∞]
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results of the previous analysis of variance. When the water-
cement ratio is low, the compressive strength of the sample
increases rapidly with the increase of the expansion agent
content. When the water-cement ratio increases to above
0.9, the compressive strength of the sample increases slowly
with the increase of the expansion agent content. When the
content of expansion agent is low, the compressive strength
of the sample increases rapidly as the water-cement ratio
decreases. When the content of expansion agent increases
to more than 9%, the compressive strength of the sample
increases slowly with the decrease of water-cement ratio.

Figures 4(c) and 4(d) show the influence of the interac-
tion between water-cement ratio and water reducing agent
on the compressive strength of the sample. The compressive
strength of the sample has a steeper change trend, indicating
that the interaction between the water-cement ratio and the
water reducing agent has a significant impact on the response
value.

The smoother response surface in Figures 4(e) and 4(f)
indicates less significant influence of the interaction of the
retarder and water-cement ratio on the compressive strength.
When the water-cement ratio remains unchanged, the com-
pressive strength of the sample increases first and then
decreases with the increase of retarder content. When the
content of the retarder is constant, the compressive strength
of the sample increases rapidly with the decrease of the
water-cement ratio, and the steep response surface shows
that the retarder has little effect on the compressive strength.

As shown in Figures 4(g) and 4(h), when the content of
the expansion agent is constant, the compressive strength
increases with the increase of the water reducing agent, indi-
cating that the expansion agent has less influence on the flu-
idity. When the value of the water reducing agent reaches the
upper limit and the value of the expansion agent reaches the
lower limit, the response surface is steep, indicating that the
interaction of the two factors has the greatest impact on the
compressive strength.

Figures 4(i) and 4(j) show the influence of the interaction
between the retarder and expansive agent on the compressive
strength of the sample. The change rule of the graph is con-
sistent with the influence rule of the two-factor ANOVA on

the response value in Table 4. When the content of the
expansion agent remains constant, the compressive strength
increases and then decreases with the increase of the content
of the retarder. When the content of the retarder remains
unchanged, the compressive strength of the sample decreases
rapidly with the increase of the content of the expansion
agent, indicating that the effect of the water-cement ratio
on the response value is more significant than that of the
retarder. The response surface is relatively flat on the whole,
indicating that the influence of the interaction between the
retarder and the expansive agent is small.

As shown in Figures 4(k) and 4(l), when the retarder
interacts with the expansion agent, the response surface is
relatively smooth, indicating that the influence of the interac-
tion on the compressive strength is the least significant,
which is consistent with the results of the variance analysis.

4.3. Response Surface Optimization Prediction and
Verification. The experimental results were further analyzed
by taking the compressive strength of the sample as the opti-
mization index. The optimized experimental scheme was
obtained by the Design-Expert software where the content
of water reducing agent is 0.4%, the content of retarder is
0.04%, the water-cement ratio is 0.8, and the content of
expansion agent is 8%. The scheme was then verified. Due
to limited space, the results were shown in Table 5 without
being described in detail. It can be seen that the compressive
strength of the specimen cured for 3 d and 7 d under the opti-
mal condition are 39.247MPa and 41.044MPa, with the
maximum absolute error between the predicted value and
actual value of compressive strength as 2.55% and 1.77%.
Figures 5(a) and 5(b) shows that the measured and predicted
values have a high degree of fitting, and the fitting coefficients
are 0.9586 and 0.9298, respectively, indicating that the model
is relatively reliable.

5. Microscopic Characterization of
Sealing Material

It can be seen from Figures 6(a) and 6(b) that the connection
between the hydration products of the ordinary cement
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Figure 3: Studentized residual distribution.
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material during curing is loose, resulting in a lower compres-
sive strength. When cured for three days, the cement clinker
is encapsulated by C-S-H gel with an obvious pore structure
and large pore volume. After 7-day curing, the surface area of
the C-S-H gel gradually increases, the volume gradually

expands, and the pore becomes smaller. With the hydration
reaction, the number of C-S-H gels increases, and some
needle-shaped AFt crystals appear.

It can be seen from Figures 6(c) and 6(d) that the gel par-
ticles of the new sealing material are interconnected
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compactly, which increases the strength of the material. After
3 d curing, C-S-H gel with a dense structure and fewer pores
was formed, which were wrapped with cement clinker; After
7 d curing, a large number of ettringite crystals were formed,
indicating that the admixture can promote cement hydration
reaction, and AFt crystals were generated with an expansion
effect. The C-S-H gel and AFt were densely and uniformly
cross-bonded together, thereby increasing the strength of
the material [33–35].

6. Conclusions

(1) The compressive strength of the samples varies
greatly with the water-cement ratio or the amount
of expansion agent. The compressive strength of the
sample increases rapidly with the increase of the con-
tent of expansion agent when the water cement is rel-
atively low.When the water-cement ratio increases to
more than 0.9, the compressive strength of the sam-
ple increases slowly with the increase of the expan-
sion agent content. When the content of expansion
agent is low, the compressive strength of the sample
increases rapidly with the decrease of the water-
cement ratio. When the expansion agent content
increases to more than 9%, the compressive strength
of the sample increases slowly with the decrease of
the water-cement ratio

(2) When the water-cement ratio remains unchanged,
the compressive strength of the specimen increases

first and then decreases with the increase of the
retarder content. When the retarder content is con-
stant, the compressive strength of the sample
increases rapidly with the decrease of the water-
cement ratio

(3) When the content of expansion agent is constant, the
compressive strength increases with the increase of
the content of water reducer. When the content of
expander is constant, the compressive strength
increases first and then decreases with the increase
of retarder content. When the amount of retarder
remains unchanged, the compressive strength of the
sample decreases rapidly with the increase of the
amount of expansion agent

(4) Through variance analysis and the significance test,
the significance order of the influence of each com-
ponent on the compressive strength were obtained
as follows: water cement ratio > expansion agent >
water reducing agent > retarder. According to the
response surface drawn by the regression equation,
the interaction between water-cement ratio and
expansion agent has the most significant effect on
the compressive strength, and the interaction
between retarder and water reducing agent has the
least significant effect on the compressive strength

(5) The optimal experimental condition was obtained
by response surface analysis: water reducing agent
content of 0.4%, retarder content of 0.04%, the

Table 5: Optimum Scheme and Results.

No.
3 d compressive strength

(actual) (MPa)
3 d compressive strength

(prediction) (MPa)
Error
(%)

7 d compressive strength
(actual) (MPa)

7 d compressive strength
(prediction) (MPa)

Error
(%)

1 32.918 32.099 2.55 33.197 33.378 -0.54

2 33.554 33.031 1.58 36.031 35.463 1.61

3 31.487 31.243 0.78 33.717 33.615 0.30

4 26.601 26.490 0.42 27.449 27.381 0.25

5 28.587 28.032 1.98 30.936 30.398 1.77
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Figure 5: The fitting curve of the test data (compressive strength) and the predicted value of the model.
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water-cement ratio of 0.8, and expansion agent
content of 8%. The compressive strength of the
new sealing material cured for 3 d and 7d was
39.247MPa and 41.044MPa, with the maximum
absolute error of 1.71% and 2.81%, respectively.
The predicted value was highly consistent with the
measured value

(6) Compared with ordinary cement materials, the new
sealing material has a denser overall structure and
fewer pores. The hydration products C-S-H gel,
AFt, and other cementing materials, which are uni-
formly cross-bonded together, increase the unifor-
mity and compactness of the material, thus
improving the strength of the material
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The stability of the roadway surrounding rock is the key factor of underground mining. Roof subsidence occurred during roadway
excavation in the Menkeqing Coal Mine. For the sake of safety, it was decided to stop tunneling project and strengthen roadway
support, which resulted in a delay of the construction period and economic damage. To maintain the stability of the
surrounding rock, we carried out a systematic study through field monitoring, theoretical analysis, and numerical simulation.
The deformation and failure law of the surrounding rock, roof structure characteristics, and mechanical properties of the
surrounding rock were obtained by field monitoring. The failure characteristics and forms of deep composite roof roadway are
further analyzed. The key points of stability of the roadway surrounding rock of soft rock composite laminated roof are
obtained by theoretical analysis, i.e., improving the effective stress diffusion efficiency of the anchor cable through the reasonable
arrangement of the anchor cable. We use FLAC numerical simulation software to study the influence of different supporting
parameters of anchor cable on the stress diffusion in the surrounding rock and put forward the optimal parameters. The
optimized support parameters have been applied in the field, and the ideal results have been obtained.

1. Introduction

At present, the mining of coal resources in China is gradually
developing to deep mining [1, 2]. Compared with shallow
coal mining, deep coal mining is affected by higher stress
and a more complex geological structure. The coal measure
strata are mostly formed by sedimentation, and the roof of
coal seam is mostly a layered structure [3]. Therefore, the
deep mining roadway often shows stronger deformation fail-
ure and higher repair frequency than the shallow mining
roadway [4, 5].

The high deviated stress field around the roadway during
mining can be artificially intervened by adjusting the mining
layout [6–9]. However, the high-stress field of the first min-
ing face in the tunneling stage cannot be changed, even if
the strong support on the regional stress field of the roadway
is very little change [10]. In the face of high-stress mining
roadway deformation and failure, it is necessary to clearly
understand the rock structure and rock strength parameters

[11–13]. These data are the basis for analyzing the deforma-
tion and failure mechanism of the surrounding rock and also
the basis for putting forward the corresponding control mea-
sures of the surrounding rock [14–16]. At present, the sur-
rounding rock stability control of mining roadway mainly
depends on the active support of rebar bolt and anchor cable
[17, 18]. Because the rebar bolt length is short and the sup-
port resistance is small, there are some hidden dangers in
the support effect when the damage range of the surrounding
rock is larger than the length of the rebar bolt. Anchor cable
support resistance is large, but the overall elongation is small
and the use cost is high. Besides, the high density of the
anchor cable is easy to cause the hanging roof of goaf [19].
Therefore, the reasonable arrangement of the anchor cable
is of great significance to the stability control of the sur-
rounding rock [20, 21].

We have carried out detailed mine pressure monitoring
and geological investigation on the project site. On this basis,
combined with numerical simulation analysis, the instability
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mechanism of the composite roof is obtained. In addition,
we further study the mechanism of anchor cable and stress
diffusion effect of different anchor cable arrangements in
the roof. According to the research results, the anchor cable
support scheme is optimized, and the research results have a
guiding significance for other mining roadway engineering
in this mine.

2. Project Profile

2.1. Engineering Geology and Support Conditions. The Men-
keqing Coal Mine is located in the Hujert Mining Area,
Wushen Banner, Ordos City, Inner Mongolia Autonomous
Region. Menkeqing Coal Mine is a typical deep mining
mine. The average buried depth of 2-2 coal seam is 760m,
and the average coal thickness is 2.63m. The designed length
of the 2201 return air roadway is 1760m, and the designed
section width × height of the roadway is 5:4m × 2:5m,
which is driven along the floor of the coal seam. The geolog-
ical exploration borehole of 2-2 coal seam shows that the
roof structure is complex, the immediate roof is composed
of medium sandstone, sandy mudstone, fine sandstone,
and argillaceous interlayer, and the surrounding rock of
the roof is rich in water.

The initial support of the roadway is a combined support
design of rebar bolt-anchor net-anchor cable. The coal pillar
rib and roof are Φ20 × 2300mm rebar bolt support, and the
working face rib is 27 × 2300mm FRP bolt support. Row
spacing between bolts is 800 × 800mm. The roof anchor
net is made of steel belt made of Φ12 mm round steel, with
a length of 5400mm. Roof anchor cable specification is Φ
21:8 × 8300mm and row spacing 2400 × 2400mm, as shown
in Figure 1.

2.2. Failure Law of the Surrounding Rock. Water drenching
phenomenon appeared in 2201 return air roadway from
800m. The roof sag tendency was obvious after roadway
excavation and even the roof leakage occurred locally. There-
fore, to avoid the continuous roof sag, reinforcement support
was carried out in the corresponding area, i.e., two rows of
anchor cable were supported again in the middle of the two
rows of anchor cables and two anchor cables for each row,
and combined reinforcement support was carried out with
single hydraulic pillar and I-steel. In addition, φ200mm pine
wooden point post support was set as a warning, as shown in
Figure 2. To be on the safe side, roadway excavation was sus-
pended. According to the LBY-2 roof separation instrument
installed on the roof during tunneling, the deformation and
failure of the surrounding rock within the range of 0~ 5m
of the roof can be obtained, as shown in Figure 3.

In the range of 800m~1200m, the roof sag of the road-
way reached 80~130mm only under the influence of tunnel-
ing. Bedding failure exists in the shallow surrounding rock of
0~ 2.5m and the deep surrounding rock at 2.5~ 5m of the
roof. The average beding separation of the surrounding rock
in the shallow part of this section is 59.3mm, while the aver-
age beding separation of the surrounding rock in the deep
part is 48.2mm. Although the shallow deformation
accounted for 55.16%, it did not take an absolute advantage.

Therefore, from the perspective of quantitative analysis, there
were potential unstable strata within 5m of the roadway roof.
In general, the beding separation amount in the shallow part
of the roof is larger, as shown in Figure 3(a). Figure 3(b)
shows the bed separation curve at 1050m. It can be seen from
the figure that the roof surrounding rock was not completely
stable within 15 days after roadway excavation, and the deep
roof was basically stable after reinforcement on the 16th day,
but the shallow surrounding rock was still stable after 4 days.
Therefore, it is still necessary to optimize the original sup-
porting parameters according to the geological conditions.

3. Instability Analysis of Composite Roof

3.1. Roof Structure Detection of Roadway. To clarify the rela-
tionship between roof subsidence and rock distribution and
understand the development characteristics of roof fractures,
a ZXZ20-Z roof borehole detector was used to detect the roof
structure at 800-1200m of 2201 return air roadway. The
average spacing of detection points was 65m, and the detec-
tion results of the roadway roof rock distribution were shown
in Figure 4.

As can be seen from Figure 4, the roof of 2201 return air
roadway has the feature of composite lamination, and there
are 6 kinds of rock strata distributed within 8m from bottom
to top of the immediate roof. Especially within the range of
5m above the roof, the average thickness of the rock layer
is only 1m. The siltstone layer contains an interlayer of mud-
stone with an average thickness of 0.38m. Local coal lines are
developed in the roof. Peep detection shows that there is still
a broken zone in the sandy mudstone layer, and the maxi-
mum damage range of the surrounding rock in the deep roof
is up to 4.8m. The borehole in the mudstone interlayer has
an obvious bed separation zone. In contrast, the destruction
of th shallow surrounding rock is more obvious. The separa-
tion, fragmentation, and cavitation are the most serious in
the middle sand strata.

The vertical stress of the original rock in 2201 air return
roadway is about 19MPa. According to the mining coeffi-
cient of 3, the mining stress of the roadway will be about
57MPa in the later period. Therefore, the reduction of
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Figure 1: The roof support plan of 2201 return air roadway.
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(a) Hydraulic single prop support (b) Wooden point post support

(c) Borehole water

Figure 2: Damage of tunneling roadway (roof water spray).
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Figure 3: Separation curve in roof sag section.
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Figure 4: Roof structure survey results (where HRS: histogram of roof strata; AHRS: average histogram of roof strata; Li: blithology; AT:
average tickness; DDS: drilling detection screenshot; FS: fine sandstone; SM: sandy mudstone; SI: siltstone; MI: mudstone interlayer; MS:
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tangential stress under the action of strong mining stress will
lead to serious damage to the roadway with small layer thick-
ness, weak interlayer, and water-rich roof [22]. There is a hid-
den danger of roof caving.

3.2. Mechanical Parameter Test of the Surrounding Rock. To
understand the mechanical difference between the normal
condition of the roof surrounding rock and the water pour-
ing condition, the core was drilled in the backing chamber
at 650m of 2201 return air roadway. The diameter of the core
drilling hole is Φ8mm, the length of the core is 15m, and the
inclination is 80°. After the core is encapsulated, the rock
mechanic test is carried out in the laboratory. The test pro-

cess is shown in Figure 5, and the rock mechanic test results
are shown in Table 1.

When the immediate roof of 2201 air return roadway is
in water content condition, the rock strength is affected,
among which the sandstone mudstone and mudstone have
stronger softening properties. The buried depth of 2201
return air roadway is 670m, and the vertical stress of the
original rock of coal seam is about 19MPa [3, 12, 22]. There-
fore, under the same stress action, the strength of the sur-
rounding rock in the water-pouring area of the roof is
weakened, and it is easier to produce a large range of plastic
zone. At the same time, the plastic zone of the surrounding
rock is accompanied by the strong expansion pressure acting

(a) Rock core (b) Test specimen

(c) Compression test (d) Tensile test

Figure 5: Mechanical test process of the surrounding rock.

Table 1: Rock mechanic test results.

Li
Normal conditions Immersion conditions

σc/MPa σt/MPa C/MPa f /° σc/MPa σt/MPa C/MPa f /°

GR 40 3.8 5.6 35 34 3.1 4.6 32

MS 35 2.2 4.5 36 26 1.7 3.2 35

FS 38 2.8 5.9 31 28 1.5 1.9 30

SM 15 1.3 2.2 28 8 0.8 0.7 26

SI 32 3.5 4.4 35 23 2.5 2.1 32

MU 18 2.3 2.5 30 5 0.7 0.6 25

SI 33 3.4 4.5 36 24 2.5 1.8 35

MS 30 2.8 3.4 33 19 1.7 2.2 30

Where GR: grit; MU: mudstone; σc: compressive strength; σt: tensile strength; C: cohesion; f: internal friction angle.
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on the roof, which intensifies the potential instability proba-
bility of the roof [23]. In addition, the degree of softening of
different rock strata by water is not consistent, which leads to
the great strength difference between rock strata. The poor
cohesion between layers further aggravates the instability of
the roof separation layer.

3.3. Failure Characteristic of the Surrounding Rock. Through
the detection of the roof structure of the roadway, it is found
that the roof has obvious rock formation and contains mud-
stone interlayer with an average thickness of 0.4m. The
mechanical properties of different rock strata in the roof
were obtained by borehole core test of surrounding rock
mechanics. The mechanical properties of the surrounding
rock decrease sharply after water softening. Based on this,
a 50m × 50m FLAC numerical model was established to
analyze the influence of interlayer and lithology on the fail-
ure of the roadway surrounding rock [24–26]. The rock
strata were fine tuned to facilitate mesh division, and the

mesh size was 0:2m × 0:2m. The lateral and bottom bound-
ary of the model was fixed, and the upper boundary was
compensated with 19MPa normal stress. The gravity stress
gradient and pressure coefficient in the model were 0.025
and 1.2, respectively. The Mohr-Coulomb constitutive
model was adopted in the simulation.

The numerical model results are shown in Figure 6.
Figure 6(a) shows the plastic zone distribution of the sur-
rounding rock under normal conditions. At this time, due
to the weak strength of the coal seam rock, the plastic zone
of the surrounding rock at the roadway ribs under strong ver-
tical stress is 2.4m. The damage range of the immediate roof
of the roadway is 1m, and the whole medium sand strata are
reduced to a plastic zone. There is no plastic failure zone in
siltstone due to its high rock strength, but there is a small
plastic zone with a thickness of 0.2m in the mudstone inter-
layer with weaker lithology. Figure 6(b) shows the distribu-
tion of plastic zone in surrounding rock of roadway when
the surrounding rock is softened. Compared with
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Figure 6: Distribution of plastic zone in the roadway surrounding rock.
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Figure 6(a), the softening of rock strength leads to a sharp
expansion plastic zone and the failure depth above the roof.
In particular, the extension of the mudstone interlayer is par-
ticularly obvious.

The change of the position and thickness of interlayer
and the change of the strength of the surrounding rock seri-
ously affect the morphology and size of the plastic zone of the
surrounding rock. Under normal circumstances, rebar bolt
support of roof can maintain the stability of roadway. How-
ever, under the condition of water softening of the surround-
ing rock, the anchorage part of the rebar bolt is located in the
plastic zone. It is easy to cause the overall sag of the sur-
rounding rock within the range of rebar bolt. In this case,
the function of rebar bolt is limited, and the stability of sur-
rounding rock is mainly maintained by anchor cable. The
anchor cable not only needs to suspend the potentially unsta-
ble rock strata in the roof stable rock strata but also should
have a reasonable arrangement so that the support resistance
can fully diffuse in the surrounding rock.

3.4. Analysis of Failure Mode of Composite Roof. The direct
roof of 2201 return air roadway is a composite roof with
small rock thickness, poor interlayer cohesiveness, and local
coal line development. Usually under such roof conditions,
if the roadway is excavated, there will be obvious layer sepa-
ration, and it is difficult to form a self-supporting structure,
resulting in roof safety accidents [27].

The failure forms of the composite roof can be summa-
rized into three types, such as flexural failure, integral separa-
tion, and weak plane slip [28], as shown in Figure 7. The roof
flexural failure is shown in Figure 7(a). At this time, the rebar
bolt should pass through multiple separation positions as far
as possible, and the rebar bolt should be anchored into the
deep of the stable rock strata. In this case, the roof of 2201
return air roadway has the disadvantages of insufficient rebar
bolt density and sufficient length due to complex strata strat-
ification within 5m. The overall roof separation damage is
shown in Figure 7(b). At this time, the anchor cable support
density should be increased, and the preload should be
increased. In this case, the roof support of 2201 return air
roadway has the shortcoming of insufficient anchor cable
support strength. The situation of the roof with a weak sur-
face is shown in Figure 7(c). At this time, rebar bolt and
anchor cable combined support with grouting modification
to give full play to the self-supporting capacity of the sur-
rounding rock which is one of the best support methods.
The roof of 2201 return air roadway only contains weak
interlayers with few weak surfaces. Grouting has not been
considered for the time being.

4. Optimization of Strong Supporting
Parameters of the Anchor Cable

4.1. Analysis of Supporting Action of the Anchor Cable. In
deep mining, the change of anchor cable supporting param-
eters has a limited effect on the plastic zone of the surround-
ing rock when the mechanical properties of surrounding rock
and the stress environment are given. However, changing the
supporting parameters of anchor cable plays an important

role in the stability control of the surrounding rock in the
plastic zone [29, 30]. The rebar bolt of layered composite roof
roadway is mainly aimed at the shallow surrounding rock
and combined with the shallow rock to form the “anchor
beam” structure. The anchor cable with stronger support
strength can suspend the shallow “anchor beam” structure
in the deep stable rock strata. In addition, the strong anchor
cable can effectively control the slip of weak surface and
restrain the formation of new cracks. The high prestress of
anchor cable can increase the friction and shear strength
between rock layers by increasing the normal restraint of
composite layered rock masses. The length of the anchor
cable makes the high prestress of the anchor cable effectively
diffuses in the deep strata and improves the integrity of the
surrounding rock [31].

The reinforcement of the composite roof surrounding
rock by anchor cable support is mainly through the joint
action of anchor cable monomer, anchoring agent, and tray.
According to the elastic mechanic’s theory, the mechanical
model of interaction between rock strata and anchor cable
of the composite roof is established, as shown in Figure 8.

Assuming that the anchor cable and the rock mass
within the influence range meet axisymmetry [31], the axial
balance equation of the anchor cable element body is shown
in Eq. (1).

∂σzz

∂z
+ 1
r

∂ rτrzð Þ
∂r

� �
= 0, ð1Þ

where σzz is the axial stress of anchor cable infinitesimal
body; τrz is the shear stress of anchor cable infinitesimal
body.

For anchor cable, the following relationship exists:

dσfzz zð Þ
dz

+ 2
a
τ zð Þ = 0, ð2Þ

where σfzzðzÞ is the average axial stress of the anchor cable; a
is the radius of anchor cable.

The constitutive equation of rock mass is

τ r, zð Þ = Gmγ =Gm
dw
dr

, ð3Þ

where Gm is the shear modulus of deep surrounding rock
mass; w is the axial displacement of the deep surrounding
rock mass.

The equilibrium condition of anchor cable and the cross-
section force affecting the microsegment of rock mass is

σm = −
a2

b2 − a2
σf : ð4Þ
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The boundary conditions are

z = 0, σf zð Þ = P
πa2

,

z = l, σf lð Þ = 0,

8<
: ð5Þ

where P is the pretension; l is the length of anchor cable.
By analyzing the axial stress balance equation of the

anchor cable element body through Eq. (1)–(5), the axial
stress of the anchor cable and the shear stress of the interface

between the anchor cable and the surrounding rock mass can
be obtained, as shown in Eqs. (6) and (7).

Axial stress of anchor cable is as follows:

σ zð Þ = P
πa2 cosh kzð Þ − c tanh klð Þ sinh kzð Þ½ �, ð6Þ

where c is the cohesion of the surrounding rock; K is the coef-
ficient of general solution; z is any point along the anchor
cable axis.

Roadway

(a) Flexural failure

Roadway

(b) Integral separation

Roadway

(c) Weak plane slip

Figure 7: Composite roof failure mode.
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Interfacial shear stress of surrounding rock mass is as
follows:

τ zð Þ = kp
2πa c tanh klð Þ cosh kzð Þ − sinh kzð Þ½ �: ð7Þ

The bearing capacity of the anchoring balanced arch
bearing structure is as follows:

q = Q 1 + sin θð Þ l −Dð Þ
D2 1 − sin θð Þ R + l −Dð Þ , ð8Þ

where q is the bearing capacity of the arch, kN; Q is the
anchor cable prestress, kN; D is the anchor cable spacing,
m; R is the half of the roadway span, m; θ is the internal
friction angle of coal-rock mass, (°).

According to Eq. (6)–(8), increasing the prestress of
the anchor cable (or increasing the support strength in a
disguised way by increasing the support density) contrib-
utes to the stress diffusion of the anchor cable. It also
helps to increase the damage resistance of the weak sur-
face. There is a negative correlation between the anchorage
balance arch and the row spacing between the anchors.
Under the condition of weak roof lithology and obvious
laminated characteristics, increasing the strength of anchor
cable support is beneficial to the stability of the roadway
surrounding rock.

Strata stratification is obvious within 5m of the roof of
2201 return air roadway, and rebar bolt obviously cannot
effectively control deep separation. The large row spacing
between the anchor cable leads to the fact that a single
anchor cable acts alone and cannot form an effective
superimposed compression body in the same section (as
shown in Figure 9). This eventually causes the roof to
sag as a whole. Therefore, the anchor cable with row spac-
ing of 2400 × 2400mm fails to form an arch-bearing struc-
ture. It also fails to maximize the use of the overall
stiffness and self-bearing capacity of the surrounding rock
within the support range.

4.2. Numerical Analysis of Anchor Cable Support. To effec-
tively maintain the stability of the roof of 2201 return air
roadway and reduce engineering rework, the parameters of
the roof with composite layered soft rock characteristics were
optimized. The original anchor cable support parameters
were optimized from 2400 × 2400mm interrow spacing, 2-2
layout, to 1600 × 1600mm interrow spacing, 2-3-2 layout.
The numerical simulation analysis was carried out for differ-
ent support schemes [32]. The rebar bolt support resistance is
120 kN, and the anchor cable support resistance is 350 kN.
Vertical stress nephogram in the mudstone interlayer at
2m of the roof and between two rows of anchor cables in
roadway were, respectively, intercepted, as shown in
Figure 10.

Figure 9 shows that the superposition value of the stress
field in the bolt support range is the largest under different
support schemes. With the change of anchor cable support-
ing density, the stress gap within the anchor cable supporting
range is very large. The stress at 2m above the roof (in the

mudstone interlayer) of the original support scheme does
not diffuse effectively. The stress tends to be distributed at
the point and was relatively scattered. The stress is concen-
trated around the anchor cable, and the maximum stress
concentration is 0.1967MPa, as shown in Figure 10(a). The
maximum stress between the two rows of anchor cables in
the original support is only 0.1987MPa, as shown in
Figure 10(b). In the reinforced support scheme, the stress is
effectively diffused at 2m above the roof, and the high stress
under the action of the anchor cable is connected into sheets,
with the maximum stress concentration of 0.3000MPa.
However, the stress in the middle of the roadway with the
greatest roof caving hidden danger is small, as shown in
Figure 10(c). The maximum stress between the two rows of
anchor cables in the original support significantly increased
to 0.8352MPa, but the stress diffusion effect was poor, as
shown in Figure 10(d). The stress of the optimized support
scheme is smaller than that of the reinforcement scheme
but larger than that of the original support scheme. In addi-
tion, the stress at 2m above the roof is effectively diffused,
and the high stress under the action of the anchor cable is
connected into sheets. The maximum stress concentration
is 0.2657MPa, and the maximum stress concentration is in
the middle of the roadway, as shown in Figure 10(e). In the
optimized support scheme, the maximum stress between
the two rows of anchor cables increased significantly to
0.2824MPa, and the high stress zone was uniform, as shown
in Figure 10(f).

The change of vertical stress caused by the change of
anchor cable supporting density is not the same order of
magnitude as the original rock stress [19, 30]. However, for
the surrounding rock already in the plastic zone, the stress
action mode within the supporting range can be effectively
improved by changing the supporting parameters and layout
of the anchor cable [21, 33]. The effective diffusion of sup-
port resistance within the support range can increase the
thickness of the bearing ring, increase the bearing capacity,
and promote the stability of the surrounding rock [34]. For
the roof with a large potential instability range, a certain
supporting density can avoid local roof leakage caused by
too large row spacing between anchor cable [29, 35, 36]. In
addition, compared with the original scheme, the number
of anchor cable increased by 0.625/m, but the number of
anchor cable decreased by 1.042/m compared with the rein-
forcement scheme of the 800-1200m section. It has certain
economic advantages.

Roadway

Arch
q

Figure 9: Anchorage equilibrium mechanical model.
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Figure 10: Continued.
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5. Field Application of Optimized
Support Parameters

We have carried out the field application of the optimization
scheme in 2201 return air roadway at 1200~1760m in the
Menkeqing Coal Mine. The optimization scheme is to opti-
mize the original row spacing 2400 × 2400mm and 2-2 lay-
out to 1600 × 1600mm and 2-3-2 layout. The plan of roof
optimization scheme is shown in Figure 9(e).

We arranged one measuring point every 50m within the
range of 1210m~1710m, and a total of 11 measuring points
were arranged. The roof stability of the roadway is better after
the optimized support scheme is applied in the field. After the
tunneling is stable, the maximum settlement of each measur-
ing point in the roadway is between 56 and 82mm, and the
stress of anchor cable is between 201 and 260 kN. Represen-
tative monitoring points are selected for data analysis. The
layout of monitoring points at 1360m is shown in
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Figure 11, in which P1-P3 are sag monitoring points and C1-
C3 are anchor cable stress monitoring points.

Figure 12 shows the data measured at representative
monitoring points. During tunneling, the maximum subsi-
dence of the roadway at 1360m is between 33 and 57mm,
and the maximum subsidence of the roadway is at the central
position (P1 point), which is 57mm. The deformation rate of
the roadway reached its maximum within 4-8 days after
tunneling, and the monitoring point lagged behind the
tunneling working face by about 40m. 20 days after tunnel-
ing, that is, the roadway gradually becomes stable after
100m behind the working face. Similar to the deformation
law of the roof, the stress of the anchor cable is the largest
at the measuring point (C3) in the center of the roadway,
and the change is the largest in the 4th to 12th day after road-
way excavation. After 16 days, that is, after the monitoring

point lagged behind the tunneling work by 80m, the stress
of the anchor cable gradually stabilized.

6. Conclusion

Through the systematic study on the failure characteristics
of the surrounding rock and the effect of anchor cable
support in deep mining roadway, we mainly get the fol-
lowing conclusions.

(1) The main reason for the roof subsidence of the min-
ing roadway is that the roof structure of the road-
way is complex, and the layer structure is obvious.
After softening by water, the strength difference
between layers is great, and the bond between layers
is poor, which aggravates the roof separation
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instability. The failure modes of different composite
roofs are analyzed

(2) The surrounding rock of deep mining roadway is
affected by the high stress environment, which leads
to a large plastic zone. The roof interlayer structure
causes the plastic zone of the roof to expand rapidly
in the soft strata. The position, thickness, and
strength of the interlayer have a great influence on
the morphology and size of the plastic zone of sur-
rounding rock

(3) Theoretical derivation proves that there is a negative
correlation between the anchoring balance arch and
the row spacing between the anchoring cables with
the composite roof. The distribution of roof support
resistance under different anchor cable supporting
parameters is verified by numerical simulation. Rea-
sonable arrangement of anchor cable is conducive
to the full extension of supporting the resistance in
the roof

(4) Under the condition of weak roof lithology and obvi-
ous composite layered characteristics, increasing the
strength of anchor cable support is conducive to the
stability of the roadway surrounding rock. Based on
the research results, the supporting parameters of
roadway anchor cable are optimized and applied in
the field. No surrounding rock instability occurred
after field application
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Deep mining is the current and future mining focus in the coalfield of North China. Therefore, it is necessary to establish a water
inrush assessment method suitable for deep mining. The conventional water inrush coefficient (T) method is simple to use, but its
accuracy is low when the mining depth is very small or large because it neglects the role of the aquifer water yield. Themain purpose
of this paper is to introduce a simple water inrush risk assessment method that is more applicable in deep mining than the T
method. In this study, the hydrogeological characteristics in deep mining were studied and the role of the aquifer water yield in
water inrush was analyzed. Afterwards, an improved T method considering the aquifer specific yield (q) was established. In the
new method, the critical water inrush coefficient changes with changing q following a negative correlation. The parameter
thresholds were determined based on systematic data analyses of 186 mining cases. The results of the statistical analysis show
that the accuracy of the new method at different mining depths is higher than that of the T method.

1. Introduction

Coal will remain the major energy source in China for a long
time. From the coal resources in China, 53% are located
below a depth of 1 km [1]. Following the depletion of shallow
coal resources, the coal mining depth (Dm) has increased.
However, the exploitation of deep coal seams in the North
China coalfield (Figure 1) faces a threat from the underlying
confined aquifers in Ordovician limestone.

Floor karst water inrush has been extensively studied in
literature. For example, Wu et al. have conducted extensive
and detailed research on water inrush from mine floors, pro-
posing some risk-assessment methods, such as the master-
control index method and the vulnerability index method
and its improved version [2, 3]. These methods were success-
fully applied to practical mining. Liu and Hu adopted the
water-resistance coefficient method to identify floor water
inrush risks [4]. Meng et al. presented a geological-
assessment method to evaluate the vulnerability of the floor
water inrush by considering its lithology, structure, and water

inrush coefficient [5]. Wang et al. used a secondary fuzzy
comprehensive evaluation system to analyze the risk of mine
water inrush [6]. He et al. developed a P −H − q evaluation
system for risk assessment of water inrush based on the
water-pressure-transfer theory [7]. Hong-fei et al. established
a coal floor water inrush model that considered the structural
characteristics of floor strata to evaluate the antipermeability
strength of an aquiclude [8]. Bai et al. explained the ground-
water inrush mechanism in terms of variable mass and non-
linear dynamics [9]. Chen et al. used an engineering analogy
method to predict the water inrush risk areas in mining,
using Fisher’s discriminant analysis [10]. Physical simula-
tions performed by Zhang et al. revealed that the permeabil-
ity of floor rocks had regional and temporal characteristics
[11]. Gao et al. found that the water inflow increased with
an increasing permeability coefficient following a power
function [12]. Many other methods are available to evaluate
the possibility of mine water inrush and related water-rock
coupling problems [13–34]. Some scholars have specially
studied floor water inrush through faults [35–39]. In
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summary, the common methods used to predict the mine
floor water inrush can be categorized as (1) empirical for-
mula and GIS technology, (2) mathematical analysis, (3)
nonlinear mathematical analysis, and (4) simulation experi-
ments [40]. However, most of these methods require sophis-
ticated software, equipment, and/or operational technology
as well as complex analyses and calculations. Therefore,
widespread implementation of these methods is difficult.

The conventional water inrush coefficient (T) method is
the most practical method used to predict water inrush in
coal mines under various conditions. T (in MPa/m) is
obtained from the following empirical equation based on
large water inrush data:

T = P
M

, ð1Þ

where P (in MPa) is the water pressure in a confined aquifer
in the coal-seam floor and M (in m) is the thickness of the
aquiclude of the coal seam floor.

T denotes the water pressure that can be supported by a
unit thickness of the coal seam floor aquiclude and can quan-
titatively indicate the risk of water inrush from an underlying
confined aquifer during coal mining. A larger T value
indicates more susceptibility to water inrush accidents. The
minimum value of T that can initiate water inrush is called

the critical water inrush coefficient (Ts), which ranges from
0.06 to 0.1MPa/m, as provided in the Stipulation on Preven-
tion and Control of Coal Mine Water of China [41]. Floor
water inrush incidents are likely to occur when T > Ts. This
formula is simple and practical because it incorporates two
important parameters that govern the characteristics of the
aquifer and aquiclude (P and M, respectively). Therefore, it
has been incorporated in relevant standards and coal mine
water prevention and control regulations.

Practical mining data collected from the North China
coalfield, which include 186 water inrush cases and 92 safety
mining cases, have proven that the results predicted using the
T method are generally consistent with the actual results
when 2:5MPa < P < 3:5MPa (Figure 2).

In addition, according to the data collected from the
North China coalfield [42], P exhibits a linear positive corre-
lation with the aquifer depth (D) (Figure 3).

The following equation can be obtained from Figure 3:

D = 101:28P + 11:212: ð2Þ

Because D will change with Dm (Figure 4), it is necessary
to analyze the change in the accuracy of the T method with
changing Dm.
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Figure 4 shows that the relationship between D and Dm
can be expressed by the following formula:

Dm =D −M: ð3Þ

After statistically analyzing the data in Figure 2 with the
help of Equations (2) and (3), the variation of the prediction
accuracy from the T method with changing Dm can be
obtained (Figure 5).

The T method was put forward in 1964 in Jiaozuo’s
hydrogeological work. The corresponding Ts was also the
empirical value based on the mining conditions at that time.
Because the average value of Dm was about 300m at that
time, the empirical value of Ts obtained according to the
mining conditions at that time was more suitable when Dm
was about 300m. This conclusion is basically consistent with
the law of fitting line in Figure 5, which shows that the accu-
racy of the T method is the highest when Dm is equal to
311.16m. Figure 5 shows that when Dm is very shallow or
very deep, the prediction accuracy from the T method is very
low. Because coal seams buried at great depths are the object

of future exploitation in the North China coalfield, evaluation
of water hazards during mining of deeply buried coal seams
is the focus of the present study. TheDm of deeper coal seams
is generally more than 400m, mostly exceed 700m, or exceed
1000m in the 33 mines in the North China coalfield [43].
Hence, the T method is unsuitable for deep-mining risk
assessment.

In addition to the T method, a common method is the
GIS-based multifactor superposition analysis (represented
by the vulnerability index method). The GIS-based multifac-
tor superposition analysis method is a good method because
many related factors are considered. However, in the dis-
criminant map obtained by this method, we can only obtain
the relative magnitude of water inrush risk in different posi-
tions, but not the absolute magnitude of the possibility of
water inrush in different positions. When applying the GIS-
based multifactor superposition analysis method, a specific
boundary which can divide the safety zone and water inrush
zone is needed, such as Ts in the T method. Therefore, it is
necessary to study the hydrogeological conditions in deep
mining and to establish a simple water inrush risk assessment
method that is more applicable than the T method.

2. Hydrogeological Conditions in Deep Mining

The coal seams in somemines are buried at depths of 1,200m
and face the threat of limestone aquifers (Figure 6), which
cause the P and T values to reach 13MPa and 0.144–1.256
MPa/m, respectively. In addition, when D is large, aquifers
have low porosity (ф) and permeability (K) owing to high
ground stress (Figures 7 and 8). Ф determines the size of
the water-storage space in aquifers, and K determines the
movement efficiency of water in aquifers. Reduced ф and K
lead to a reduced water yield (or effluent capacity) of the
aquifer.

The water yield of aquifers is often described in terms of
the specific yield (q, in L/(s·m)), which indicates the sustain-
able water yield from a drill hole with a diameter of 91mm
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when the water levels drop by 1m per unit time during a
pumping test. Figure 9 shows a steady-flow pumping test in
a confined aquifer. In this figure, h0, Q, R0, sw, RW , a, and
K denote the initial water head of the confined aquifer, the
pump flow, the radius of the cone of depression, the drop
of the water level in the well, the radius of the pumping well,
the thickness of the aquifer, and its permeability, respectively.
Under these conditions, the Dupuit formula of the confined
pumping well can be obtained as follows:

Q = 2πKasw
ln R0 − Rwð Þ : ð4Þ

According to the definition of q, it can be calculated as
follows:

q = Q
sw

= 2πKa
ln R0 − Rwð Þ : ð5Þ

The value of q decreases with increasing D because both
ф and K decrease (Figure 10). Qiao et al. and Zhao reached
the same conclusion [44, 45].

3. Analysis of the Role of q in the Occurrence of
Water Inrush

q reflects the effluent capacity of the aquifer. The water
inrush process involves draining water from the aquifer to
other spaces. Therefore, theoretically, q is closely related to
the occurrence of water inrush. In contrast, water scarcity
significantly reduces the likelihood of the confined water to
break through an aquiclude. Some mining cases have proven
that water inrush is related to the q value. When the T
method is used to evaluate the risk of water inrush, unrealis-
tic results are produced if q is neglected (Table 1). The list in
Table 1 indicates that from the first to the fifth cases, because
the q values were all small, no water inrush occurred,
although T > Ts. From the sixth to the tenth cases
(Table 1), q was large and water inrush occurred during the
mining process, although T did not exceed Ts. Therefore, it
is confirmed that q significantly influences the occurrence
of water inrush. Thus, in order to improve the accuracy of
the results, the change in q in deep mining must be consid-
ered. Shi et al. reached the same conclusion [46].

This analysis revealed that under deep mining condi-
tions, the aquifer related to water inrush is characterized by
large P and low q, and q is positively correlated with the pos-
sibility of water inrush. Therefore, in deep mining, the possi-
bility of water inrush can be reduced using small q, even if
T > Ts. Thus, the conventional T method is oversimplified
for assessing the water inrush possibility because it only con-
siders P, while neglecting q. The water yield of aquifers that
recharge the mine must be considered to accurately assess
water inrush risk. Therefore, the objectives of this study are
to analyze the role of q in water inrush and to establish a
convenient method for water inrush risk assessment that
considers q.

3.1. Before Formation of Water Inrush. From the point of
view of mechanics, the floor water inrush involves breaking
the aquiclude under continuous water pressure within a cer-
tain period followed by the gushing of water from the aquifer
below the aquiclude, along the rupture surface, into the goaf.
Because the aquiclude breakage only occurs after a period of
deformation, a time limit exists for the occurrence of water
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inrush. First, the aquiclude takes time to deform to its critical
breaking state. After a goaf with length L is formed, the aqui-
clude gradually bends and deforms under the water pressure
to reach its critical breaking state. The time required to reach
this condition is called required time (tr). Second, the defor-
mation and breaking of the aquiclude must be completed
before the goaf is filled and compacted by the caved overbur-
den [47, 48]. The time before the goaf is filled and compacted
is called the available time (ta) for water inrush formation.
Water inrush can only occur when tr < ta.

The water pressure that is continuously exerted on the
aquiclude, called the aquiclude bending pressure (Pb), consti-
tutes the external force directly responsible for the eventual
breakage of the aquiclude. Pb also refers to the water pressure
accumulated in the cavity caused by the deformation of the
aquiclude (i.e., ③ in Figure 11). Unless otherwise stated, this
is the cavity referred to hereafter. P refers to the water pres-
sure or undisturbed water pressure in the confined aquifer

before or after mining, respectively. The water-pressure var-
iation and water runoff in the aquifer after mining are shown
in Figure 11. The persistence of Pb is assured by the continu-
ous flow of water into the cavity. The efficiency of the water
movement in the aquifer is related to the water yield of the
aquifer. Obviously, a lower water yield in the confined aquifer
results in lower efficiency of the seepage flow to the cavity,
slower deformation in the aquiclude, longer time for the
aquiclude to deform to its breaking state, greater possibility
for tr to exceed ta, and less possibility of water inrush. The
water yield of aquifers is often described in terms of q. In
other words, the smaller the q value, the lower the possibility
of water inrush.

For water inrush caused by dangerous geological struc-
tures (i.e., faults, collapse columns, etc.), the initiation pro-
cess involves erosion of the filler in the cracks of these
structures owing to water flow, which is also caused by the
continuity of seepage. Similar to the water inrush in the
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cavity described earlier, the smaller the q, the lower is the
possibility of water inrush in the dangerous geological
structures.

3.2. After Formation of Water Inrush. Water inrush data
from 186 excavation faces in the North China coalfield
(Tables 2–4) were collected to analyze the role of q in the
water inrush.

Usually, according to the volume of water inflow (Q)
recorded in each case, water inrush is classified as a small case
(0 <Q ≤ 60m3/h), medium case (60 <Q < 600m3/h), or
large case (Q ≥ 600m3/h). Among the 186 water inrush cases
studied, 79 were small, 95 were medium, and 12 were large.

The statistical summary of the 186 water inrush cases
(Table 5) shows that almost all the small-Q cases were located
in areas with 0:06 ≤ q < 1:7 L/ðs · mÞ, almost all the medium-
Q cases were located in areas with 1:7 ≤ q < 16:7 L/ðs · mÞ,
and all the large-Q cases were located in areas with q ≥ 16:7
L/ðs · mÞ. No water inrush cases occurred when q < 0:06 L
/ðs · mÞ.

After a water inrush occurs, the larger the value of q, the
greater the amount of water poured out because of the greater
water yield of the aquifer, the larger the amount of water
released from the aquifer in a short period, and the larger
the amount of water that flows into the mining area. There-
fore, q can determine the magnitude of the water inrush after
an event.

4. Establishment and Application of the T‐q
Method

In this section, the development of a convenient method for
water inrush risk assessment that considers q is discussed.

A confined aquifer is a source of power and the medium
for the water inrush. An aquiclude is the medium that can
obstruct water inrush. Water inrush is related not only to
the potential of the confined water to break through the aqui-
clude but also to the extent of release of this potential (unless
otherwise stated, this is the potential referred to hereafter). P
and M parametrize the potential of the confined water to
break through the aquiclude, and q is a nonnegligible param-
eter that determines the extent of this potential release. The
contributions of these parameters to the possibility of water
inrush are described below.

First, when P is big andM is small, the potential for water
inrush is high. Therefore, the ratio of P to M (i.e., T) can be
used to indicate the potential for water inrush. The greater
the value of T , the higher the potential for water inrush. Sec-
ond, the greater the value of q, the better the hydrodynamic
conditions in the aquifer, the greater the extent of this poten-
tial release, and the higher the possibility of water inrush.
Therefore, the possibility of water inrush is positively corre-
lated with both T and q values.

4.1. Division of Water Inrush and Safety Zones in the T‐q
Method. From the previous analysis, the possibility of water
inrush was determined in terms of T and q. When the poten-
tial for water inrush is greater, the energy that can be directly
applied to break through the aquiclude or the water inrush
channels is larger and the possibility of water inrush is
greater. In other words, for constant q, the greater the value
of T , the higher the possibility of water inrush. Figure 12
shows the 186 water inrush cases used to obtain the Ts-q
function curve. Because Ts is the minimum T that can initi-
ate occurrence of water inrush, the Ts points should be in the
area where T is relatively small for a certain q value of the
aquifer. The points marked by the symbol “×” in Figure 12
were selected as the critical points, and the Ts-q function
curve was obtained by fitting these points. The points in the
area above the Ts-q curve were identified as the water inrush
points, and those in the area below the Ts-q curve were the
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Figure 9: Pumping test of a steady well flow in a confined aquifer.
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safety points. Figure 12 shows that except for the fitting
points; all the other water inrush points are above the Ts-q
curve. The water inrush points between the Ts-q and the stip-
ulated Ts curves were wrongly evaluated as safety points by

the T method, because at these points, T was less than the
stipulated Ts. Therefore, the new method is more practical
than the T method in determining the water inrush and
safety zones.

Table 1: Mining cases in the North China coalfield, wrongly evaluated by the T method.

No. Mining face
P

(MPa)
q

(L/(s·m))
T

(MPa/m)
Ts

(MPa/m)
Evaluation
results

Field verification

1
III628, Zhuzhuang mine, Huaibei mining

area
4.22 0.016 0.140 0.07 Danger Safety

2
III616, Yangzhuang mine, Huaibei mining

area
5.50 0.052 0.110 0.07 Danger Safety

3 1044, Liudian mine, Huaibei mining area 6.93 0.024 0.210 0.07 Danger Safety

4 1037, Liudian mine, Huaibei mining area 6.60 0.024 0.330 0.07 Danger Safety

5 1088, Heishan mine, Zibo mining area 6.23 0.032 0.130 0.07 Danger Safety

6 11022, Jiulishan mine, Jiaozuo mining area 1.19 24.450 0.052 0.07 Safety Danger, Q = 714m3/h

7
9507, Xiangzhuang mine, Feicheng mining

area
0.92 8.330 0.038 0.07 Safety Danger, Q = 300m3/h

8 4221, Jiaoxi mine, Jiaozuo mining area 1.00 12.620 0.053 0.07 Safety Danger, Q = 201m3/h
9 12031, Jiulishan mine, Jiaozuo mining area 0.92 11.330 0.041 0.07 Safety Danger, Q = 588m3/h
10 1007, Fucun mine, Zibo mining area 1.46 7.120 0.043 0.07 Safety Danger, Q = 256m3/h
Note: Q refers to the water inflow in a water inrush case.
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Figure 11: Definition of terms used for risk assessment of water inrush from the coal-seam floor. (a) Numerical model designed by RFPA
software. (b) Water pressure distribution after self-stable equilibrium of the model before excavation. (c) Water pressure distribution after
excavation. (d) Schematic diagram of water migration characteristics in floor aquifer. ①: areas with undisturbed water pressure; ②: area
with disturbed water pressure; ③: cavity caused by the deformation of the aquiclude, which is situated between the aquiclude and the
aquifer. The blue arrows indicate the water seepage direction.
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Table 2: Specific yield (q) and water inrush coefficient (T) values in small water inrush cases.

q (L/(s·m)) T (MPa/m) q (L/(s·m)) T (MPa/m) q (L/(s·m)) T (MPa/m) q (L/(s·m)) T (MPa/m) q (L/(s·m)) T (MPa/m)

1.667 0.024 1.333 0.025 0.167 0.108 0.583 0.068 1.417 0.070

1.167 0.030 1.117 0.045 1.167 0.052 0.955 0.042 0.333 0.051

1.333 0.056 0.167 0.047 1.300 0.037 1.000 0.057 1.628 0.089

1.167 0.040 1.210 0.168 0.333 0.052 1.333 0.057 1.117 0.078

0.733 0.089 1.650 0.047 1.333 0.082 0.417 0.062 1.250 0.079

1.000 0.051 0.167 0.092 0.860 0.058 0.083 0.058 1.580 0.100

1.450 0.054 1.033 0.108 0.667 0.162 1.667 0.060 0.767 0.046

0.717 0.063 0.083 0.114 0.443 0.065 0.700 0.055 0.500 0.052

1.667 0.018 0.167 0.161 1.133 0.059 0.443 0.077 0.500 0.046

1.167 0.057 0.667 0.161 0.500 0.166 1.312 0.069 1.333 0.045

1.167 0.047 0.500 0.170 0.500 0.046 1.210 0.083 1.417 0.050

0.833 0.046 0.500 0.182 0.333 0.027 0.443 0.072 0.083 0.069

2.000 0.191 0.083 0.052 0.390 0.079 0.067 0.073 0.500 0.045

1.333 0.038 1.018 0.067 0.583 0.061 0.125 0.105 0.333 0.055

0.500 0.037 0.083 0.101 1.697 0.056 0.167 0.060 0.817 0.056

1.667 0.038 0.333 0.085 0.390 0.078 1.000 0.072

Table 3: Specific yield (q) and water inrush coefficient (T) values in medium water inrush cases.

q (L/(s·m)) T (MPa/m) q (L/(s·m)) T (MPa/m) q (L/(s·m)) T (MPa/m) q (L/(s·m)) T (MPa/m) q (L/(s·m)) T (MPa/m)

8.333 0.028 8.333 0.038 3.750 0.051 2.450 0.052 5.882 0.071

12.500 0.018 10.000 0.046 0.867 0.057 4.000 0.036 6.147 0.065

11.00 0.024 11.500 0.043 12.833 0.074 11.667 0.046 4.578 0.054

4.000 0.017 2.500 0.076 1.783 0.068 9.167 0.048 6.378 0.051

4.667 0.018 10.417 0.022 2.533 0.052 3.333 0.059 2.167 0.060

11.000 0.016 12.617 0.053 10.55 0.061 2.663 0.059 3.883 0.068

13.000 0.018 7.167 0.074 4.167 0.051 5.000 0.049 2.717 0.043

14.167 0.043 8.833 0.034 11.333 0.041 3.333 0.021 9.167 0.075

3.333 0.015 3.053 0.079 3.467 0.056 10.000 0.096 5.000 0.062

5.167 0.026 9.633 0.056 15.500 0.069 10.000 0.052 2.500 0.026

8.333 0.023 7.600 0.065 6.667 0.012 7.117 0.043 2.667 0.078

13.333 0.018 3.333 0.039 4.533 0.176 10.750 0.052 11.700 0.034

5.000 0.044 5.583 0.083 9.733 0.064 6.667 0.024 5.417 0.087

3.333 0.026 2.533 0.061 4.033 0.072 3.333 0.043 3.667 0.086

4.667 0.021 2.167 0.085 1.833 0.041 2.500 0.055 4.333 0.085

8.333 0.021 2.767 0.077 3.783 0.031 4.333 0.053 6.167 0.097

16.667 0.013 4.167 0.046 2.283 0.037 6.250 0.070 3.000 0.091

13.333 0.022 2.00 0.045 5.417 0.025 3.543 0.167 9.500 0.091

8.333 0.024 4.00 0.128 4.833 0.026 2.417 0.069 4.000 0.085

Table 4: Specific yield (q) and water inrush coefficient (T) values in large water inrush cases.

q (L/(s·m)) T (MPa/m) q (L/(s·m)) T (MPa/m) q (L/(s·m)) T (MPa/m) q (L/(s·m)) T (MPa/m)

20.000 0.050 28.000 0.011 21.667 0.049 24.333 0.057

19.283 0.052 24.450 0.052 19.817 0.037 20.667 0.057

16.700 0.028 25.000 0.041 23.183 0.075 17.067 0.061
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The Ts-q curve also shows that Ts is not fixed but changes
with changing q. There is a negative correlation between Ts
and q. The relationship between them is expressed as follows:

Ts = 0:0246q−0:315, q ≥ 0:06 L/ s · mð Þ: ð6Þ

The areas below and above the Ts-q curve were defined as
the safety and water inrush zones, respectively.

The list in Table 5 indicates that no water inrush acci-
dents occurred when q < 0:06 L/ðs · mÞ. Therefore, the line

at q = 0:06 L/ðs · mÞ can also be used as the division between
the water inrush and safety zones, considering that the area
with q < 0:06 L/ðs · mÞ is the safety zone. In this interval, Ts
was not affected by q. A larger but not definitive value could
be considered as the value of Ts, which is represented by the
symbol ∞.

Ts =∞,q < 0:06 L/ s · mð Þ: ð7Þ

4.2. Risk Level Classification in Water Inrush Zone in the T-q
Method. For the area above the Ts-q curve, the risk level was
determined by the value of q in the aquifer.

Table 5 and Figure 12 show that the boundary between
the small and medium water inrush cases was q = 1:7 L/ðs ·
mÞ. The area where the small water inrush cases were distrib-
uted was defined as a relatively safe zone because Q in these
cases was sufficiently small to be easily drained and could
not affect mine production. The boundary between the
medium and large water inrush cases was q = 16:7 L/ðs · mÞ.
The area where the medium water inrush cases were distrib-
uted was defined as a danger zone because Q was relatively
large and would have a negative influence on mine produc-
tion. Applying the same logic, the area where the large water
inrush cases were distributed was called a high-danger zone
because Q was too large for rapid draining and would jeopar-
dize safe mine production.

Table 5: Number of water inrush cases for each volume of water inflow (Q) and different magnitudes of specific yield (q).

Magnitude of q (L/(s·m))
Number of water inrush cases

Small-Q water inrush cases Medium-Q water inrush cases Large-Q water inrush cases

q < 0:06 0 0 0

0:06 ≤ q < 1:7 78 1 0

1:7 ≤ q < 16:7 1 94 0

q ≥ 16:7 0 0 12
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Figure 12: Discrimination diagram using the T-q method.
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4.3. Novelty Analysis of the T-q Method. The abovemen-
tioned analysis enabled the development of the T-q method.

Figure 12 shows the discrimination diagram with T on
the y-axis and q on the x-axis. The Ts - q curve separates
the safety zone from the water inrush zone. The water inrush
zone consists of relatively safe, danger, and high-danger
zones, which are indicated by different colors. The risk level
of the water inrush from the coal-seam floor can be easily

and quickly determined by introducing the q and T values
of an excavation face onto Figure 12. Thus, the T - qmethod
provides a quick and handy risk assessment in mining.
Smaller q indicates lower possibility of water inrush, whereas
larger q correlates with higher magnitude of water inrush
after the water inrush initiation.

The novelty of this study is reflected in the following two
aspects.

Table 6: Application cases in the North China coalfield evaluated by the T - q method.

No. Mining face
Dm
(m)

P
(MPa)

q
(L/(s·m))

T
(MPa/m)

Ts
(MPa/m)

Evaluation results Field verification

A
III628, Zhuzhuang mine,
Huaibei mining area

408.47 4.22 0.016 0.140 ∞ Safety Safety

B
III616, Yangzhuang mine,

Huaibei mining area
518.25 5.50 0.052 0.110 ∞ Safety Safety

C
1044, Liudian mine, Huaibei

mining area
680.08 6.93 0.024 0.210 ∞ Safety Safety

D
1037, Liudian mine, Huaibei

mining area
659.66 6.60 0.024 0.330 ∞ Safety Safety

E
1088, Heishan mine, Zibo

mining area
594.26 6.23 0.032 0.130 ∞ Safety Safety

F
11022, Jiulishan mine,
Jiaozuo mining area

108.85 1.19 24.450 0.052 0.0090
Water inrush with Q ≥ 600m3

/h (high danger)
Water inrush with

Q = 714m3/h

G
9507, Xiangzhuang mine,
Feicheng mining area

80.18 0.92 8.330 0.038 0.0126
Water inrush with 60 <Q <

600m3/h (danger)
Water inrush with

Q = 300m3/h

H
4221, Jiaoxi mine, Jiaozuo

mining area
93.62 1.00 12.620 0.053 0.0111

Water inrush with 60 <Q <
600m3/h (danger)

Water inrush with
Q = 201m3/h

I
12031, Jiulishan mine,
Jiaozuo mining area

81.95 0.92 11.330 0.041 0.0115
Water inrush with 60 <Q <

600m3/h (danger)
Water inrush with

Q = 588m3/h

J
1007, Fucun mine, Zibo

mining area
125.13 1.46 7.120 0.043 0.0133

Water inrush with 60 <Q <
600m3/h (danger)

Water inrush with
Q = 256m3/h

K
4231, Jiaoxi mine, Jiaozuo

mining area
109.88 1.17 3.33 0.059 0.0168

Water inrush with 60 <Q <
600m3/h (danger)

Water inrush with
Q = 91m3/h

L
9304, Shida mine, Zibo

mining area
182.12 1.96 5.88 0.071 0.0141

Water inrush with 60 <Q <
600m3/h (danger)

Water inrush with
Q = 210m3/h

M
10401, Taoyang mine,
Feicheng mining area

43.40 0.54 1.67 0.024 0.0209
Water inrush with 0 <Q ≤ 60

m3/h (relatively safe)
Water inrush with

Q = 60m3/h

N
42013, Jiaoxi mine, Jiaozuo

mining area
72.24 0.8 1.17 0.04 0.0234

Water inrush with 0 <Q ≤ 60
m3/h (relatively safe)

Water inrush with
Q = 42m3/h

O
11051, Jiulishan mine,
Jiaozuo mining area

139.32 1.5 0.72 0.063 0.0273
Water inrush with 0 <Q ≤ 60

m3/h (relatively safe)
Water inrush with

Q = 26m3/h

P
9301, Shida mine, Zibo

mining area
225.28 2.42 0.39 0.078 0.0331

Water inrush with 0 <Q ≤ 60
m3/h (relatively safe)

Water inrush with
Q = 14m3/h

Q
9302, Shida mine, Zibo

mining area
176.57 1.91 0.58 0.068 0.0292

Water inrush with 0 <Q ≤ 60
m3/h (relatively safe)

Water inrush with
Q = 21m3/h

R
9307, Shida mine, Zibo

mining area
148.54 1.64 1 0.057 0.0246

Water inrush with 0 <Q ≤ 60
m3/h (relatively safe)

Water inrush with
Q = 36m3/h

S
9019, Shida mine, Zibo

mining area
140.63 1.54 0.08 0.058 0.0545

Water inrush with 0 <Q ≤ 60
m3/h (relatively safe)

Water inrush with
Q = 3m3/h

T
1095, Xiazhuang mine, Zibo

mining area
190.36 2.05 1 0.072 0.0246

Water inrush with 0 <Q ≤ 60
m3/h (relatively safe)

Water inrush with
Q = 36m3/h

Note: ∞ indicates a larger, but not definitive, value of Ts; the distribution of the cases can be seen in Figure 14.
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4.3.1. The T-q Method Is More Accurate and Practical. The
occurrence of water inrush actually includes two stages: (1)
the formation stage of a water inrush channel and (2) the
water-discharge stage from the aquifer into the excavation
face. In the formation stage of the water inrush channel, the
instability and breakage of the intact aquiclude or dangerous
geological structure occur under the action of continuous
water pressure. The continuity of water pressure is guaran-
teed by the water movement in the aquifer. Therefore, when
the possibility of water inrush is evaluated, the efficiency of
water movement in the aquifer must be considered to obtain
more accurate results. In the water-discharge stage from the
aquifer to the excavation face, the amount of water inflow
into the excavation face is also determined by the efficiency
of the water movement in the aquifer. The efficiency of water
movement in the aquifer is related to q. Therefore, the q of
the aquifers that recharge the mine must be considered to
accurately assess the water inrush risk. Compared with the
traditional T method, the T-q method proposed herein pro-
vides a more realistic risk assessment in deep mining because
q is considered.

As it can be seen from Figure 13, the method proposed in
this paper has high accuracy for different Dm. The accuracy is
generally higher than 80%. Given that the results of this paper
were obtained through the statistical analysis of the existing
sample data, the accuracy of the method will inevitably be
affected by the number of samples and the distribution range
of the Dm of the samples. If we get a large number of sample
data with different Dm, the accuracy of the method will
increase. Although the accuracy of the method is affected by
the number of samples, the conclusion stating that the accu-
racy of the method is higher than that of the T method is con-
vincing because Ts is treated as a q-related variable. Especially
when themining depth is very shallow or deep, the accuracy of
the method is higher than that of the T method.

4.3.2. The T-q Method Is Simple and Can Be Quickly Used.
Many factors related to water inrush exist, including the size
of the excavation face, Dm, and complexity of the geological
structure. Therefore, as more factors are considered in the
evaluation of water inrush risk, more accurate are the evalu-
ation results. However, considering more factors involves a
more complex analysis and calculation, which can make dif-
ficult its application. Therefore, the selection of the most
decisive factors needs to consider both the accuracy of the
results and the simplicity of the discrimination process. Sev-
eral decades of mining practice have proven that the results
of the water inrush risk assessment based solely on the size
of P, M, and q can fully provide a guide to the prevention
and control of mine floods. Compared with the existing
multifactor superposition and analytical methods with
complex operating process, the proposed method provides
a quicker risk assessment in deep mining because only
one T-q discrimination diagram is needed to complete the
discrimination.

4.4. Application and Verification of the T-q Method. Water
inrush cases and safety cases are used to verify the accuracy
of the proposed method (Table 6). According to Equations
(6) and (7), the Ts values of each sampling point in Table 6
can be obtained.

It can be seen from Table 6 that since the q values of
points A–E are very small, the Ts of points A–E are all ∞,
which is greater than their actual T values, indicating that
water inrush will not occur at these points. The Ts values of
points F–T are smaller than their actual T values, indicating
that water inrush will occur at these points. Furthermore,
the water quantity range of these water inrush points can
be predicted according to the magnitudes of q. The actual
results show that the risk level of water inrush at all points
and the water quantity range of each water inrush point are
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accurately predicted (Figure 14, Table 6). On the contrary, it
can be seen from Table 1 that if q is not considered, the water
inrush risk of these points will not be predicted accurately.
Compared with Tables 1 and 6, we can conclude that the T
-q method is reliable, and q is a key factor that cannot be
ignored in water inrush assessment.

5. Conclusions

The main contribution of this paper is to improve the T
method by obtaining a simple and easy to use method with
a higher accuracy. Through this study, the following findings
are obtained.

The conventional T method is mostly applicable when
Dm is about 300m. The corresponding Ts is also extracted
based on the prevention and control experience of water
disaster in those mines whose Dm is about 300m. The accu-
racy of the T method is low when Dm is very shallow or very
deep because in the T method, the Ts of different Dm is set as
a fixed value. Thus, the method neglects the fact that Ts is a
variable related to q, affected by Dm.

The possibility of water inrush is positively correlated
with both T and q. T indicates the potential of the confined
water to break through the aquiclude, and q is the key param-
eter that determines the extent of this potential release. The
value of the critical Ts is not fixed but changes with changing
q and has a negative correlation with q. The T-qmethod pro-
posed in this paper has high accuracy for different Dm, gener-
ally being higher than 80%. The risk level of water inrush
from the coal seam floor can be easily and quickly deter-
mined by introducing the q and T values of an excavation
face onto the T-q discrimination diagram. The evaluation
results of 20 application cases show that the T-q method
has high accuracy at different Dm.

Compared with the traditional T method and the multi-
factor superposition analysis method, the method established
in this paper has the characteristics of convenient field
application and high accuracy. The establishment process
of the T-q method can provide reference for the establish-
ment of relevant methods in other coal fields.
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Few studies have been conducted on the crack propagation law and failure characteristics of coal-rock combined body (CRCB) with
prefabricated fissure. A sliding crack model was firstly presented to analyze the failure law of rock with a single fracture and the
influence of the inclination angle of the fracture on the strength of the rock. The RFPA numerical models of the CRCB with
different inclination angles of prefabricated fracture were then established to simulate the dynamic change process of crack
propagation and shear stress of the CRCB with prefabricated fracture under uniaxial compression. The influence of the
inclination angle of the fracture in the rock on the fracture expansion and failure characteristics of CRCB was further analyzed
based on the acoustic emission data. The results showed that (1) when 2β = arctan 1/μ, σcw takes the minimum value, and crack
initiation is most likely to occur; (2) the strength of coal-rock assemblage shows different changing trends with the fracture
inclination angle; (3) the secondary cracks of CRCB with prefabricated fracture of 0°, 15°, and 30° initiated and expanded near
the tip of the main crack, and the secondary cracks of 45°, 60°, and 75° initiated and expanded from the tip of the main crack;
(4) there are three failure modes of CRCB with prefabricated crack, the double-shear failure mode Λ, the tensile-shear
composite failure mode along the fracture surface, and the tensile failure mode along the fracture surface; and (5) intact CRCB
and CRCB with prefabricated crack when α = 75° and α = 90° have strong brittleness, and other CRCB with different
prefabricated fracture inclination angles show a certain degree of postpeak plasticity. The results on the mechanical properties
and damage characteristics of CRCB are of great significance for the safety and efficient mining of deep coal resources.

1. Introduction

Coal is the main resource of energy supply in China. As coal
in the shallow subsurface is gradually exhausted, coal mining
depth is constantly increasing, which leads to the frequent
occurrence of dynamic disasters such as coal and gas out-
burst and rock burst under deep high geostress environment
[1, 2]. The deformation damage of coal-rock combined body
(CRCB) in the deep environment is affected by multiple fac-
tors such as its own physical and mechanical properties and
geological structure, but more importantly, it is affected by
the coexistence of the coal-rock combination structure [3].
The damage and break of rock mass and coal in the engineer-

ing scale are tightly associated with their fine structural fea-
tures. Research in microscopic view provides a powerful
tool to better understand and master the damage and break-
age of coal and rock mass in the engineering scale [4]. A bet-
ter understanding of damage characteristics and fracture
mechanisms of CRCB is much helpful for us to make a rea-
sonable interpretation on mining-induced breakage, fracture
development, and stress change in the field. Therefore,
research on the mechanical properties and damage charac-
teristics of CRCB is of great significance for the safety and
efficient mining of deep coal resources.

In recent years, many scholars have carried out mechan-
ical tests of CRCB under different conditions either by

Hindawi
Geofluids
Volume 2021, Article ID 4348912, 13 pages
https://doi.org/10.1155/2021/4348912

https://orcid.org/0000-0003-3243-2521
https://orcid.org/0000-0002-5068-6835
https://orcid.org/0000-0001-9184-2702
https://orcid.org/0000-0002-1006-4409
https://orcid.org/0000-0001-6724-0269
https://orcid.org/0000-0002-0687-3254
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/4348912


numerical simulations or laboratory tests, aiming to explore
the mechanical response characteristics of CRCB [5]. Gong
et al. [6, 7] obtained outburst proneness of different CRCB
using the axial loading test based on prepeak energy distribu-
tion and different loading rates. Zuo et al. [8, 9] studied the
failure modes and mechanical behavior differences of differ-
ent CRCB under uniaxial and triaxial compression. Cao
et al. [10] considered the influence of the interface inclination
angle of CRCB on its strength and failure mechanism. Liu
et al. and Xie et al. [11, 12] studied the crack propagation
law of CRCB with different combinations and found that
the failure of coal and the propagation of cracks further led
to the failure of the rock. Du andWang [13] explored the fail-
ure characteristics of CRCB through the true triaxial test.
Chen et al., Zhao et al., and Dong et al. [14–16] obtained
the fracture propagation mode of CRCB under different
loading conditions through theoretical analysis and labora-
tory experiments. The above research on the failure charac-
teristics of CRCB is mainly aimed at intact coal-rock
assemblages. However, considering the influence of geologi-
cal movement during the formation of coal and rock masses,
there are a large number of original fissures in the coal and
rock masses which affect the “coal-rock” structural strength
and failure characteristics, so it is worth investigating the role
of the fissures in the mechanical behavior of the rocks. Li
et al. and Yin et al. [17–19] used Split Hopkinson Pressure
Bar (SHPB) and PFC numerical simulation methods to
perform shock compression and uniaxial compression tests
on CRCB with prefabricated cracks and obtained the crack
inclination and position on the influence of the strength
and failure characteristics of the CRCB, but the influence of
the cracks in the rock mass is not considered.

Therefore, this paper will use RFPA software to carry out
numerical simulations of CRCB with prefabricated cracks in
different inclination angles, explore the influence of cracks in
rock mass on the mechanical properties and failure charac-
teristics of the CRCB, and further explore the mechanical
response characteristics of the CRCB.

2. Sliding Crack Model of Rock with
Single Fracture

At present, there are two main views on the compression-
induced crack propagation of brittle materials: one is
compression-tension fracture and the other is sliding frac-
ture. Comparing the two views in explaining the microcrack
propagation of brittle materials, the sliding crack model
reflecting the mechanism of microcrack sliding opening
fracture gradually prevails and has been widely accepted in
academia. Natural rock material has the characteristics of
discontinuity, inelasticity, heterogeneity, and anisotropy. Its
structural composition is relatively complex, and it belongs
to the brittle material. In 1963, Brace and Bombolakis [20]
first proposed the sliding crack model, which was later popu-
larized and applied to the study of the mechanical mecha-
nism of fractured brittle materials under compressive
loading by Horii and Nemat-Nasser [21].

2.1. Sliding Crack Model. The frictional sliding crack model is
the most extensive model for studying coal and rock mass
damage [22]. It is believed that when coal and rock mass is
compressed, original cracks will produce secondary tensile
cracks that propagate in the direction of maximum principal
stress, and secondary cracks are the main cause of splitting
and destruction of coal and rock mass. The friction crack
model under compressive stress is shown in Figure 1.

The following assumptions are made for the model in
Figure 1. The problem is a plane strain problem, the confin-
ing pressure is σ3, and the axial pressure is σ1, and the follow-
ing assumptions are satisfied: The rock mass is homogeneous
and isotropic; both the rock strength and fracture strength
obey the Mohr-Coulomb strength criterion. The angle
between the penetration crack and the axial stress is β, the
internal friction angle is φw, the cohesion of the fracture sur-
face is cw, the normal stress vertical to fracture surface is σ,
and the shear stress along the fracture surface is τ.

Decompose the shear stress and normal stress on the
original crack surface PP1 to get

σn = σ1 cos2θ + σ3 sin2θ,

τe =
1
2 σ1 − σ3ð Þ sin 2θ:

8<
: ð1Þ

It is assumed that the failure of coal and rock mass sat-
isfies the Mohr-Coulomb criterion. The actual effective shear
stress of friction sliding can be then expressed as

τeff = σ1 − σ2ð Þ cos θ sin θ − τc − μ σ1 cos2θ + σ2 sin2θ
� �

,
ð2Þ

where u is the internal friction coefficient of coal and rock
mass and τc is the cohesion. The critical condition for fric-
tional sliding of cracks is τeff = 0, and we have

σ1 =
σ2 sin θ cos θ − τc−μσ2 cos2θ

μ sin2θ + sin θ cos θ : ð3Þ

According to the above equation, when θ0 = tan−1ðμ +ffiffiffiffiffiffiffiffiffiffiffiffi
μ2 + 1

p Þ, σ1 gets the minimum value; then, we obtain the
critical stress condition causing frictional sliding:

σ1cs =
σ2 sin θ0 cos θ0 − τc−μσ2 cos2θ0

μ sin2θ0 + sin θ0 cos θ0
: ð4Þ

When σ1 < σ1cs, the coal and rock mass materials exhibit
elastic characteristics, and the original cracks do not cause
friction sliding. When σ1cs ≤ σ1 < σ1c, the coal and rock mass
exhibits nonlinear strengthening characteristics, and some
cracks have self-similar propagation and frictional sliding.

Continuing to load, some cracks will self-similarly prop-
agate. The crack gradually expands to a certain characteristic
length cb with the increase of axial pressure, and cb is related
to the material composition of coal and rock mass.

In the rock loading test, the cracks of the rock sample
experience a process from opening to closing to expansion

2 Geofluids



and rupture. Therefore, to study the influence of cracks on
the strength of the rock in the compression test, it is neces-
sary to start with the closed crack [23]. Because the crack is
closed, the effective shear stress on the crack causes relative
sliding on the crack surface, which can be regarded as a pure
type II crack at the crack initiation stage, that is, KI = 0 [24];
according to the theory of fracture mechanics, the stress
intensity factor at the crack tip is

kII = τe
ffiffiffiffiffi
πc

p
: ð5Þ

Taking σ3 = 0 and σ = σ1 and substituting Equation (2)
into Equation (5), we have

kII = τe
ffiffiffiffiffi
πc

p
= σ cos θ sin θ

ffiffiffiffiffi
πc

p
− τc

ffiffiffiffiffi
πc

p
− μσ cos2θ

ffiffiffiffiffi
πc

p
:

ð6Þ

For shear fracture under compression, the following for-
mula is adopted as the criterion:

λ12kI + kII = kIIc: ð7Þ

In the formula, λ12 is the compression reduction
coefficient, and kIIc is the shear toughness under compres-
sion. Since kI = 0, the failure criterion of the crack surface is
kII = kIIc.

The criterion of stable growth of microcracks can be
expressed as

K IIC =
1
2 sin 2θ − μ − μ cos 2θð Þσ − 2τc½ � ffiffiffiffiffi

πc
p

, ð8Þ

where a is the type II fracture toughness of the weak surface.
Since the cohesion τc of the crack surface during uniaxial

compression is very small, take τc = 0 and β = 90°‐θ, the ini-
tial fracture strength of the crack is

σcw = 2K IICffiffiffiffiffi
πc

p sin 2θ − μ − μ cos 2θð Þ =
2KIICffiffiffiffiffi

πc
p sin 2β − μ + μ cos 2βð Þ :

ð9Þ

2.2. The Influence of Fissure Angle on the Strength of Rock
Mass. No unified standard has been reported for the testing
of type II fracture factor kIIc; however, when the test model
size, material, and the external conditions are all the same,
the value of fracture toughness kIIc only varies in a very small
range if using the same loading method, and it can be consid-
ered that it remains unchanged during the experiment [25].
Under uniaxial compression, the strength and failure mode
of a rock mass with a single closed crack are determined by
the strength of the rock and the strength of the crack surface.
It can be seen from Equation (9) that σcw is a function of
β, c, and μ. When the crack length c and the friction coeffi-
cient μ of the crack surface is fixed, σcw is only related to
the crack inclination angle. β < π/2‐ψw is the discontinuity
point of the function σcw . When β > π/2‐ψw, σcw < 0. At this
time, the failure of the rock mass is due to tensile stress,
which does not conform to the assumption. In order to
obtain the extreme value of σcw, we take the derivative of
Equation (9):

∂σcw
∂β

= 0, ∂2σcw
∂β2 > 0: ð10Þ

It can be seen from Equation (10) that when β = 1/2
arctan 1/μ, Equation (10) holds. When β = 1/2 arctan 1/μ,
σcw takes the minimum value, crack initiation is most likely
to occur, and the corresponding crack initiation stress is the
smallest. When μ is 0.1, β = 42:145° [25].

3. Numerical Simulation

The RFPA (rock failure process analysis) software is adopted
to study on the crack propagation law and failure character-
istics of CRCB with prefabricated fissure. RFPA2D is a rock
failure process analysis system with elastic mechanics as
stress analysis tools, elastic damage theory, and modified
Coulomb failure criterion as medium deformation and
failure analysis module [26, 27], enabling to simulate the
microcracking process of rock during the deformation process.

3.1. Model Construction and Parameter Selection. Figure 2
shows the model established for numerical simulation. The
sample model is a rectangular CRCB with 100mm height
and 50mm width. Both the height of coal and the height of
rock in the model are 50mm, and the model is divided into
200,000 units. Mohr-Coulomb is used as the constitutive
relationship. The length of the crack is 20

ffiffiffi
2

p
mm, and the

closing cracks are in contact with each other, the crack sur-
face friction coefficient is 0.1, and the fracture is located in
rock, and the angles with the minimum principal stress are
0°, 15°, 30°, 45°, 60°, 75°, and 90°, respectively. Mechanical
parameters of CRCB with prefabricated fissure are shown
in Table 1. The uniaxial compression test was performed on
the CRCB. The loading method was axial displacement

𝜎1

𝜎3

q1x1

p

q

l

b1 x2

x2′

x1′

p1
𝜃

Figure 1: Frictional sliding crack model under compressive loading
(the overall coordinate system o‐x1x2 and the local coordinate
system o‐x1 ′x2 ′; the ox1 ′ axis is parallel to the crack’s outer normal
line; the length of the crack is 2c, and the azimuth angle is θ).
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loading with a one-step increment of 0.002mm/step, and the
load was carried out until the sample failed.

3.2. Analysis of Strength and Deformation Characteristics.
The crack initiation stress σci and the damage stress σcd are
not only important characteristic values of CRCB strength
but also the boundary point of different stages in the crack
propagation process. There are many methods to determine
the rock initiation stress and damage stress [28, 29]; in this
paper, the axial stress corresponding to the crack initiation
point is taken as the crack initiation stress σci, and the dam-
age stress σcd is determined by the axial stress corresponding
to the rapid growth point of the crack. According to the frac-
ture process of the CRCB (Figure 2), Table 2 shows the σci
and σcd of intact CRCB and CRCB with prefabricated fissure
and their relationship with the uniaxial compressive strength
σ of intact CRCB.

Figure 3 shows the fracture evolution process of CRCB
with prefabricated fracture of different inclination angles
(Due to space limitation, only the shear stress diagrams when
the inclination angles of the fractures are α = 15° and α = 45°
are listed). The generation, propagation, and penetration of
microcracks formed the macroscopic failure surface of the
CRCB, which in turn caused its failure and instability. As
the axial strain increases, the evolution of the number of
microcracks in CRCB with different inclination angles of
crack is basically the same. There is initially no microcracks;
microcracks slowly grow, then grow rapidly, and finally sta-
bilize. The number of cracks increases sharply near the peak
strain area, especially in a certain stage after the peak strain,
which indicates that the microcracks within this stage are

rapidly generated (step 26-2 of Figure 3(a) and step 27-4 of
Figure 3(b)), expanded, and penetrated, forming macro-
cracks. The crack propagation and failure mode in intact
CRCB and CRCB with prefabricated fracture of 90° are
almost the same. The cracks have almost no effects on the
crack propagation mode of the CRCB under uniaxial com-
pression. The cracks start and propagate in the coal part,
and no cracks show up in the rock part. The secondary cracks
of CRCB with prefabricated fracture of 0°, 15°, and 30° initi-
ated and expanded near the tip of the main crack, and the
secondary cracks of 45°, 60°, and 75° initiated and expanded
from the tip of the main crack. It can be seen from Figure 3
that the failure of the CRCB with α = 15° and α = 45° all expe-
rienced crack initiation, propagation, and final macroscopic
failure, and the CRCB slipped along the crack surface during
the failure process. The difference is that when α = 15°, the
initiation and propagation of secondary cracks do not appear
at the tip of the main crack, but near the tip of the main crack.
The crack propagation is relatively easy before the stress
reaches the peak value, but the crack initiation stress is large.
When step = 17, the crack initiation occurs, and the CRCB
sample reaches its peak strength at step 39. When α = 45°,
the initiation and propagation of secondary cracks mainly
spread around the tip of the main crack. As the loading con-
tinues, the stress intensity factor of the crack tip increases,
and the microcracks penetrate through the tip of the main
crack and at both ends of the main crack. Wing cracks are
formed and propagate toward the crack end along the main
loading direction. In addition, when α = 45°, the crack initia-
tion is much easier; when step = 10, the cracks start to initi-
ate, and CRCB has been completely broken when the load
reaches 29 steps, which is much easier to break compared
with α = 15°. Compared with α = 45°, when α = 75°, the crack
angle is close to parallel to the axial loading direction, crack
initiation is also easy, but the crack growth is strongly sup-
pressed, which leads to an increase in its peak strength
(Figure 4).

Figure 4 shows the stress-strain curves of CRCB with dif-
ferent prefabricated crack inclination angles. It can be seen
that the CRCB with prefabricated fissure went through three

Coal

Rock

(a) Containing no crack

Coal

Rock

(b) Containing 45° crack

Figure 2: Numerical models.

Table 1: Mechanical parameters of CRCB with prefabricated
fissure.

Type σ (MPa) E (GPa) ψ (°) μ ρ (kg·m-3) m

Coal 50 12 32 0.25 1800 5

Rock 140 50 38 0.2 3500 10
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stages under uniaxial compression: linear elastic deformation
stage, fracture development stage, and failure stage. Different
from the real rock test, the initial compaction stage does not
show up obviously, which is mainly related to the constitutive
model setting of the simulation software. The stress-strain
curve basically rises linearly at the beginning of loading.
When the stress reaches the peak strength, the CRCB begins
to break, and meanwhile, the stress begins to drop. In addi-
tion, the peak strengths of CRCB with different fracture
angles are different. Figure 5 shows the relationship between
the peak strength of the CRCB and the inclination angle of
the crack. It can be seen that the crack inclination angle
affects the strength of the CRCB under uniaxial compression.
As the crack inclination angle increases, the strength of the
CRCB firstly decreases and then increases. CRCB has the
lowest peak strength when α = 15°. When α < 15°, the peak
strength of the CRCB decreases with the increase of the crack
inclination angle. When α > 15°, the peak strength of the
CRCB increases with the increase of the inclination angle of
the prefabricated fissure.

Compared with the intact CRCB, the bearing capacity of
the CRCB with prefabricated fracture is reduced to a certain
extent, that is, deterioration. In order to quantitatively

express the degradation characteristics, the deterioration fac-
tor w is introduced and is expressed as

ω = 1 − σ0
σω

� �
× 100%: ð11Þ

In the formula, σ0 is the uniaxial compressive strength of
the CRCB with prefabricated fissure (MPa) and σw is the uni-
axial compressive strength of the CRCB with different pre-
fabricated crack inclination angles (MPa).

Figure 6 shows the relationship between the deterioration
factor and the crack inclination angle of the CRCB. As the
inclination angle increases, the deterioration factor firstly
increases and then decreases and reaches the maximum value
when α = 15°; as the inclination angle continues to increase,
the deterioration factor decreases continuously until α = 75°.
When α = 90°, the deterioration factor further decreases,
which is close to the intact CRCB.

3.3. Failure Characteristic Analysis. Failure of the CRCB is
caused by macroscopic cracks formed by the propagation of
the prefabricated cracks in the rock and interpenetrating with
each other, which in turn leads to the overall failure of the

Table 2: Peak strength and peak strain of prefabricated fractured rock-coal combined body.

Angle (°) σci Step σcd Step Peak strength (σ) (MPa) Peak strain (%) Step σci/σ σcd/σ
Intact 14.1 46 16.7 55 17.3 0.11 57 0.815 0.965

0 3.95 16 6.39 35 6.58 0.068 36 0.600 0.971

15 4.03 17 4.87 26 5.16 0.05 27 0.781 0.944

30 3.18 14 5.24 24 5.93 0.05 27 0.536 0.884

45 2.95 13 4.36 19 6.38 0.054 29 0.462 0.683

60 5.87 22 9.03 33 10.8 0.084 44 0.592 0.836

75 8.18 27 13.4 45 16.2 0.106 55 0.504 0.827

90 12.1 40 16.1 53 16.9 0.108 56 0.715 0.953

Step = 1-1 Step = 17-2 Step = 17-10 Step = 17-23 Step = 26-2 Step = 26-21 Step = 29-6 Step = 36-4

(a) When the prefabricated crack angle is 15° (α = 15°)

Step = 1-1 Step = 10-1 Step = 16-5 Step = 23-2 Step = 27-4 Step = 30-9 Step = 33-10 Step = 43-2

(b) When the prefabricated crack angle is 45° (α = 15°)

Figure 3: Shear stress evolution processes for different prefabricated crack angles of CRCB.
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CRCB. Therefore, the destruction of the rock mass in CRCB
leads to its failure, and the inclination angle of the prefabri-
cated cracks in the rock mass affects its failure mode. As
shown in Figure 7, there are three failure modes of CRCB
with prefabricated crack, the double-shear failure mode Λ
(Figures 7(a), 7(g), and 7(h)), the tensile-shear composite
failure mode along the fracture surface (Figures 7(b)–7(d)),
and the tensile failure mode along the fracture surface
(Figures 7(e) and 7(f)). The failure of the intact CRCB and
the CRCB with 90° prefabricated fissures mainly occurs in
the coal. This is mainly due to the fact that the strength of
the coal sample is much smaller than that of the rock sample,
and it is a double-shear failure mode, and the crack propaga-
tion is typeΛ; the angle between the shear failure surface and
the vertical direction is 47.3° and 33.8°, respectively; when the
prefabricated fracture is 75° (α = 75°), the CRCB also exhibits
Λ-type double-shear failure, the difference is that the fracture
expansion angle is reduced to 34.2° and 32°, and the crack tip
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(a) Intact

13.1°

4.7°

(b) 0°
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Figure 7: Continued.
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propagates inside the rock mass, as shown in the circle in
Figure 7(g). When the inclination angles of the prefabricated
cracks are 0°, 15°, and 30°, the failure mode of the CRCB is
tensile-shear composite failure. The coal and rock masses in
the CRCB are damaged, and the cracks first start propagating
near the tip of the prefabricated crack, and then, expanding
and penetrating cause the CRCB to reach the peak strength
and eventually fail. When the inclination angles of the
prefabricated cracks are 45° and 60°, both the coal and rock
samples of the CRCB are damaged. Among them, the coal
samples are mainly shear failure, and the rock samples are
tensile failure with the increase of axial stress. The failure
surface and the vertical direction form a certain angle to
gradually deflect and finally coincide with the vertical direc-
tion. The crack expansion shape in the rock mass is basically

S-shaped. The crack propagation and failure process are as
follows: under the axial stress, the prefabricated crack of the
rock mass slips, a small number of microcracks are generated
on both sides of the joint surface, and an upward extending
tensile crack is formed on the upper part of the joint surface.
At the same time, the microcracks near the two tips of the
joint gather and nucleate; when the axial stress increases, they
expand upward in the coal sample and the rock sample to
form tensile cracks, while the joint surface will continue to
slip and expand; when the axial stress continues to increase,
the tensile cracks will continue to increase. The extension
crack continues to propagate until the total failure of CRCB.

3.4. Acoustic Emission Characteristic Analysis. Coal and rock
will release energy in the form of elastic waves (acoustic

(e) 45° (f) 60°

34.2° 32°

(g) 75° (h) 90°

Figure 7: Failure modes of different coal-rock combined bodies with different prefabricated fissure angles.
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Figure 8: Continued.
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Figure 8: Continued.
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emission) during its deformation and failure process [16]. By
analyzing acoustic emission parameters, the characteristics of
coal and rock deformation and failure can be better understood.

The acoustic emission of the rock in the process of failure
and deformation reflects the evolution process of its internal
crack initiation, propagation, and penetration failure. It can
be seen from Figure 8 that the acoustic emission characteristics
of the CRCB with prefabricated fracture of different inclination
angles have a general law: At the beginning of loading, no
acoustic emission events can be detected because the internal
crack is closed; and then, only a small amount of acoustic emis-
sion events are generated in the elastic phase. As the load con-
tinues to increase to the plastic deformation stage, the internal
cracks expand, and more acoustic emission events are gener-
ated. Near the peak loading, a large number of acoustic emis-
sions are produced, and the number of acoustic emission
events reaches the maximum, which can be used as a precursor
to the failure of the CRCB. In the postpeak stage, a certain
acoustic emission signal will be generated due to the further
propagation and penetration of cracks. At the same time, as
shown in Figure 8, the influence of the prefabricated crack
inclination angle in CRCB on its acoustic emission characteris-
tics under uniaxial compression can be found: the total number
of acoustic emission events as a whole decreases first and then
increases with the increase of the prefabricated fracture inclina-
tion angle. The CRCB has the highest number of acoustic emis-

sion events (2399) when α = 75° (Figure 8(f)), followed by the
intact CRCB (2148), which is mainly caused by the develop-
ment and expansion of the crack tip. The single largest acoustic
emission events first decrease and then increase with the
increase of the prefabricated fracture inclination angle, and its
ratio to the total number of cumulative acoustic emission
events is 0.89, 0.38, 0.78, 0.38, 0.53, 0.70, 0.81, and 0.93, respec-
tively, which are consistent with the stress-strain curve in
Figure 3 and indicate that intact CRCB and CRCB with prefab-
ricated crack when β = 75° and β = 90° have strong brittleness,
while other CRCB with different prefabricated fracture inclina-
tion angles show a certain degree of postpeak plasticity. The
single peak acoustic emission events of the CRCB is located
after its peak strength when α = 45° (Figure 8(d)) and α = 60°
(Figure 8(e)). The number of steps (strain) corresponding to
the peak acoustic emission counts of the other CRCB first
decreases and then increases with the increase of the inclination
angle of the prefabricated fracture, which is consistent with the
peak strength of the CRCB. The single peak acoustic emission
events and the peak strength correspond to the same strain,
indicating that after the peak strength, the CRCB with 45°

and 60° prefabricated cracks further expand and penetrate, so
it is unreliable to confirm the failure of CRCB by single peak
acoustic emission events.

The failure of coal and rock mass under stress is a process
of energy absorption and release, and the energy of acoustic
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Figure 8: Acoustic emission characteristic curves of coal-rock combined bodies with different prefabricated fissure angles.
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emission reflects the elastic energy released when the cracks
inside the coal and rock are generated or expanded [30, 31].
From Figure 8, the accumulative amount of acoustic emis-
sion energy increases with the increase of strain. In the initial
stage of loading, although the number of acoustic emission
events of the CRCB is small, the acoustic emission energy
gradually accumulates. When the energy accumulates to a
certain extent, the CRCB reaches its peak strength, and the
acoustic emission count increases rapidly. It can also be seen
from Figure 7 that during the uniaxial compression of differ-
ent CRCB, the cumulative energy of acoustic emission in
descending order is as follows: 45°, 15°, intact CRCB, 75°,
60°, 90°, 30°, and 0°, indicating that the cumulative energy
of acoustic emission has a nonlinear relationship with the
strength of the CRCB with different inclination angles of pre-
fabricated fracture. The cumulative energy before the peak
value of acoustic emission events is as follows: 75°, intact
CRCB, 60°, 90°, 45°, 0°, 30°, and 15°, so from the perspective
of acoustic emission energy, the outburst proneness of the
CRCB with 75° prefabricated fissure is higher than that of
the intact CRCB. The single peak acoustic emission energy
is located before the peak strength of CRCB for α = 60°,
α = 75°, and intact CRCB, while it is located after the peak
strength of CRCB for α = 0°, 15°, 30°, 45°, and 90°, which
shows the influence of the cracks in the rock mass and their
inclination angle on the postpeak characteristics of the CRCB
under uniaxial compression.

4. Conclusion

(1) The inclination angle of the cracks in CRCB will
affect its crack initiation stress. When the crack incli-
nation angle is around 45°, the crack initiation stress
is the smallest, and the numerical simulation results
are consistent with the theoretical analysis

(2) The inclination angle of CRCB affects the propaga-
tion mode of the crack. The secondary cracks of
CRCB with prefabricated fracture of 0°, 15°, and 30°

initiated and expanded near the tip of the main crack,
and the secondary cracks of 45°, 60°, and 75° initiated
and expanded from the tip of the main crack

(3) The inclination angle of CRCB will affect its strength.
When α = 15°, the peak strength of the CRCB is the
lowest. When α < 15°, the peak strength of the CRCB
decreases with the increase of the crack inclination
angle. When α > 15°, the peak strength of the CRCB
increases with the increase of the inclination angle
of the prefabricated fissure

(4) The inclination angle of CRCB will affect its failure
modes. The failure of the intact CRCB and the CRCB
with 90° and 75° prefabricated fissures mainly occurs
in the coal, and it is a double-shear failure mode, and
the crack propagation is type Λ. When the inclina-
tion angles of the prefabricated cracks are 0°, 15°,
and 30°, the failure mode of the CRCB is tensile-
shear composite failure. When the inclination angles
of the prefabricated cracks are 45° and 60°, the coal

samples are mainly shear failure, and the rock sam-
ples are tensile failure with the increase of axial stress

(5) The existence of cracks in CRCB will affect its brittle-
ness and plastic characteristics. The acoustic emis-
sion results indicate that intact CRCB and CRCB
with prefabricated crack when α = 75° and α = 90°
have good brittleness, and other CRCB with different
prefabricated fracture inclination angles show a cer-
tain degree of postpeak plasticity
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A large proportion of minable coal seams in China belong to low-permeability soft coal seams. Such coal seams suffer serious coal
and gas outburst hazards and endure a high incidence of major disasters in coal mines. The adoption of the high-pressure water jet
(HPWJ) hydraulic flushing cavity can effectively promote the gas drainage efficiency and volume and eliminate the hidden danger
of gas disasters. Nevertheless, the shape and impact pressure of rotating HPWJ are rarely researched. In this study, on the basis of
the numerical simulation, the axial and radial stress distributions of HPWJ and the energy-gathering effect of a conical-cylindrical
combined nozzle were analyzed. It is concluded that the submerged condition will accelerate the attenuation of jet velocity and
reduce the impact strength of the jet. The jet diffusion angle grows with the increases in the nozzle diameter and water pressure,
and 24° is the optimal contraction angle. Finally, the influences of factors such as the rotation speed on the shape and impact
pressure of HPWJ were explored, and the results show that the rotation speed should be controlled within 90 r/min. The
research findings lay the foundation of the study on the mechanism of coal crushing by HPWJ and provide technical support
for the research and development of drilling and flushing integrated equipment.

1. Introduction

China, a country where over 95% of coal mines are recovered
by means of underground mining [1–4], is suffering the most
serious coal and gas outburst disasters in the world [5–7]. It
contains a large number of outburst coal mines where
outburst disasters occur intensely and frequently [8]. Low-
permeability coal seams where gas can hardly be drained
refer to the coal seams whose permeability λ is smaller than
0.1m2/(MPa2·d) [9], and soft coal seams refer to the coal
seams whose hardness coefficient f is smaller than 1 [10].
Low-permeability soft coal seams account for a large propor-
tion of mineable coal seams in China. For a long time, it is
difficult to control gas in high-gas soft coal seams due to
low permeability and poor drilling stability [11, 12], and the
fatality rate of gas accidents in coal mines remains high
[13–15]. Therefore, high-gas soft coal seams endure a high
incidence of major disasters in coal mines [16, 17]. The

hydraulic flushing cavity technique works by drilling along-
measure boreholes or cross-measure boreholes into the coal
body and then flushing out large quantities of coal and gas
through the high-pressure water jet (HPWJ) [18, 19]. The
multiple large-diameter cavities formed in the coal seam are
conducive to pressure relief and gas release. This technique,
together with gas drainage measures, serves to reduce the
ground stress and gas pressure of coal. It can effectively pro-
mote the gas drainage efficiency and volume and eliminate
the hidden danger of mine gas disasters, thus providing a
new approach for gas control in high-gas soft coal seams.

HPWJ, a coal/rock crushing technique, is widely applied
to coal and petroleum fields in recent years [20]. The tech-
nique boasts multiple advantages such as concentrated
energy transfer, no spark, no wear, no generation of high
temperature or static electricity, dust reduction, and strong
adaptability. Thanks to these advantages, it is particularly
competent to crush coal and release gas in high-gas low-
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permeability coal seams [21, 22]. Scholars all over the world
have conducted extensive research studies on rock crushing
by HPWJ and have proposed a variety of theories, including
the water hammer effect theory, the stress wave effect theory,
the impact effect theory, the water wedge effect theory, the
cavitation effect theory, and the pulsed load-induced fatigue
damage theory [23–26] The stress wave effect theory
proposed by Singh and Hartman [27] in 1961 is the earliest
accessible theory about rock crushing and failure under the
action of jets. Based on this theory, Farmer and Attewell
[28] put forward an empirical formula for the jet cutting
depth and the P-wave velocity, i.e., the sound velocity.

Pan and Yao [29] and Bai and Cao [30] established a
simulation model of rock crushing by pulsed water jets based
on the arbitrary Lagrangian-Eulerian (ALE) algorithm, simu-
lated the process of rock crushing with different-velocity jets,
and studied the process of rock crushing damage evolution.
Ma et al. [31] and Wang et al. [32] established a model of
material cutting by HPWJ and a model of material erosion
by abrasive jets by means of finite element modeling (FEM)
and smoothed particle hydrodynamics (SPH). Based on the
simulation data, they obtained the variation curves of the
maximum cutting depth with the HPWJ velocity and the
abrasive jet velocity, respectively, and verified the feasibility
of the model by comparing the simulation data with the
experimental results. Maniadaki et al. [33] and Gong et al.
[34] established a numerical model of material erosion by
HPWJ and a model of material cutting by premixed abrasive
water jets based on the ALE algorithm.

Ni et al. [35–38] researched the process and mechanism
of HPWJ flushing. By regarding the damage variable as the
criterion of rock failure, they established a coupling model
of HPWJ-induced macro/micro rock damage. Wang et al.
[39, 40] simulated the process of HPWJ-induced rock crush-
ing by means of nonlinear dynamic FEM and rock dynamic
damage modeling. They drew the following conclusions. (1)
HPWJ can crush the rock in milliseconds. (2) The rock
crushing mechanism of ordinary continuous HPWJ is to
cause tensile failure as a result of pressure relief and jet
impact. (3) The process of rock crushing proceeds stepwise.
Song and Chen [41] simulated the process of HPWJ-
induced rock crushing based on the SPH algorithm and ana-
lyzed the energy conversion in this process, the impact force
of HPWJ, and the evolution of HPWJ-induced rock crushing.
Lu et al. [42] simulated the stress wave effect of the pulsed
water jet in the process of rock crushing by using the SPH
algorithm, concluding the failure modes of rocks with differ-
ent lithologies under the pulsed water jet stress wave. By
employing the ALE algorithm, Liu and Si [43] revealed that
the confining pressure caused by HPWJ impact had a signif-
icant effect on the axial damage of rock and a slight effect on
the radial damage. Lu et al. [24] conducted a test study on
the mechanism of rock crushing by cavitating HPWJ, and
Tian and Lin [25, 26] probed into the mechanism of jet-
assisted rock crushing from two aspects, i.e., bubble cavita-
tion and water drop impact. Si et al. [44] established a
model of rock crushing by abrasive water jets from two
perspectives, i.e., continuous damage mechanics and meso-
damage mechanics.

Li [45] consolidated coal blocks with cement and
obtained the variation of erosion depth with the pump pres-
sure and target distance. Jiang [46] prepared coal rock speci-
mens by mixing coal, sand, and cement at a certain ratio and
performed experiments with an impeller rotary nozzle.
Through these experiments, he found variations of erosion
depth and width with the spray distance and nozzle diameter.
Zhang [47] simulated the process of coal rock (replaced with
concrete in his simulation) cutting by HPWJ and discussed
the relationship among jet pressure, discharge quantity, and
cutting volume and depth. Wang et al. [48] adopted an abra-
sive jet cutting system to cut argillaceous limestone in a coal
seam floor and elaborated on the relationship between the
cutting depth and the factors including the target distance,
nozzle movement velocity, and number of reciprocation
times. Sun et al. [49] simulated HPWJ-induced rock crushing
in light of the dynamic nonlinear FEM and the Hoffman
crushing criterion. They disclosed that the rock crushing effi-
ciency could be promoted by increasing the impact velocity,
jet diameter, transverse movement velocity, and jet beam
number and reasonably selecting a jet incident angle in the
range of 35~40°. Lin et al. [50] simulated the process of rock
crushing by abrasive water jets through SPH-FEM. On the
basis of the simulation results, they analyzed the range of
rock damage by different-velocity abrasive water jets under
the abrasive concentration of 30%.

The HPWJ, of which the medium is water, refers to a jet
stream with a high impact velocity and a high dynamic pres-
sure produced via a pressurizing device (pump station) and a
nozzle of a specific shape. Its shape and impact pressure are
mainly affected by conditions such as the pump pressure,
pipeline resistance, nozzle structure, nozzle rotation speed,
and environmental medium. In this study, numerical simula-
tion was carried out with the assistance of ANSYS Fluent
software. On the basis of the simulation, the axial and radial
stress distributions of HPWJ and the energy-gathering effect
of a conical-cylindrical combined nozzle were analyzed.
Furthermore, the influences of the submergence conditions,
nozzle diameter and angle, pump station pressure, rotation
speed on the shape, and impact pressure of HPWJ were
explored. The research findings facilitate the study on the
mechanism of HPWJ-induced coal crushing and provide
technical support for the research and development of
drilling and flushing integrated equipment.

2. Impact Characteristics and Shape of HPWJ

2.1. Impact Characteristics of HPWJ. According to its differ-
ent mechanisms, the HPWJ impact pressure on rock can be
divided into two stages, namely, the water hammer pressure
stage and the stagnation pressure stage. Sevda [51] gener-
ated an impact jet by dropping a hammer from a height
to impact the piston. In this way, he successfully monitored
the variations of impact pressure on different solid materials
(Figure 1). The value of the rising angle θ is related to the
transient reaction rate of the impacted material, and the
reaction rate of metal materials is higher than that of
polymer materials.

2 Geofluids



The inertia and compressibility of water are the main rea-
sons for the generation of water hammer pressure. The shape
of HPWJ is simplified as a cylinder (Figure 2). In the initial
stage, the jet compression zone will be formed under the
high-speed collision between the jet and the target. And the
peak pressure with strong erosion force will be formed on
the target surface when the water is compressed, that is, the
water hammer pressure [52]. According to the law of conser-
vation of momentum [53], the water hammer pressure can be
derived as follows:

Pwh =
vρwcwρscs
ρwcw + ρscs

, ð1Þ

where Pwh is the water hammer pressure, Pa; v is the velocity
of water jet impact, m/s; ρw and cw are the density of water
and the velocity of shock wave propagation in the water
medium, respectively, kg/m3 and m/s; ρs and cs are the
density of rock and the velocity of shock wave propagation
in rock, respectively, kg/m3 and m/s.

The duration of water hammer pressure, which is gener-
ally in nanoseconds (ns), can be expressed as

tr =
r
cw

, ð2Þ

where r is the radius of the jet, m; tr is the duration of water
hammer pressure, s.

After the water jet gets stabilized, it gradually enters the
stagnation pressure stage where the Bernoulli stagnation
pressure Ps is

Ps =
ρwυ

2

2 , ð3Þ

where Ps is the Bernoulli stagnation pressure, Pa.

2.2. Influence of Submerged/Nonsubmerged Conditions on the
Impact Characteristics and Shape of HSWJ. At present,

scholars all over the world mostly adopt a high-speed camera
for recording the shape of HPWJ [55–57] and analyzing its
radial and axial structural characteristics. After the HPWJ is
ejected from the nozzle, its front end gradually diffuses in
the shape of an arc. Afterwards, the jet profile continues to
expand and the diameter gradually increases until the water
flow is completely dispersed. As exhibited in Figure 3, the
HPWJ is of varying shapes in four primary sections, i.e., the
compact section, the core section, the fracture section, and
the dissipation section [58].

According to media in the surrounding environment,
water jets can be divided into submerged water jets and
nonsubmerged water jets. The analysis on a nonsubmerged
water jet is chiefly focused on its diffusion law and core
section length [59]. The core section where a great deal of
energy is accumulated plays a decisive role in jet impact
performance, while the outer boundary generally expands
linearly in accordance with the angle. From statistics
obtained by different research methods, Huang [60] found
that the core section length of the jet is generally
400%~922% of the nozzle diameter and the jet diffusion
angle generally ranges from 26.6° to 29.9°. Within the basic
section, jet diffusion is rarely affected by the boundary layer
and the nozzle, and it follows Equation (4) [61]:

d = k
ffiffiffi
x

p
, ð4Þ

or

d
R0

= k1

ffiffiffiffiffi
x
R0

r
, ð5Þ

where d is the jet diameter, m; x is the distance from the
nozzle outlet, m; R0 is the radius of the nozzle outlet, m; k
and k1 are the coefficients related to the nozzle,0020where
k1 = 0:12 ~ 0:18.

To explore the influence of the submerged condition on
the impact characteristics and shape of HPWJ, the numerical

Time

Pr
es

su
re Water hammer pressure stage Stagnation pressure stage

Water
hammer
pressure

Stagnation pressure
𝜃

Figure 1: Division of the HPWJ impact pressure stage.
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models of nonsubmerged and submerged jets were con-
structed, respectively, as shown in Figure 4(a). In the models,
the jet impact distance (i.e., the target distance) was set to
100mm, and the diameter of the circular rigid plate is 60
mm. Next, the jets under the submerged and nonsubmerged
conditions were numerically calculated, respectively, with the
calculation results displayed in Figures 4(b) and 4(c).

Under the nonsubmerged condition, the jet corresponds
to slower velocity attenuation, a smaller diffusion angle, a
larger initial section length, and a longer effective impact dis-
tance. The jet impact force on the axis of the rigid plate with
the target distance of 100mm can reach 80.7MPa under the
nonsubmerged condition, while it decreases to 65.2MPa by
19.2% under the submerged condition. This demonstrates
that the submerged condition will weaken the jet impact

strength, thus affecting the coal crushing effect and the flush-
ing efficiency. Therefore, in underground coal mines, HPWJ
flushing operations should be carried out under the nonsub-
merged condition. To achieve this goal, it is necessary to keep
the drainage channel unobstructed.

2.3. Axial Dynamic Pressure Distribution of HPWJ. Dynamic
pressure, which can be expressed by Equation (6), refers to
the kinetic energy of the water jet per unit volume. Primarily
influenced by density and velocity, it can reflect the variations
of jet velocity attenuation and entrained air quality.

P = 1
2 ρν

2: ð6Þ

V
V

V

V V

C
C

Figure 2: Schematic diagram of the initial stage of water jet impact on the solid surface [54].

(a)

Compact section Core section

Initial section

Fracture section
Dissipation section

Atomization
layer

Nozzle

(b)

Figure 3: Shape of the water jet.
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Under the nonsubmerged condition, the basic section is
the major section that acts to crush the rock. The impact
dynamic pressure distribution on each cross-section at
different target distances in the initial section can be
expressed as follows:

P
Pm

= f ηð Þ = 1 − Y
R

� �1:5
 !2

, ð7Þ

where P is the impact dynamic pressure, MPa; Pm is the
dynamic pressure on the jet axis, MPa; R is the radius of
the water jet cross-section, m; Y is the radial distance from
the monitored point to the axis, m.

To investigate the impact dynamic pressure variations of
HPWJ at different target distances (distances from the nozzle
x) and different radial distances from the jet axis y, rigid
plates were set at different target distances so that the
problem was converted into HPWJ impact on the plate, as
illustrated in Figure 5(a). The variations of maximum impact

pressure on the monitored plate at different impact distances
are presented in Figure 6. Among them, the contour maps of
jet velocity and the distributions of maximum principal stress
on the plate at the target distances of 10mm, 30mm, 70mm,
and 120mm are shown in Figures 5(b)–5(e).

With the increase in the target distance, the jet velocity
and the maximum impact pressure decrease gradually. The
maximum impact pressure is as high as 188.1MPa at the
target distance of 10mm, but it drops by 71.8% to 53.1MPa
at the target distance of 120mm. The stress concentration
zone at the cross-section center gradually expands with the
increase in the target distance, which corresponds to the
radial diffusion that occurs during jet impact. As the water
jet keeps expanding forward, its cross-sectional area grows
gradually. After being blocked by the plate, the water jet
deflects to both sides. Gradually, the fluid on the jet axis
expands and deflects to both sides for a longer distance.
However, it fails to diffuse effectively in a short time and thus
accumulates there. A fluid accumulation area with a lower jet
velocity can be observed in the middle of the contact surface

Nozzle
D = 60 mm

Monitored
plateJet space

L = 100 mm

Water
inlet

(a) Geometric model

0 10 20

Water velocity (ms–1)

30 40 50 60 70 80 90 100 –25 –15 –5 5 15 25 35 45 55 65

Principal stress 1 (MPa)

(b) Distributions of water jet velocity and impact stress under the nonsubmerged condition

0 10 20

Water velocity (ms–1)

30 40 50 60 70 80 90 100 –25 –15 –5 5 15 25 35 45 55 65

Principal stress 1 (MPa)

(c) Distributions of water jet velocity and impact stress under the submerged condition

Figure 4: Comparison between jet impact effects under the nonsubmerged and submerged conditions.
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(b) Jet velocity and impact stress distribution on the plate at a target distance of 10mm
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(c) Jet velocity and impact stress distribution on the plate at a target distance of 30mm
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(d) Jet velocity and impact stress distribution on the plate at a target distance of 70mm

Figure 5: Continued.
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between the jet and the plate in Figures 5(d) and 5(e). Despite
the low jet velocity in this area, the transmission of fluid
impact force is not affected.

3. Energy-Gathering Effect of the Conical-
Cylindrical Combined Nozzle

3.1. Influence of the Nozzle Structure on the Jet Impact Effect.
The nozzle, the executive element of the HPWJ generator, is
responsible for converting energy. It gathers the pressure
energy of the high-pressure water flow through the contrac-
tion of its internal cross-section, hence ensuring the excellent
flow characteristics and dynamic performance of the water
jet [62]. The nozzle structure has a crucial effect on jet prop-
erties such as the impact force, diffusion angle, and effective
impact distance. The common nozzle structure and jet flow
characteristics are illustrated in Figure 7.

The nozzle characteristic parameters affecting the jet
impact performance mainly include the contraction angle α,
length-diameter ratio l/d, contraction section length, and out-
let diameter. With the aid of a high-speed camera, Lu et al.

[63] captured the shape of water jet impact under different
nozzle diameters and jet pressures. Besides, theymade a statis-
tical analysis on the jet diffusion angle and drew the following
conclusions. First, when the water pressure is constant, the jet
diffusion angle grows notably with the increase in the nozzle
diameter. Second, when the nozzle diameter is constant, the
diffusion angle changes slightly with the change in the water
pressure. The second conclusion deviates from the conclusion
given in Section 2.3 of this paper, probably due to limitations
of the test equipment or the monitoring method.

Aiming at discussing the influence of the contraction
angle on jet velocity attenuation, nonsubmerged water jet
models whose contraction angles were 13°, 24°, 60°, 90°, and
180° were constructed, respectively. The water jet space in
the model was a cylinder space with a diameter of 60mm
and a length of 200mm. The inlet and outlet diameters of
the nozzles were 4mm and 1mm, respectively. The contour
maps of jet velocity formed by the nozzles are presented in
Figure 8, and the jet velocity attenuation on the jet axis is
shown in Figure 9. The contraction angle significantly influ-
ences the jet velocity. As the contraction angle grows, the jet
velocity at the nozzle outlet falls and the jet attenuation rate
rises. After the inlet and outlet diameters are determined,
the total length of the nozzle is mainly determined by the
contraction section length which is negatively correlated with
the contraction angle. The nozzle adopted for hydraulic
flushing in underground coal mines should not be too long,
and the energy-gathering effect and the jet velocity attenua-
tion amplitude are both acceptable under the contraction
angle of 24°. Considering the two factors, 24° is the recom-
mended contraction angle.

After being accelerated by the nozzle, the water jet is
ejected in a cone shape. The jet velocity declines gradually
in the axial direction, while it expands and diffuses gradually
to both sides in the radial direction. When the nozzle
contraction angle is set to 13°, the variations of jet velocity
on the radial cross-sections at different axial distances are
exhibited in Figure 10.

3.2. Influence of the Nozzle Angle on the Jet Shape. The nozzle,
arranged on the side of the drill bit or drill pipe, forms a
certain angle (denoted as α) with the drill pipe axis. The angle
between the water jet and the normal of the coal wall

Principal stress 1
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(MPa)Water velocity (m s–1)
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(e) Jet velocity and impact stress distribution on the plate at a target distance of 120mm

Figure 5: Velocity and stress distribution of HPWJ impact on the plate at different target distances.
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(denoted as β) whose value is determined by α shares a com-
plementary angle with α. In this section, the influence of the
nozzle angle on the jet shape and impact force is discussed in
three cases, α = 90°, α = 60°, and α = 30°. The simulation
results are shown in Figure 11. With the decrease in the noz-
zle angle, the turbulence degree of the fluid at the nozzle inlet
decreases; the jet velocity increases; and the effective impact
distance lengthens.

4. Influence of the Rotation Rate on the Impact
Shape and Stress of HPWJ

4.1. Influence of Pump Pressure on HPWJ. The pressure of the
high-pressure water pump station used for hydraulic flushing
in underground coal mines generally lies within 10~60MPa
(10~40MPa in most cases). In this study, the HPWJs gener-
ated at the pump pressures of 45MPa, 35MPa, 25MPa, 15

Inlet
Outlet

Water jet
Pl; Vl

P2; V2

D

L

d

l

𝛼

Figure 7: Nozzle structure and jet flow characteristics.
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Figure 8: Contour maps of jet velocity formed by nozzles with different contraction angles.
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MPa, and 10MPa were numerically simulated. The simula-
tion results are displayed in Figures 12 and 13.

The jet velocity on the jet axis rises gradually with the
increase in the pump pressure, so does the acceleration of
the jet when it passes through the nozzle. The maximum jet
velocity at the nozzle outlet is as high as 305m/s at the pump
pressure of 45MPa, while it drops to 143m/s when the pump
pressure is reduced to 10MPa. On the other hand, an exces-
sive pump pressure will result in an increase in the jet diffu-
sion angle and a strong interaction between the jet and the
air. The large amount of entrained air promotes the breakage
and separation of water. As a result, the atomization of water
intensifies. In the case of constant sizes of the jet pipe and
nozzle, when the pump pressure remains low, the effective
impact distance (compact section and core section) of the
jet lengthens with the increase in it; when the pump pressure
increases to a certain extent, raising it further will lead to the
atomization of water; that is, water breaks into small droplets
under the action of air. Under a higher pump pressure, the
atomization of water is more intensified, and thus, the effec-
tive impact distance is shorter. For underground hydraulic
flushing operation equipment in coal mines, there exists an
optimal range of pump pressure where the jet can reach the
best effective impact distance and impact force. Moreover,
since the distance between the nozzle and the coal wall grad-
ually expands as the flushing proceeds, the pump pressure
needs to be constantly adjusted to keep the coal wall within
the effective impact distance. When the distance between
the nozzle and the coal wall reaches a certain limit, raising
the pump pressure further will strengthen the atomization
of water, failing to prolong the effective impact distance of
the jet. Hence, an upper limit exists for the depth of coal
crushing by the same equipment.

4.2. Different Stages of Coal Crushing by HPWJ. According to
the shape of the coal pit formed by HPWJ impact, the process
of coal crushing can be roughly divided into three stages,
namely, the concave stage, the conical pit stage, and the cylin-
drical pit stage. In the initial stage of coal crushing, the jet
rushes to the coal wall almost vertically after being acceler-
ated by the nozzle, as shown in Figure 14(a). The coal at
the jet axis, which undergoes the largest impact force, starts
to break and fall off first, and a conical pit with a certain angle
appears on the coal wall there, as presented in Figure 14(b).
As the coal keeps breaking and falling off, the pit deepens
and becomes cylindrical, as exhibited in Figure 14(c). The
difference in the coal wall shape exerts an enormous effect
on the distribution of jet velocity. Blocked by the coal wall,
the jet changes its direction to varying degrees. In this pro-
cess, part of the momentum in the original jet direction will
be lost and transferred to the coal in the form of force. On
the other hand, the jet velocity gradually attenuates with
the increase in the target distance, and the increase in the
pit depth will induce water accumulation at the bottom of
the pit. In this study, the coal wall formed by HPWJ impact
was appropriately simplified into a regular smooth slope,
and the influence of crushed coal slag on the jet was ignored.
Under this assumption, a numerical model was built to inves-
tigate the influence of different coal wall shapes on the jet
impact effect (Figure 15).

As the impacted coal breaks and separates gradually, the
jet experiences the plane impact stage, the conical impact
stage, and the cylindrical impact stage in turn. Blocked by
the coal wall, water at the bottom of the pit is discharged at
a decelerated rate and accumulates there, forming a cushion
on the coal wall surface. Consequently, the nonsubmerged
jet is progressively converted to a submerged jet at the
bottom of the pit. The HPWJ can hardly directly act on the
coal surface so that the jet impact force is greatly reduced.
In addition, due to the increase in the pit depth, the broken
coal slag on the coal wall has to cross a longer distance to
be discharged. Meanwhile, the decelerated discharge of the
jet from the pit will weaken its slag removal ability. The
crushed coal slag that cannot be discharged in time also
buffers the coal wall from the jet impact. Under the compre-
hensive effect of the above factors, the HPWJ finds it difficult
to crush the coal in a deeper area.

4.3. Influence of the Rotation Rate on the Jet Shape. During
borehole construction in soft broken coal, the borehole
collapses and gets blocked easily. To ensure the successful
construction of boreholes, drilling is often conducted at a
high rotation speed using a large-blade spiral drill pipe so
that the coal slag can be discharged smoothly. In the hydrau-
lic flushing process, the drill pipe also needs to rotate at a
certain speed, which is not only required by the nozzle for
rotary coal crushing but also conducive to the discharge of
coal slag. The influence of rotation on the jet in the rotary
flushing process is exhibited in Figure 16. When the jet
leaves the nozzle to impact the coal wall, it deflects as a result
of inertia, and the jet axis is no longer straight. The jet
becomes less continuous, and the rear jet has a weaker effect
on the front jet. Resultantly, the jet impact force becomes too
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weak to guarantee the impact distance. The rotation speeds
commonly used in drilling and hydraulic operations in
coal mines lie in the range of 30-300 r/min. In this study,
the jet shapes in this range were comparatively analyzed.
The simulation results for the two-nozzle combination
and the three-nozzle combination are given in Figures 17
and 18, respectively.

Under both combination modes, the jet shapes exhibit
resembling variation trends with the rotation speed. For the

two-nozzle combination, when the rotation speed is as high
as 300 r/min, the jet deviates sharply for approximately 90°

after leaving from the nozzle, with the maximum impact
distance being about 20mm. When the rotation speed is
reduced to 180 r/min, the jet deviates less violently, with the
maximum impact distance being about 80mm. As the
rotation speed decreases to 120 r/min, the jet deviation angle
continues to narrow while the impact distance lengthens. As
the rotation speed decreases to 90 r/min, the jet gradually

Water jetNozzle

CoalCoal
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Water jetNozzle

Coal

(b)

Coal

Water jetNozzle
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Figure 14: Different stages of HPWJ-induced coal crushing.
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Figure 15: Contour maps of jet velocity in different coal crushing stages.
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reaches the boundary (200mm) of the model. Compared
with the front end of the jet, the initial section has a smaller
deviation angle. As the rotation speed drops to 30 r/min,
the jet only has a small deflection angle.

In summary, the nozzle rotation speed remarkably influ-
ences the jet shape and the impact distance. Rotation of the
nozzle will lead to the deflection of the jet. The deflection
angle grows with the increase in the rotation speed. It can

Coal

Cavity

Water jet
Pipeline

Affected
by rotation

Figure 16: Influence of the rotation speed on the shape of HPWJ.
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Figure 17: Contour maps of jet velocity for the two-nozzle combination at different rotation speeds.
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be as high as 90° when the rotation speed is high enough.
Besides, the influence of the rotation speed on the deflection
angle is more significant at a longer impact distance. The
deflection of the jet worsens the jet continuity, shortens the
impact distance, and weakens the impact force. When the
rotation speed is low, only the fracture section and the dissi-
pation section are affected. As the rotation rate rises, the
initial section is also affected. An excessively high rotation
speed will shorten the effective impact distance, reduce the
coal crushing depth, and lower the coal crushing efficiency.
On the other hand, as can be known from the analysis in
the previous section, an upper limit exists for the depth of
coal crushing by the same equipment under a constant pump
pressure. When this upper limit is reached, the pit no longer
changes with the passage of flushing time. If the nozzle rota-
tion speed is too low, the flushing will be time-consuming
and unable to achieve an improved flushing effect, which will
not only delay the construction period but also waste water
resources. Moreover, after the jet sweeps over the coal
surface, the reflection of compression waves generated in
the coal also contributes to coal crushing. An excessively

low rotation speed will weaken the reflection and coal crush-
ing performance of compression waves.

5. Conclusions

In this paper, the axial and radial stress distributions of the
high-pressure water jet (HPWJ) and the energy-gathering
effect of a conical-cylindrical combined nozzle were analyzed
by simulation. Furthermore, the influences of the submer-
gence conditions, nozzle angle, pump station pressure, rota-
tion speed on the shape, and impact pressure of HPWJ
were explored. The main conclusions are as follows:

(1) In the radial direction, the submerged condition will
accelerate the attenuation of jet velocity and reduce
the impact strength of the jet. The jet impact force
on the axis of the rigid plate with the target distance
of 100mm can reach 80.7MPa under the nonsub-
merged condition, while it drops to 65.2MPa by
19.2% under the submerged condition. In the axial
direction, the jet velocity and the impact force both

(a) Rotational speed 300 r/min (b) Rotational speed 180 r/min

(c) Rotational speed 120 r/min (d) Rotational speed 90 r/min

(e) Rotational speed 60 r/min (f) Rotational speed 30 r/min
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Figure 18: Contour maps of jet velocity for the three-nozzle combination at different speeds.
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decline gradually with the increase in the target
distance under the nonsubmerged condition. The
maximum impact pressure is as high as 188.1MPa
at the target distance of 10mm, but it weakens to
53.1MPa by 71.8% at the target distance of 120mm

(2) After the nozzle inlet and outlet diameters are deter-
mined, the total length of the nozzle is mainly deter-
mined by the contraction angle. Considering that the
nozzle adopted for hydraulic flushing in under-
ground coal mines should not be too long, 24° is the
recommended contraction angle

(3) During coal wall crushing by HPWJ, blocked by the
coal wall, water at the bottom of the pit is discharged
at a decelerated rate and accumulates there. Conse-
quently, the nonsubmerged jet is gradually converted
to the submerged jet at the bottom of the pit. In addi-
tion, the rotation speed should be controlled within 90
r/min in order to increase the coal crushing efficiency

Data Availability

The data used to support the results of this study are available
from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This research was financially supported by the Shanghai
Rising-Star Program (20QB1401000), National Science
Foundation of China (51804176, 51706122), Natural Science
Foundation of Shanghai (19ZR1411500), Natural Science
Foundation of Shandong Province (ZR2018PEE001), Science
& Technology Foundation of Guizhou Province
([2020]4Y055), China Postdoctoral Science Foundation
(2019M652346), and Project of Shandong Province Higher
Educational Science and Technology Program (J18KA187).

References

[1] J. Liu, R. Zhang, D. Z. Song, and Z. Q. Wang, “Experimental
investigation on occurrence of gassy coal extrusion in coal-
mine,” Safety Science, vol. 113, pp. 362–371, 2019.

[2] S. Q. Lu, Y. L. Zhang, Z. Y. Sa, S. F. Si, L. Y. Shu, and L. Wang,
“Damage-induced permeability model of coal and its applica-
tion to gas predrainage in combination of soft coal and hard
coal,” Energy Science & Engineering, vol. 7, no. 4, pp. 1352–
1367, 2019.

[3] Q. Ma, W. Nie, S. Yang et al., “Effect of spraying on coal dust
diffusion in a coal mine based on a numerical simulation,”
Environmental Pollution, vol. 264, p. 114717, 2020.

[4] Z. Xiu, W. Nie, J. Yan et al., “Numerical simulation study on
dust pollution characteristics and optimal dust control air flow
rates during coal mine production,” Journal of Cleaner Produc-
tion, vol. 248, p. 119197, 2020.

[5] Y. Hua, W. Nie, Q. Liu, H. Peng, W. Wei, and P. Cai, “The
development and application of a novel multi-radial-vortex-

based ventilation system for dust removal in a fully mecha-
nized tunnelling face,” Tunnelling and Underground Space
Technology, vol. 98, p. 103253, 2020.

[6] W. Niu, W. Nie, M. Yuan et al., “Study of the microscopic
mechanism of lauryl glucoside wetting coal dust: environmen-
tal pollution prevention and control,” Journal of Hazardous
Materials, vol. 412, p. 125223, 2021.

[7] H. Wang, Z. Y. Sa, W. M. Cheng, R. Zhang, and S. Yang,
“Effects of forced-air volume and suction region on the migra-
tion and dust suppression of air curtain during fully mecha-
nized tunneling process,” Process Safety and Environmental
Protection, vol. 145, pp. 222–235, 2021.

[8] H. Xu, S. Sang, J. Yang, and H. Liu, “CO2 storage capacity of
anthracite coal in deep burial depth conditions and its poten-
tial uncertainty analysis: a case study of the No. 3 coal seam
in the Zhengzhuang Block in Qinshui Basin, China,” Geos-
ciences Journal, 2021.

[9] J. Liu, “Technic study on increasing permeability of deep-hole
presplitting blasting and its application in low permeability
coal seam,” AnHui University of Science and Technology,
Ph.D., 2008.

[10] W. L. Quan, J. M. Xv, S. H. Tu, D. S. Zhang, and X. Q. Liang,
Introduction to Mining Engineering, China University of Min-
ing and Technology Press, Xuzhou, 2004.

[11] F. Du and K. Wang, “Unstable failure of gas-bearing coal-rock
combination bodies: insights from physical experiments and
numerical simulations,” Process Safety and Environmental
Protection, vol. 129, pp. 264–279, 2019.

[12] S. Lu, C. Wang, M. Li et al., “Gas time-dependent diffusion in
pores of deformed coal particles: model development and
analysis,” Fuel, vol. 295, p. 120566, 2021.

[13] Q. Bao, W. Nie, C. Liu et al., “The preparation of a novel
hydrogel based on crosslinked polymers for suppressing coal
dusts,” Journal of Cleaner Production, vol. 249, pp. 119–343,
2020.

[14] F. Chen, A. Cao, L. Dou, and G. Jing, “A quantitative evalua-
tion method of coal burst hazard based on zone division and
an analytic hierarchy process: a case study on Yanbei coal
mine, Gansu Province, China,” Geosciences Journal, vol. 23,
no. 5, pp. 833–848, 2019.

[15] S. Lu, C. F. Wang, Q. Q. Liu et al., “Numerical assessment of
the energy instability of gas outburst of deformed and normal
coal combinations during mining,” Process Safety and Envi-
ronmental Protection, vol. 132, pp. 351–366, 2019.

[16] F. Du, K. Wang, X. Zhang, C. P. Xin, L. Y. Shu, and G. D.
Wang, “Experimental study of coal-gas outburst: insights from
coal-rock structure, gas pressure and adsorptivity,” Natural
Resources Research, vol. 29, no. 4, pp. 2481–2493, 2020.

[17] X. Liu, W. Nie, Y. Hua, C. Liu, L. Guo, and W. Ma, “Behavior
of diesel particulate matter transport from subsidiary trans-
portation vehicle in mine,” Environmental Pollution, vol. 270,
p. 116264, 2021.

[18] M. Y. Chen, Y. P. Cheng, J. C. Wang, H. R. Li, and N. Wang,
“Experimental investigation on the mechanical characteristics
of gas-bearing coal considering the impact of moisture,” Ara-
bian Journal of Geosciences, vol. 12, no. 18, 2019.

[19] S. Q. Lu, L. Li, Y. Q. Cheng, Z. Y. Sa, Y. L. Zhang, and N. Yang,
“Mechanical failure mechanisms and forms of normal and
deformed coal combination containing gas: model develop-
ment and analysis,” Engineering Failure Analysis, vol. 80,
pp. 241–252, 2017.

14 Geofluids



[20] R. Zhang, J. Liu, Z. Y. Sa, Z. Q.Wang, S. Q. Lu, and C. F. Wang,
“Experimental investigation on multi-fractal characteristics of
acoustic emission of coal samples subjected to true triaxial
loading-unloading,” Fractals-Complex Geometry Patterns and
Scaling in Nature and Society, vol. 28, 2020.

[21] Y. Han, B. W. Dong, F. Y. Zhang, S. Lv, and W. D. Li, “Process
of hydraulic punching technology for relieving pressure and
enhancing permeability in China,” China Mining Magazine,
vol. 30, pp. 95–100, 2021.

[22] H. M. Yang, X. L. Qiu, and X. L. Lv, “Numerical simulation
of effective influence radius of hydraulic cavitation model of
“one hole and multiple cavitation”,” Coal Technology,
vol. 40, 2021.

[23] H. L. Liao, G. S. Li, and J. L. Niu, “Influential factors and mech-
anism analysis of rock breakage by ultra-high pressure water
jet under submerged condition,” Chinese Journal of Rock
Mechanics and Engineering, vol. 27, pp. 1243–1250, 2008.

[24] Y. Y. Lu, X. H. Li, and W. Y. Xiang, “Rock erosion mechanism
of cavitating water jets,” Rock and Soil Mechanics, vol. 26,
pp. 1233–1237, 2005.

[25] F. B. Tian andM. Lin, “Studies on the mechanism of water jet -
assisted drilling technology(1)——cavitation and erosion,”
Mechanics in Engineering, vol. 29, pp. 29–33, 2007.

[26] F. B. Tian andM. Lin, “Studies on the mechanism of water jet -
assisted drilling technology(2)—— high-speed drip impacting
with solid target,”Mechanics in Engineering, vol. 29, pp. 34–39,
2007.

[27] M. M. Singh and H. L. Hartman, “Hypothesis for the mecha-
nism of rock failure under impact,” The 4th U.S. Symposium
on Rock Mechanics (USRMS) University Park, 1961American
Rock Mechanics Association, Pennsylvania, 1961.

[28] I. W. Farmer and P. B. Attewell, “Rock penetration by high
velocity water jet: a review of the general problem and an
experimental study,” International Journal of Rock Mechanics
and Mining Sciences & Geomechanics Abstracts, vol. 2, no. 2,
pp. 135–153, 1965.

[29] C. Pan and Y. Yao, “The numerical simulation of rock frag-
mentation by high-pressure jet,” China Rural Water and
Hydropower, vol. 12, pp. 59–62, 2005.

[30] Z. H. Bai and L. W. Cao, “Numerical simulation and analysis
of rock breaking under pulse water jet,” Journal of Chongqing
University of Technology(Natural Science), vol. 23, pp. 31–35,
2009.

[31] L. Ma, R. Bao, and Y. M. Guo, “Waterjet penetration simula-
tion by hybrid code of SPH and FEA,” International Journal
of Impact Engineering, vol. 35, 2007.

[32] J. Wang, N. Gao, and W. Gong, “Abrasive waterjet machin-
ing simulation by coupling smoothed particle hydrodyna-
mics/finite element method,” Chinese Journal of Mechanical
Engineering, vol. 23, no. 5, pp. 568–573, 2010.

[33] K. Maniadaki, T. Kestis, N. Bilalis, and A. Antoniadis, “A finite
element-based model for pure waterjet process simulation,”
The International Journal of Advanced Manufacturing Tech-
nology, vol. 31, no. 9-10, pp. 933–940, 2007.

[34] W. J. Gong, J. M. Wang, and N. Gao, “Numerical simulation
for abrasive water jet machining based on ALE algorithm,”
The International Journal of Advanced Manufacturing Tech-
nology, vol. 53, no. 1-4, pp. 247–253, 2011.

[35] H. J. Ni and R. H. Wang, “A theoretical study of rock drilling
with a high pressure water jet,” Petroleum Science, vol. 1,
no. 4, pp. 72–76, 2004.

[36] H. J. Ni, R. H.Wang, and Y. H. Bai, “Finite element method for
analyzing high-pressure water jet breaking rock,” Journal of
China University of Petroleum(Edition of Natural Science),
vol. 37, p. 40, 2002.

[37] H. J. Ni, R. H. Wang, and H. K. Ge, “Numerical simulation on
rock breaking under high pressure water,” Chinese Journal of
Rock Mechanics and Engineering, vol. 23, pp. 550–554, 2004.

[38] H. J. Ni, R. H. Wang, and Y. Q. Zhang, “Numerical simulation
study on rock breaking mechanism and process under high
pressure water jet,” Applied Mathematics and Mechanics,
vol. 26, no. 12, pp. 1445–1452, 2005.

[39] R. H. Wang and H. J. Ni, “Research of rock fragmentation
mechanism with high-pressure water jet,” Journal of China
University of Petroleum(Edition of Natural Science), vol. 26,
pp. 118–122, 2002.

[40] R. H. Wang, Z. H. Shen, andW. D. Zhou, “Experimental study
on rock breaking borehole by high pressure water jet,”Oil Dril-
ling & Production Technology, vol. 20-25, pp. 99-100, 1995.

[41] Z. C. Song and J. M. Chen, “Numerical simulation for high-
pressure water jet breaking rock mechanism based on SPH
algorithm,” Oil Field Equipment, vol. 38, pp. 39–43, 2009.

[42] Y. Y. Lu, S. Zhang, Y. Liu, Z. H. Lu, and L. Y. Jiang, “Analysis
on stress wave effect during the process of rock breaking by
pulsed jet,” Journal of Chongqing University, vol. 35, pp. 117–
124, 2012.

[43] J. L. Liu and H. Si, “Numerical simulation on damage field of
high pressure water jet breaking rock under high ambient
pressure,” Journal of Chongqing University, vol. 34, pp. 40–
46, 2011.

[44] H. Si, Y. M. Xie, and C. H. Yang, “Numerical simulation of
rock damage field under abrasive water jet,” Rock and Soil
Mechanics, vol. 32, pp. 935–940, 2011.

[45] Q. Li, “Research on driling long hole in soft coal seam by high
pressure water jets,” Chongqing University, 2008.

[46] W. Z. Jiang, “Research on theory of slotting and enhancing
permeability by high pressure rotational jetting in low perme-
ability coal seam and its application,” China University of
Mining and Technology, 2009.

[47] X. Zhang, “The study on the mechanism and experiment of
high pressure water jet slotted,” Liaoning Technical Univer-
sity, 2009.

[48] X. C. Wang, Y. Y. Lu, Y. Kang, B. W. Xia, and S. Zhang,
“Experimental study of abrasive waterjet cutting coal-rock
mass,” Journal of China University of Mining & Technology,
vol. 40, pp. 246–251, 2011.

[49] Q. D. Sun, Z. M. Wang, J. Q. Yu, and W. H. Zhang, “A disqui-
sition on breaking mechanism of high pressure jet impacting
on rock,” Rock and Soil Mechanics, vol. 26, pp. 978–982, 2005.

[50] X. D. Lin, Y. Y. Lu, J. R. Tang, X. Ao, and L. Zhang, “Numerical
simulation of abrasive water jet breaking rock with SPH-FEM
coupling algorithm,” Journal of Vibration and Shock, vol. 33,
pp. 170–176, 2014.

[51] D. Sevda, “Experimental and numerical study of rock breakage
by pulsed water jets,” Australia University of Queensland,
PhD, Brisbane, 2011.

[52] F. J. Heymann, “High-speed impact between a liquid drop and
a solid surface,” Journal of Applied Physics, vol. 40, no. 13,
pp. 5113–5122, 1969.

[53] S. S. Cook, “Erosion by water-hammer,” Proceedings of the
Royal Society of London Series A, Containing Papers of a

15Geofluids



Mathematical and Physical Character, vol. 119, no. 783,
pp. 481–488, 1928.

[54] J. E. Field, “Stress waves, deformation and fracture caused by
liquid impact,” Philosophical Transactions of the Royal Society
of London Series A, Mathematical and Physical Sciences,
vol. 260, pp. 86–93, 1966.

[55] J. E. Field, “ELSI conference: invited lecture: liquid impact: the-
ory, experiment, applications,” Wear, vol. 233-235, pp. 1–12,
1999.

[56] K. Pianthong, S. Zakrzewski, M. Behnia, and B. E. Milton,
“Supersonic liquid jets: their generation and shock wave char-
acteristics,” Shock Waves, vol. 11, no. 6, pp. 457–466, 2002.

[57] W. K. Soh, B. C. Khoo, and W. Y. D. Yuen, “The entrainment
of air by water jet impinging on a free surface,” Experiments in
Fluids, vol. 39, no. 3, pp. 498–506, 2005.

[58] X. Q. Ma, Impact Dynamics, Beijing Institute of Technology
Press, Beijing, 1992.

[59] R. H. Wang and H. J. Ni, “Study on rock breaking mechanism
of high pressure water jet,” China University of Petroleum
Press, 2010.

[60] F. Huang, “On the transient dynamics of water jet impinging
target and the mechanism of water jet breaking rock,” Chong-
qing University, 2015.

[61] A. Ohashi and K. Yanaida, “The fluid mechanics of capsule
pipelines : 1st report, analysis of the required pressure drop
for hydraulic and pneumatic capsules,” JSME International
Journal Series B-fluids and Thermal Engineering, vol. 29,
no. 252, pp. 1719–1725, 1986.

[62] Y. S. Yang, J. P. Zhang, and S. L. Nie, “Energy loss of nozzles in
water jet system,” Journal of Mechanical Engineering, vol. 49,
no. 2, pp. 139–145, 2013.

[63] T. K. Lu, H. Yu, and Y. Dai, “Longhole waterjet rotary cutting
for in-seam cross panel methane drainage,” Mining Science
and Technology, vol. 20, pp. 378–383, 2010.

16 Geofluids



Research Article
Pore Structure Characteristics and Evolution Law of Different-
Rank Coal Samples

Zhihui Wen ,1,2,3 Qi Wang ,1,2 Yunpeng Yang,1,2 and Leilei Si1,2,3

1School of Safety Science and Engineering, Henan Polytechnic University, Jiaozuo 454000, China
2State Key Laboratory Cultivation Base for Gas Geology and Gas Control (Henan Polytechnic University), Jiaozuo 454000, China
3Collaborative Innovation Center of Coal Work Safety and Clean High Efficiency Utilization, Jiaozuo 454000, China

Correspondence should be addressed to Zhihui Wen; wenzhihui@hpu.edu.cn

Received 30 April 2021; Accepted 1 June 2021; Published 17 June 2021

Academic Editor: Feng Du

Copyright © 2021 Zhihui Wen 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 this study, the full-size pore structure characteristics of six different-rank coal samples were investigated and analyzed from three
perspectives, namely, pore shape, pore volume, and pore specific surface area, by performing a high-pressure mercury injection
experiment and a low-temperature nitrogen adsorption experiment. Next, the full-size pore volumes and pore specific surface
areas of the six coal samples were accurately characterized through a combination of the two experiments. Furthermore, the
relationships between volatile matter content and pore volume and between volatile matter content and pore specific surface
area were fitted and analyzed. Finally, the influences of metamorphic degree on pore structure were discussed. The following
conclusions were obtained. The pore shapes of different-rank coal samples differ significantly. With the increase of metamorphic
degree, the full-size pore volume and pore specific surface area both decrease first and then increase. Among the pores with
various sizes, micropores are the largest contributor to the full-size pore volume and pore specific surface area. The fitting
curves between volatile matter content and pore volume and between volatile matter content and pore specific surface area can
well reflect the influence and control of metamorphic degree on pore volume and pore specific surface area, respectively. With
the increase of volatile matter content, the pore volume and the pore specific surface area both vary in a trend resembling a
reverse parabola.

1. Introduction

China is a country boasting abundant coal resources.
According to National Energy Development Strategy (2030-
2050) formulated by the Chinese Academy of Engineering,
coal resources will account for about 55% of the whole energy
structure of China in 2030 and will still account for over 50%
in 2050 [1, 2]. That is, coal will still occupy the most impor-
tant position in China’s primary energy structure in the
future [3]. Coal is a typical heterogeneous porous medium
whose pore structure is one of the key parameters for evalu-
ating it [4]. Pore structure not only determines the physical
and mechanical properties of coal, but also controls the pro-
cess of gas adsorption, desorption, diffusion, and seepage in a
coal seam [5–7]. In particular, the adsorption capacity of

coalbed methane (CBM) is closely related to the pore devel-
opment degree and pore structure characteristics. Therefore,
the research on the pore structure characteristics of coal is
meaningful for gas disaster prevention and CBM extraction
and utilization [8–10]. As specified by the Hodot decimal
classification standard [11–13], the pores in coal can be
divided into five categories according to the pore size, i.e.,
micropores (<10 nm), small pores (10-100 nm), mesopores
(100-1,000 nm), macropores (>10,000 nm), and visible pores
(>100,000 nm). Among them, micropores, also referred to as
adsorption pores, are the main space for gas adsorption. The
commonly used methods to measure the pore structure char-
acteristics of coal include high-pressure mercury injection,
nuclear magnetic resonance, micro CT, low-temperature
nitrogen adsorption, and transmission electron microscope
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[14–20]. Due to the limitations of different measurement
methods, the pore structure of coal can hardly be accurately
characterized with a single method [21].

In previous studies, high-pressure mercury injection and
low-temperature nitrogen adsorption are considered to be
two effective methods for pore structure testing [22–24].
The principle of high-pressure mercury injection is to enable
mercury to enter pores by applying an external force. When
the external force is larger, mercury can enter pores with a
smaller diameter. High-pressure mercury injection can mea-
sure pores whose diameters range from 5.5 nm to 1,000,00
nm. When the mercury injection pressure is higher than
200MPa, mercury is able to enter pores with the diameter
of 7 nm. However, in this case, the excessive external force
may pose the risk of deformation and damage to coal. Thus,
this method cannot accurately measure the distribution of
nanoscale pores [25].

The principle of low-temperature nitrogen adsorption is
based on physical adsorption caused by intermolecular
forces [26]. At -195.8°C, the energy of nitrogen molecules
is reduced, and nitrogen molecules reach the adsorption
equilibrium of approximate monolayer on the surface of
solid material under the action of van der Waals forces. At
this time, the adsorption surface area of the solid substance
is proportional to its adsorption capacity. In this way, the
specific surface area of the substance to be measured can
be calculated. Meanwhile, with the volume of pores in the
solid substance being equivalent to the volume of liquid
nitrogen entering the pores, the rate of variation of pore vol-
ume with the pore size can be measured by means of theo-
retical analysis. The most commonly used calculation
method is to calculate pore volume, pore size distribution,
and pore specific surface area by using the Barrett-Joyner-
Halenda (BJH) theory [27]. Despite its inability to measure
the distribution of macropores, low-temperature nitrogen
adsorption is able to accurately characterize the distribution
of micropores and small pores. Accordingly, some scholars
propose to combine the above two methods for the purpose
of accurately characterizing the full-size pore structure of
coal [28–30].

Considering the important position of coal in China’s
energy structure, investigating the pore structure distribution
characteristics of typical coal samples from different mining
areas in China conduces to conducting an in-depth study
on the control mechanism of pore structure on the gas
adsorption, desorption, and seepage characteristics of coal.
Such an investigation is of great significance for gas disaster
prevention and CBM extraction in typical mining areas in
China. In this paper, six different-rank coal samples were col-
lected from different mining areas and then subjected to the
high-pressure mercury injection experiment and the low-
temperature nitrogen adsorption experiment. Based on the
experimental results, the mercury injection-ejection curves
of different coal samples and their corresponding pore
shapes, pore volumes, and pore specific surface areas were
analyzed, and the low-temperature nitrogen adsorption-
desorption isotherms of these samples and their correspond-
ing pore characteristics, pore volumes, and pore specific
surface areas were also probed into. Moreover, the accuracy

of these twomethods in terms of measuring the pore volumes
and pore specific surface areas under different pore diameters
was discussed. Besides, the two methods were combined to
characterize the full-size pore shapes, pore volumes, and pore
specific surface areas of different coal samples. Ultimately,
the influences and control mechanisms of coal rank on the
pore structure characteristics were clarified.

2. Materials and Methods

2.1. Sampling Regions and Sample Preparation. The coal sam-
ples used in the experiment were selected from six different
typical mining areas in China. The sampling regions are
shown in Figure 1. Then, the water contents, ash contents,
volatile contents, and vitrinite reflectance values of the sam-
ples were tested in accordance with the preparation process
displayed in Figure 2. The sampling locations and the test
results of relevant basic parameters are given in Table 1.

2.2. High-Pressure Mercury Injection Experiment. The device
used in the high-pressure mercury injection experiment is
the Auto Pore 9505 automatic mercury porosimeter in the
Key Laboratory of Gas Geology and Gas Control of Henan
Polytechnic University (Figure 3). The test pore diameter
ranges from 5nm to 360,000 nm, and the maximum working
pressure is 228MPa. The application of pressure enables
mercury to enter the pores. The functional relationship
between the pore size that mercury can reach and the applied
external force satisfies the Washburn equation [31, 32].

r = −2γ cos θ
P

, ð1Þ

where P is the mercury injection pressure, Pa; r is the
radius of pores, m; θ is the contact angle, and it takes the
value 130°; γ is the surface tension of mercury, and it equals
4:85 × 10−3N/m.

The specific surface area of pores in the sample can be
further calculated via the mercury injection pressure accord-
ing to the Young-Duper equation.

−PdV = γ cos θdS, ð2Þ

where S is the specific surface area of pores, m2/g.

2.3. Low-Temperature Nitrogen Adsorption Experiment. The
device used in the low-temperature nitrogen adsorption
experiment is the ASAP2020M automatic specific surface
area and pore size analyzer in the Key Laboratory of Gas
Geology and Gas Control of Henan Polytechnic University.
The test pore size ranges from 0.35 nm to 500nm, and the
lower limit of specific surface area measurement is 0.0005
m2/g. The schematic diagram of the low-temperature nitro-
gen adsorption experimental device is shown in Figure 4.

In the experiment, the processed sample was put into the
sample tube before the experimental device was connected,
and then, the liquid nitrogen cup was filled with liquid nitro-
gen. Next, the entire system was vacuumized, and the volume
of free space in the sample tube was calibrated using helium.
After a certain amount of nitrogen was injected into the

2 Geofluids



3~6 mm

Break to 70~80°C
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12 h
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Grind toMad, Aad
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Figure 2: Sample preparation process and experimental steps.

Table 1: Basic information and parameters of experimental coal samples.

Sample Sampling location Mad (%) Aad (%) Vdaf (%) R0,max (%)

Sample 1 Dananhu No. 1 mine, Hami mining area 8.02 15.36 42.35 0.43

Sample 2 Gengcun mine, Yima mining area 2.11 11.92 38.16 0.52

Sample 3 Pingdingshan No. 5 mine, Pingdingshan mining area 1.23 15.82 28.82 1.05

Sample 4 Zhujiao mine, Anyang mining area 1.62 11.85 22.16 1.30

Sample 5 Hebi No. 9 mine, Hebi mining area 1.37 12.86 12.93 1.76

Sample 6 Jiulishan mine, Jiaozuo mining area 2.32 12.92 7.68 2.55

Note: Mad, Aad, and Vdaf are the moisture, ash, and volatile matter contents on the air-dried basis, respectively. R0,max is the maximum vitrinite reflectance.

Beijing
Sample 1
Sample 2
Sample 3

Sample 4
Sample 5
Sample 6

Xinjiang Uygur
Autonomous Region

China Henan Province

Beijing

Henan
Province

Figure 1: Sampling locations of experimental coal samples.
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intake manifold, the initial pressures, initial temperatures,
and initial gas weights of the intake manifold and the sample
tube were recorded. Afterwards, a certain amount of nitrogen
was injected from the intake manifold to the sample tube.
When the sample reached adsorption equilibrium, the pres-
sures, temperatures, and gas weights of the intake manifold
and the sample tube were recorded again. On the basis of
the acquired data, the adsorption capacity of the sample
was calculated. Then, the nitrogen adsorption-desorption
isotherm can be obtained by taking the relative pressure as
the abscissa and the adsorption capacity as the ordinate.

Generally, the pore volume, pore size distribution, and
the specific surface area are calculated by using the BJH
method [33].

3. Experimental Results

3.1. Results of the High-Pressure Mercury
Injection Experiment

3.1.1. Pore Volume and Pore Specific Surface Area. The pore
volumes and pore specific surface areas of the six coal sam-
ples were tested by performing a high-pressure mercury
injection experiment. The results are exhibited in Figure 5.

The pores in the six different-rank coal samples mainly
belong to small pores and micropores, followed by macro-
pores and mesopores, as displayed in Figures 5(a) and 5(b).
Besides, the total pore volume decreases first and then
increases with the rise of coal rank, as illustrated in Figure 5(e).

Figure 3: Auto Pore 9505 automatic mercury porosimeter.

Pressure gauge

Intake manifold

He N2

Sample
tube

Liquid nitrogen
cup

Valve

Vacuum
pump

Figure 4: Schematic diagram of the low-temperature nitrogen adsorption experimental device.
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Meanwhile, the pore specific surface areas of micropores
account for the largest proportion (over 67.57%) for all the
six coal samples, followed by those of small pores, whereas
those of macropores and mesopores account for relatively
smaller proportions, as presented in Figures 5(c) and 5(d).
Hence, it can be concluded that the total pore specific surface
areas of coal samples are primarily determined by micro-
pores, and the total specific surface area decreases first and
then increases with the rise of coal rank, as illustrated in
Figure 5(f).

3.1.2. Mercury Injection Curve and Pore Shape Characteristics.
The pores in coal can be divided into effective pores and iso-
lated pores. The effective pores can be further divided into
semiclosed pores, open pores, and ink-bottle-shaped pores.
The pore shapes are illustrated in Figure 6 [34].

The mercury injection-ejection curves obtained from
the high-pressure mercury injection experiment are shown
in Figure 7. The mercury injection-ejection curves of differ-
ent samples differ obviously. Although hysteresis loops are
formed by the curves of all the six samples, these hysteresis
loops are quite different, which reflects the differences in
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Figure 5: Results of the high-pressure mercury injection experiment. (a) Pore volume distribution; (b) pore volume proportion; (c) pore
specific surface area distribution; (d) pore specific surface area proportion; (e) shows the relationship between total pore volume and
metamorphic degree; (f) shows the relationship between total specific surface area and metamorphic degree.

(a) Semiclosed pore (b) Open pore (c) Ink-bottle-shaped pore

Figure 6: Classification of pore shapes corresponding to the
mercury injection curves.
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the basic pore shapes and connectivities of different coal
samples. According to the classification method of pore
shapes in Figure 6, the six coal samples can be divided into
3 categories:

(1) Samples 1 and 3. Their values of mercury injection-
ejection curves differ notably, and obvious hysteresis

loops are formed by their curves, which suggests that
the two samples possess open pores and a certain
number of ink-bottle-shaped pores. In addition, the
cumulative amounts of mercury injection of the two
samples increase slowly with the rise of pressure,
which demonstrates the development of different-
sized pores in the samples.
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(2) Sample 5. When the pressure is lower than 0.01MPa,
its cumulative pore volume jumps sharply, indicating
the wide development of large pores. When the pres-
sure is higher than 10MPa, its cumulative pore vol-
ume grows rapidly, suggesting the wide development
of micropores. Besides, a hysteresis loop is formed by
the curve, which is a sign of the existence of ink-
bottle-shaped pores.

(3) Samples 2, 4, and 6. The hysteresis loops of the three
samples are the smallest, and they even disappear
when the relative pressure gets higher than 10MPa,
which shows that the pores in the three samples are
not so open and gradually close in the later stage.
This demonstrates that micropores and transition
pores are semiclosed. Meanwhile, the samples con-

tain a large number of semiopen pores whose con-
nectivities are poor.

3.2. Results of the Low-Temperature Nitrogen
Adsorption Experiment

3.2.1. Pore Volume and Pore Specific Surface Area. The pore
volumes and pore specific surface areas of the six coal sam-
ples were tested through a low-temperature nitrogen adsorp-
tion experiment. The results are exhibited in Figure 8.

The pores in the six different-rank coal samples mainly
belong to small pores and micropores, followed by macro-
pores and mesopores, as displayed in Figures 8(a) and 8(b).
In addition, the total pore volume decreases first and then
increases with the rise of coal rank, as illustrated in Figure 8(e).
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Figure 8: Results of the low-temperature nitrogen adsorption experiment. (a) Pore volume distribution; (b) pore volume proportion; (c) pore
specific surface area distribution; (d) pore specific surface area proportion; (e) shows the relationship between total pore volume and
metamorphic degree; (f) shows the relationship between total specific surface area and metamorphic degree.
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Meanwhile, the pore specific surface areas of micropores
account for the largest proportion (over 67.57%) for all the
six coal samples, whereas those of mesopores and small pores
account for relatively smaller proportions, as presented in
Figures 8(c) and 8(d). Hence, it can be concluded that the
total pore specific surface areas of coal samples are mainly
determined by micropores, and the total specific surface area
decreases first and then increases with the rise of coal rank, as
illustrated in Figure 8(f).

3.2.2. Adsorption Isotherms and Pore Shape Characteristics.
The shape of adsorption isotherm obtained through the
low-temperature nitrogen adsorption experiment can reflect
the pore shape. According to whether an adsorption loop is
formed by the nitrogen adsorption isotherm, Chen and Tang
[35] divided the pore shapes into parallel plate pores, cylin-
drical pores, and ink-bottle-shaped pores. The pore shapes
are exhibited in Figure 9.

Figure 10 shows the nitrogen adsorption isotherms of
the six coal samples. The adsorption capacities of different
samples differ significantly. To be specific, the maximum
adsorption capacities of samples 1-6 are 1.569 cm3/g, 0.762
cm3/g, 7.135 cm3/g, 8.668 cm3/g, 8.055 cm3/g, and 10.566
cm3/g, respectively. Among them, sample 2 has the smallest
adsorption capacity while sample 6 has the largest adsorp-
tion capacity. The adsorption capacity varies in a U-shaped
trend, i.e., it decreases first and then increases, with the rise
of coal rank.

Based on the nitrogen adsorption isotherms, the six coal
samples can be classified into the following three categories
in accordance with the pore shapes given in Figure 9.

(1) Samples 1, 2, 5, and 6. Their adsorption isotherms
and desorption isotherms are separated, not overlap-
ping even at a low relative pressure. This shows that
the micropores are relatively developed in the four
samples, and most of the pores belong to parallel
plate pores with four open edges. In the adsorption
process, a turning point which corresponds to the
ink-bottle-shaped pores appears on the desorption
isotherm of sample 1 at the relative pressure of
about 0.5.

(2) Sample 3. Its adsorption isotherms and desorption
isotherms roughly overlap, indicating that it primar-
ily consists of cylindrical pores with one closed end.
Since such pores require equal relative pressures dur-
ing adsorption and desorption, the adsorption iso-
therms and the desorption isotherms are basically
not separated.

(3) Sample 4. Its adsorption isotherms and desorption
isotherms do not completely overlap in the whole
nitrogen adsorption process. Instead, they merely
roughly overlap at relatively low pressures and high
relative pressures, indicating the existence of open
permeable and impermeable pores in the sample.
Moreover, a turning point which corresponds to the
ink-bottle-shaped pores appears at the relative pres-
sure of about 0.5.

3.3. Joint Characterization of Pore Volume. The volumes of
mesopores and macropores can be accurately tested through
the high-pressure mercury injection experiment, while those
of micropores and small pores can be accurately determined
through the low-temperature nitrogen adsorption experi-
ment. Thus, in this study, the two experiments were com-
bined to jointly characterize the full-size pore volumes of
the six experimental coal samples.

The principle of joint characterization of full-size pore
characteristics is to take the mesopore and macropore
volume data from the high-pressure mercury injection exper-
iment and the micropore and small pore data from the low-
temperature nitrogen adsorption experiment as the full-size
pore volumes of the coal samples. The joint characterization
results are listed in Table 2.

The total pore volumes of the experimental six coal sam-
ples lie in the range of 0.0115-0.0284mL/g. Among them,
sample 1 has the largest pore volume and sample 3 has the
smallest one. The total pore volume varies in a U-shaped
trend, i.e., it decreases first and then increases, with the
increase of coal rank. Specifically, with respect to macropores
and mesopores, Sample 1 and sample 3 correspond to the
largest and smallest pore volumes, respectively. With respect
to small pores, sample 1 and sample 6 correspond to the larg-
est and smallest pore volumes, respectively. With respect to
micropores, sample 6 and sample 4 correspond to the largest
and smallest pore volumes, respectively. In the measured
data, micropores share a relatively consistent variation trend
with the total pore volume.

3.4. Joint Characterization of Pore Specific Surface Area.
According to the principle of joint characterization given in
Section 3.3, the pore specific surface areas of the six coal sam-
ples are characterized. The characterization results are listed
in Table 3.

The total pore specific surface areas of the six experimen-
tal coal samples lie in the range of 2.099-8.168m2/g. Among
them, sample 4 has the smallest pore specific surface area and
sample 6 has the largest one. The total pore specific surface
area also varies in an approximately W-shaped trend with
the rise of coal rank. The pore specific surface areas of all
the six coal samples present the following variation trend:
micropores>small pores>mesopores>macropores. In addi-
tion, under the condition of the same coal rank, the pore spe-
cific surface areas of small pores and micropores are much
larger than those of mesopores and macropores. This means
that mesopores and macropores contribute little to the pore
specific surface area of coal, while micropores are the main
contributor to it. Generally, the coal with a larger total pore

(a) Parallel plate pore (b) Cylindrical pore (c) Ink-bottle-typed pore

Figure 9: Pore shapes corresponding of the adsorption isotherms.
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specific surface area boasts stronger adsorption capacity.
Hence, micropores are the main controlling factor that deter-
mines the adsorption capacity of coal.

4. Discussion

4.1. Effect of Metamorphic Degree on Pore Volume. In this
section, correlation analysis was conducted on the pore vol-
umes and volatile matter contents of the six coal samples
after joint characterization. Through fitting, it is found that
the relationship between pore volume and volatile matter
content conforms to a binomial relationship. For all the six

coal samples, the pore volume varies in a trend resembling
a reverse parabola with the increase of the volatile matter
content (Figure 11).

Based on the correlation analysis on the results of fitting
between pore volume and volatile matter content, the follow-
ing conclusions can be drawn.

(1) The fitting degrees R2 of macropores, mesopores, and
micropores are all above 0.75, which means that the
fitting curves can well reflect the relationship between
volatile matter content and pore volume. In the stage
of lowmetamorphic degree (Vdaf > 25%), the volumes
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Figure 10: Nitrogen adsorption isotherms of experimental coal samples.
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of various pores all surge notably with the increase of
volatile matter content. In the stage of medium meta-
morphic degree (15% < Vdaf < 25%), they are rarely
affected by the volatile matter content, just changing
slightly. In the stage of high metamorphic degree
(Vdaf < 15%), they drop considerably with the increase
of volatile matter content

(2) The fitting degree R2 of small pores is 0.73, which
means that the fitting curves can roughly reflect rela-
tionship between volatile matter content and pore
volume. The pore volume grows continuously with
the increase of volatile matter content, indicating that
the volume of small pores is greatly affected by the
volatile matter content

Table 2: Joint characterization results of pore volume.

Sample
Pore volume (mL/g)

Total pore volume (mL/g)
Macropore Mesopore Small pore Micropore

Sample 1 0.0124 0.0040 0.0080 0.0040 0.0284

Sample 2 0.0087 0.0030 0.0057 0.0030 0.0204

Sample 3 0.0030 0.0010 0.0052 0.0018 0.0110

Sample 4 0.0047 0.0012 0.0047 0.0016 0.0122

Sample 5 0.0062 0.0022 0.0040 0.0046 0.0170

Sample 6 0.0054 0.0026 0.0055 0.0067 0.0202

Table 3: Joint characterization results of pore specific surface area.

Sample
Specific surface area (m2/g)

Total specific surface area (m2/g)
Macropore Mesopore Small pore Micropore

Sample 1 0.027 0.154 1.127 2.913 4.221

Sample 2 0.017 0.126 0.757 2.005 2.905

Sample 3 0.017 0.085 0.691 2.017 2.810

Sample 4 0.003 0.042 0.610 1.444 2.099

Sample 5 0.002 0.030 0.467 4.689 5.188

Sample 6 0.001 0.065 0.820 7.282 8.168
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Figure 11: Curves of fitting between volatile matter content and pore volume.
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4.2. Effect of Metamorphic Degree on Pore Specific Surface
Area. In this section, correlation analysis was conducted on
the pore specific surface areas and volatile matter contents
of the six coal samples after joint characterization. Through
fitting, it is disclosed that the relationship between pore spe-
cific surface area and volatile matter content conforms to a
binomial relationship. For all the six coal samples, the pore
specific surface area also varies in a trend resembling a
reverse parabola with the increase of the volatile matter con-
tent (Figure 12).

Based on the correlation analysis on the results of fitting
between pore specific surface area and volatile matter con-
tent, the conclusions are as follows.

(1) The fitting degrees R2 of macropores and mesopores
are both higher than 0.8, which means that the rela-
tionship between volatile matter content and pore
specific surface area is well reflected. With the
increase of volatile matter content, the fitting curves
of specific surface areas of macropores and meso-
pores present an upward trend, which demonstrates
that the numbers of macropores and mesopores grow
gradually

(2) The fitting degree R2 of small pores is 0.62, which
means that the relationship between volatile matter
content and pore specific surface area is roughly
reflected. In the stage of low metamorphic degree,
the pore specific surface area surges sharply, indicat-
ing the rapid growth of the number of small pores.
In the stage of medium metamorphic degree, it is

barely affected by the volatile matter content, and
the number of small pores changes slightly. The
stage of high metamorphic degree witnesses the
rapid decreases of pore specific surface area and
number of small pores

(3) The fitting degree R2 of micropores is 0.94, which
means that the relationship between volatile matter
content and pore specific surface area is excellently
reflected. In the stage of medium metamorphic
degree, the pore specific surface area changes insig-
nificantly, suggesting the small change of the number
of micropores. In the stages of low and high meta-
morphic degrees, it changes sharply, showing the
great change of the number of micropores

5. Conclusions

In this study, the pore size, pore size distribution, and
pore specific surface area of six different-rank coal samples
from typical mining areas in China were calculated based
on the results of high-pressure mercury injection and low-
temperature liquid nitrogen adsorption experiments. Further-
more, the full-size pore characteristic parameters of coal
samples were jointly characterized by the twomethods. Finally,
the influences of metamorphic degree on pore structure were
discussed. The following main conclusions were drawn:

(1) The results of the high-pressure mercury injection
experiment and the low-temperature nitrogen adsorp-
tion experiment on the six coal samples reveal that the
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Figure 12: Curve of fitting between volatile matter and pore specific surface area.
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specific surface area of micropores accounts for the
largest proportion, which indicates that micropores
determine the adsorption capacities of coal samples
and are the main space for gas adsorption. Besides,
with the increase of metamorphic degree, the pore vol-
umes and pore specific surface areas of the six coal
samples all decrease first and then increase

(2) The results of the two experiments also disclose that
the pore shape characteristics of the six coal samples
differ notably. Such differences are a proof of the het-
erogeneity of surface properties of coal samples

(3) According to the results of joint characterization, the
volumes and specific surface areas of micropores,
small pores, mesopores, and macropores exhibit
varying variation trends with the change of metamor-
phic degree. Specifically, the pore volume varies in a
U-shaped trend while the pore specific surface area
changes in an approximately U-shaped trend with
the increase of coal rank

(4) The fitting degrees of volatile matter content and
pore volume and those of volatile matter content
and pore specific surface area are all greater than
0.6. The fitting curves can well reflect the influences
and controlling mechanisms of metamorphic degree
on pore volumes and pore specific surface areas of
coal samples. With the increase of volatile matter
content, the pore volume and the pore specific sur-
face area both vary in a trend resembling a reverse
parabola
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