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Abstract

The influence of tectonic, geostatic, and mining stresses on coal and gas outburst (CGO) becomes more obvious with
increasing mining depth. The limitations of general experimental methods and test systems hinder the direct observation and
characterization of the dynamic responses of the multi-physical parameters associated with CGO. In this study, a custom-
made large-scale physical simulation test system was used to study the characteristics of outburst evolution under different
geo-stress levels, to overcome dynamic disasters in coal mines. The intensity and initial velocity of the outburst coal flow
increased with increasing geo-stress. The geo-stress changes and gas pressure released during the outburst process mainly
manifested in the relief and abutment stress zones, while the release of the elastic strain energy manifested in the abutment
stress zone. This showed that the sphere of influence of the change on the physical parameters, such as the geo-stress, gas
pressure, and elastic strain energy, is important for setting the drilling depth in measures to eliminate outburst. Interest-
ingly, there seems to be a mechanism that suppresses the excess energy released during the outburst process, such that the
solid—gas ratio of the two-phase outburst flow does not increase with increasing initial geo-stress. The dynamic outburst
phenomenon is not completely positively correlated with increasing geo-stress. The mechanism causes cyclical fluctuations
in the geo-stress, elastic strain energy, and gas pressure during the CGO process and pulse characteristics of the outburst
coal flow simultaneously.
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1 Introduction

Worldwide coal production increased by 250 Mt in 2018,
an increase of 3.3%. This growth can be significantly attrib-
uted to the 4.5% increase in coal production in China (Inter-
national Energy Agency 2019). More than 90% of China’s
coal production comes from underground mining, with
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year (Wang et al. 2018a, b, ¢). Coal mine disasters under
high geo-stresses that followed have become increasingly
serious, significantly restricting the efficient mining of
coal. Among the disasters are coal and gas outbursts (CGO)
(Singh 1984; Alexeev et al. 2004; Chen 2011; Dutka et al.
2013; Zhao et al. 2016; Sun et al. 2016; Wang et al. 2018a,
b, ¢). CGO is a dynamic phenomenon characterized by a
rapid release in the elastic strain energy and gas expan-
sion energy in the coal body (Valliappan and Zhang 1999;
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Sobczyk 2011; Skoczylas et al. 2014; Wang et al. 2018a,
b, ¢; An et al. 2019). A typical characteristic is the rapid
migration of the two-phase coal-gas medium in the road-
way. Significant casualties and equipment losses have been
reported in a short period of time (Lama and Bodziony 1998;
Aguado and Nicieza 2007). The mechanism of CGO, which
is a multi-factor-coupled dynamic disaster, remains unclear;
most results are based on empirical assumptions (Xue et al.
2014). It has been generally accepted that CGO is a result
of the combined effect of geo-stress, gas pressure, and the
inherent properties of coal (Wold et al 2008; Li et al. 2017).

The stress in a coal seam gradually increases with an
increase in the burial depth, resulting in the deformation
of the coal seam and a corresponding increase in the elas-
tic strain energy (Xie et al. 2019). A parametric analysis
through numerical simulations has shown that the risk of
CGO increases with increasing burial depth (Xue et al.
2014). To explore the mechanism of CGO, Alexeev et al.
(2004), Jasinge et al. (2011), Peng et al. (2015), Xie et al.
(2017) and Liu et al. (2019) studied the mechanical prop-
erties and failure mechanism of a coal-rock mass by con-
ducting conventional uniaxial/triaxial experiments. They
provided a basis for studying the initiation mechanism of
CGO and the mechanical evolution characteristics in the
development stage. The tectonic stress and its influence on
CGO has been gradually recognized in recent years. Stud-
ies have shown the formation of gas bags in the coal seam
under the action of tectonic stress, often leading to a CGO
(Li2001; Tu et al. 2016). Jiang et al. (2011) investigated the
relationship between magma intrusion and CGO in terms of
petrographic chemistry, micropores, and adsorption charac-
teristics of coal Cao et al. (2003).took chloroform extracts
from coal samples under a geological structure as a predic-
tor of CGO and concluded that structural deformation may
change the hydrocarbon generation potential of coal.

Lu et al. (2017) designed a multi-functional physical
simulation implementation system to conduct a physical
simulation experiment on CGO under the action of deep
high geo-stress and study coal-rock engineering problems
in complex stress environments Cao et al. (2019). proposed a
test system that can be used to apply axial (3000 t) and hori-
zontal symmetric (2000 t) loads on 1.5 mx 0.8 mx 0.8 m
specimens. Based on a CSIRO model, Li et al. (2018) pro-
posed a large-scale true three-dimensional CGO simulation
experiment system that can be used to apply true three-
dimensional gradient loading on test models with dimen-
sions of up to 1.5 mx 1.5 m X3 m. To simulate the mining
environment to a certain extent and facilitate the flexible
design of geological models, Nie et al. (2015) developed
a medium-scale physical simulation device for CGO. In
the above research, although the CGO was reproduced to
some extent, the influence of true triaxial multi-level stress
on CGO was not studied. Moreover, because of the lack of
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multi-parameter evolution data related to the CGO process,
no in-depth analysis has been conducted on the mechanism
of geo-stress in the CGO process.

In this work, a custom-made large-scale physical simu-
lation test system was developed to conduct experiments
on the characteristics of CGO evolution under different
geo-stress levels, to provide a better understanding of the
dynamic disaster mechanism in coal mines. We analyzed
the fluid dynamic phenomena, evolution process of the geo-
stress, release of the elastic strain energy, and variation in
the gas pressure during the CGO process. Accordingly, we
report the response characteristics of CGO under different
geo-stress levels, including the tectonic stress, in this paper.

2 Experimental Section
2.1 Sample Collection Site

Shuijiang Coal Mine is located in the northeast of Nanchuan,
Chongqing, China. The wellhead of the main adit is located
at 29° 11’ 15'N and 107° 16’ 52'E (Fig. 1). Currently, the
only exploitable K 1 coal seam is 1082 m deep; the absolute
gas emission is 9.83 m*/min, and the relative gas emission
is 48.75 m>/t. According to incomplete statistics, since the
first CGO (December 30, 1984), more than 110 CGOs have
been recorded. The initial CGO depth was 264 m, the maxi-
mum CGO intensity was 1050 t, and the maximum CGO gas
emission was 10° m>.

The mining area is a boat-like syncline structure with
compact folds and many faults, which have a destructive
effect on the coal seam. The geological structure in the
region was formed by the strong folds and fractures of the
Yanshan movement during the Cretaceous. The complex
fold structure significantly increases the risk of CGO in the
mine. The Longtan Formation of the Upper Permian is a
coal-bearing stratum, containing one layer of coal, namely
the K 1 coal seam. The coal seam structure is complicated,
and the main mining section is 0.7-3.2 m thick with an aver-
age thickness of 1.83 m. Figure 1 shows the thickness of the
formation and the characteristics of the coal seam.

Table 1 lists the basic parameters of the coal samples
collected from the mine. The coal samples were prepared
according to the test methods given by Su (2014) and Zhang
et al. (2018) as the coal briquette for the test. Table 2 lists
the detailed proportions.

2.2 Experimental System

To study the dynamic response characteristics of CGO
under different geo-stress levels, a custom-made multi-
field coupled large-scale physical simulation test system
(Fig. 2) was used to conduct experiments. The system can
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Fig. 1 Petrographic and geochemical characteristics of study site
Table 1 Basic parameters of the coal sample
Coal Proximate analyses (%) Adsorption Sulfur content (%)  True density (t/m* AP (mm Hg)  Firmness coefficient
seam constant
Mois  Ash VM PC a b
K1 030 2394 1290 6286 124 1.66 458 1.45 6.00 0.59
Mois moisture, VM volatile component, PC fixed carbon, AP initial discharge velocity of coalbed methane
Table 2 Briquette particle size distribution
Particle size (mm) <0.150 0.150-0.180 0.180-0.250 0.250-0.425 Polyvinyl acetate adhesive Gypsum Water
Mass percentage (%) 50.5 5.8 11.6 22.3 6.8 3 4
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Fig.2 Large-scale test system
for the physical simulation of
dynamic disasters in coal mines

Sensors placed around the specimen chamber

reflect the true triaxial stress state of the coal body in the
process of CGO under the action of gas—solid coupling.
In addition, the two-phase CGO flow enters the road-
way system, thus providing a more accurate simulation
of the dynamic process occurring in the coal mine. The
core components of the experimental system include a
power subsystem and a roadway subsystem. The power
system is the device generating the CGO. The specimen
chamber along with the true triaxial loading device can
reproduce the stress state of a coal body with a size of
400 mm X 400 mm X 1050 mm. Through multiple sets of
hemispherical cameras placed in the roadway, the motion
characteristics of the coal powder during CGO can be
observed. Based on this system, we can simultaneously

Fig.3 Schematic of the physical
simulation test system

Control system

determine the variations in the geo-stress and gas pressure
in the coal body during the CGO process.

A schematic for the experiment setup, as shown in Fig. 3.
The vacuum pump is used to ensure the purity of the CGO
gas during the experiments. The gas cylinder 1 (Cyl. 1)
provides CGO gas into the specimen chamber. The elec-
tromagnetic valve and pressure gauge are used to achieve
equal gradient injection of gas pressure until it reaches a
predetermined gas pressure value of 1.5 MPa. The gas cyl-
inder 2 (Cyl. 2) provides gas to the pressure relief device to
adjust the pressure difference between the specimen chamber
and the roadway. In this way, accurate control of gas pres-
sure in the coal body is achieved. The roadway subsystem
is directly connected to the specimen chamber through the

Powder subsystem Industrial control units

& Reduction valve —|®’— Flowmeter
-COJ- Vacuum pump @ Reversing valve

Pressure gauge
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pressure relief device. The control system is used to load the
geo-stress to the coal body. The two sets of industrial control
units collect the geo-stress, gas pressure, and image infor-
mation while transmitting them to an integrated computer.

2.3 Experimental Scheme

The influence of tectonic, geostatic, and mining stresses on
CGO is mainly reflected in the stress level and direction. In
common engineering measures, the purpose of reducing the
risk of coal mine dynamic disasters is achieved by removing
the stress values (Zhou et al. 2018; Aguado and Gonzilez
2009). As such, the experiments focus on the effects of
different stress levels on CGO. The stress state of a coal
body in front of the work face of a deep coal mine starts
from a quasi-hydrostatic pressure state. With the advance-
ment of the working face, the vertical stress increases from
a three-way isobaric state to the abutment stress zone and
then enters the relief stress zone (Xie et al. 2019). When the
ratio of the maximum horizontal principal stress to the mini-
mum horizontal principal stress is 0.6, the similarity ratio
of geo-stress is 12.0, and the gas pressure ratio is 1.0 (Cai
2002; Zhang et al. 2016; Zhao et al. 2018). Figure 4 shows

Fig.4 Stress state of specimen
and arrangement of gas pressure
Sensors

Init;
Ual str. €Ss  streg
Zo0ne S Zone

\

the stress loading mode during the test. It should be noted
that the stress loading of the four zones of the coal body in
our experiments was presented in a “jumping” manner. After
buffering in the recovered stress zone, the slope of stress
increasing in the vertical direction for different experiments
were 3.8 MPa/m, 7.7 MPa/m and 15.3 MPa/m, respectively.
The slope of stress increasing in the horizontal direction
for different experiments were 2.3 MPa/m, 4.6 MPa/m and
9.2 MPa/m, respectively. Table 3 lists the stress values in
each direction.

A total of nine stress measuring points are located inside
the loading head during the experiment, and a total of 36 gas
pressure measuring points are distributed concentrically in
different areas of the coal body. The following were the main
steps involved in the experimental process:

Sample preparation and Sensor arrangement: After the
raw coal was crushed, it was cold-formed under a pressure
of 12 MPa according to the mass ratio listed in Table 2.
It needs to be illustrated that in consideration of the
reconstructed coal has many advantages in experimental
study especially its homogeneous structure and excellent
repeatability, so the coal briquette coals were used in this

y
Abutment Stress A

Recovered

.Gas pressure
:
sensor
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Table 3 Geo-stress and gas

Gas pressure (MPa) Geo-stress (MPa)
pressure scheme
Vertical stress Horizontal stress 1# Horizontal
stress 2#
O11 O12 O3 O14 031 032 033 O34 03
1.5 1.0 1.5 2.0 0.5 0.6 0.9 1.2 0.3 1.0
2.0 3.0 4.0 1.0 1.2 1.8 2.4 0.6 2.0
4.0 6.0 8.0 2.0 2.4 3.6 4.8 1.2 4.0
Table 4 Outburst coal mass and RIO characteristics 1600 | ] 1mpa B —
Geo-stress Specimen mass  Ejected coal (kg) RIO (%) % iﬁga
(MPa) (kg) ¢ _ -
1.0 223.55 14.20 6.35 = T ] - ~
2.0 211.30 16.84 7.97 \5 — - , A
< - _
4.0 223.70 20.01 8.95 £ so0lm ] ,
=
=]
O
study. During the process of loading the coal sample into 400
the specimen chamber in batches, the gas pressure sen-
sor is buried, as shown in Fig. 4. After the coal sample is
formed in five times, the specimen is sealed. 0 . 2 3 4 5 6 7 8 9 10

Vacuum treatment: After sealing the specimen chamber,
a vacuum treatment is performed for 4 h, so that the pres-
sure inside the chamber is reduced to —0.1 MPa, thus
ensuring that the inside of the chamber is in a vacuum
environment.

Inflatable adsorption: The experimental gas (CO, was
used as CGO gas during the experiments) is injected into
the specimen chamber in stages until the gas pressure
stabilized at 1.5 MPa.

Geo-stress loading: The geo-stress was applied in stages
to the values, listed in Table 3, and stabilized for 1 h.
CGO trigger: The multi-stage pressure relief device is
adjusted to induce CGO and simultaneously trigger the
data acquisition system.

3 Results
3.1 Intensity of CGO

The most direct manifestation of CGO is the motion of the
coal and gas in the roadway. While quantitatively measur-
ing the destructiveness of CGO, the mass of the coal enter-
ing the roadway after CGO is generally used. Taking into
account the possible differences in the initial coal loading
mass during each experiment, the relative intensity of CGO
(RIO) is used as an indicator to evaluate the destructiveness
of CGO, which is defined as the ratio of the mass of coal
entering the roadway to that of the initial specimen (Geng
etal. 2017; Jin et al. 2018). Table 4 lists the total mass values
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Distance from the work surface (m)

Fig.5 Accumulation characteristics of coal within 10 m from the
working face

of the specimens and CGO intensity at different geo-stress
levels. As the geo-stress increases, the RIO increases signifi-
cantly, but not proportionally with the geo-stress. Reducing
the initial geo-stress in the coal seam is feasible for reduc-
ing the intensity of CGO. In addition, the working face is
divided into 10 zones up to a range of 10 m, and the coal
mass distribution in each zone is determined, as shown in
Fig. 5. The increase in the CGO intensity is reflected in each
zone, i.e., as the initial geo-stress increases, the mass of the
coal in each zone increases within 10 m from the front of
the working face. The mass accumulation characteristics of
the coal can directly reflect the energy consumption in the
dynamic process, i.e., the work required to carry the coal
powder. However, the scope of this research is limited to the
mechanism of CGO.

3.2 Visual Representation of CGO

The visual characteristic of the CGO phenomenon is that
under the action of gas drag force, the coal particles move at
a high speed in the roadway. It is difficult to directly obtain a
morphological representation of CGO and perform an exper-
imental simulation because of the rapid flow and expansion
of the gas, the impact of high-speed coal particles, and the
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complex wave system in the roadway. We recorded the entire
CGO process under different geo-stress levels using a domed
camera. Figure 6 shows single-frame images captured soon
after the CGOs were triggered. At 0.60 s, the volume frac-
tion of the coal particles ejected in the roadway is relatively
low, and only fine coal particles are present at the bottom of
the roadway. Comparing the frontier contours of the pulver-
ized coal under the different geo-stresses at this moment,
we find that the frontier of the pulverized coal expands
more widely with an increase in the initial geo-stress of the
coal seam. This indicates that the initial velocity of the coal
increases with increasing geo-stress. From this, we can con-
clude that the impact at the onset of CGO is enhanced under
high geo-stresses.

When the CGO lasted for 1.00 s, the volume fraction
of the pulverized coal increased. Comparing the results
obtained under different geo-stress conditions, we find that
the volume fraction of the pulverized coal increases the
most when the geo-stress is increased from 1 to 2 MPa.
However, when the geo-stress is increased from 2 to
4 MPa, the volume fraction is significantly reduced. This
unexpected result indicates that the dynamic phenome-
non of CGO is not completely positively correlated with
increasing geo-stress. In other words, there is a point at
which the trend in the geo-stress value reverses. When the
initial stress in the coal seam reaches this point, CGO is
no longer enhanced. In the extreme case, the geo-stress
increases indefinitely, and the flow velocity and solid—gas
ratio of the two-phase gas—coal medium are unlikely to
continue increasing. The cross-sectional area of the hole
and roadway will also limit the dynamic characteristics
of the two-phase gas—solid medium. More details are

provided in the discussion section. At 2.0 s, the coal under
a geo-stress of 1.0 MPa begins to subside, whereas the
CGO processes under geo-stress levels of 2.0 and 4.0 MPa
continue. This indicates that the flow time is less when the
geo-stress is low.

The most intuitive dynamic parameter of the coal is the
motion speed. Zhao et al. (2017) found the flow speed of
outburst coal from Zhongliangshan field to be 12.2 m/s,
which is one of the highest values calculated from field
data. The maximum speeds of outburst coal obtained by Jin
et al. (2018) and Sun et al. (2018) were 41.02 and 16.82 m/s,
respectively. The calculation method of the pulverized coal
speed during the CGO experiment usually depends on the
position of the frontier contour of the pulverized coal in the
image of a certain frame and the corresponding shooting
time. Undoubtedly, when the shooting frame rate during the
experiment is insufficient or when the focusing effect is not
ideal, it is difficult to calculate the pulverized coal speed,
and some interesting phenomena of the two-phase flow in
the CGO process will be lost. Since a black coal powder
corresponds to a gray value of 0, for a group of cameras, the
closer the pulverized coal is to the camera position, the lower
the gray value of the captured image. Therefore, directly
explaining the motion characteristics of outburst coal using
the gray value of the image of each frame can help avoid the
above problems, with convincing results.

Figure 7 shows the variations in the gray value of the
acquired images during the three CGO experiments. The
variations in the gray-scale value is defined as the difference
between the gray-scale value of the digital image during
the CGO process and the gray-scale value at the start of the
CGO. It is calculated as follows:

Fig.6 Images of the coal outburst during CGO
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Fig. 7 Variation in the gray-scale value of images taken during coal outburst

Vgray = Ggrayi - GgrayO’
where V,,,, represents the variations in the gray-scale value;

Grayi Tepresents the gray-scale value corresponding to the
i-th image; and G, represents the gray-scale value cor-
responding to the first image (that is, the start time of CGO).

Figure 7a shows that when the CGO lasts for 0.84 s, the
volume fraction of the coal particle is the highest under a
geo-stress of 1 MPa, and the gray value is the lowest. As
the geo-stress is increased to 2.0 and 4.0 MPa, the gray
values are lowest at 0.92 and 2.00 s, respectively. There-
fore, as the geo-stress increases, the solid—gas ratio of the
coal—gas flow after CGO becomes maximum much later.
Unexpectedly, the higher the geo-stress, the greater the
elastic strain energy stored in the coal. This should have
led to more pulverized coal. However, when the geo-stress
reaches 4.0 MPa, the gray value associated with the CGO
process is significantly reduced. This suggests that there
is a mechanism that suppresses the excess energy released
during the dynamic process. Furthermore, the gray-scale
value is not instantaneously minimized; it is character-
ized by multiple undulations, which indicate intermittent
characteristics of the CGO process. Figure 7b shows the
gray value information of the image captured when the
CGO lasts for 0.4 s. After the CGO is activated, the coal
powder is thrown instantaneously, and the gray value of
the image is reduced. At about 0.3 s, the gray value starts
to increase, indicating a decrease in the volume fraction of
the coal particles in the roadway. Subsequently, as shown
in Fig. 7a, after a brief recovery, the gray value once
again decreases. This intermittent characteristic of CGO
is related to the choking phenomenon of the two-phase
flow in the CGO cavern and the roadway (Jaworski and
Dyakowski 2002; Chen 2011).
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3.3 Geo-stress Characteristics of CGO

The effect of geo-stress on CGO is reflected in the elastic
strain energy reserve in the CGO preparation stage and in
the continuous failure of the coal body in the development
stage. Once the outburst is triggered, the coal body in the
relief stress zone is instantaneously transformed into a two-
direction force state. Accompanying phenomena include the
flow and desorption of the gas because of the differences in
the pressure gradients in the coal seam and roadway. These
represent the “coal—gas-surrounding rock-roadway” system,
which voluntarily transitions from an unbalanced state to
another equilibrium state, i.e., stress transfer takes places to
eliminate the imbalance.

Figure 8 shows the evolution process of the geo-stress in
the different parts of the coal seam during the CGO process.
The changes in the geo-stress during the CGO process are
mainly manifested in the relief stress zone and the abutment
stress zone, whereas the geo-stress in the recovered stress
zone and initial stress zone fluctuates only slightly in the
CGO process. In the relief stress zone, the horizontal stress
decreases faster than the vertical stress during the CGO pro-
cess. When the CGO lasts for 0.96 s, the horizontal stress
(4 MPa) is reduced to the lowest point (0.18 MPa), while
the stress in the vertical direction is still in the descend-
ing stage. Once the stress value drops to the lowest point,
it will increase again. This indicates that even if caverns
or multiple cracks are formed during the CGO process, the
coal body in the zone will have a certain supporting capac-
ity. When the stress value increases beyond the strength
of the coal body, it will be unloaded again. Figure 8a, e
show the fluctuations in the stress drop process. The geo-
stress change in the abutment stress zone lags behind that
in the relief stress zone, indicating that CGO is a dynamic



Influence of Geo-stress on Dynamic Response Characteristics of Coal and Gas Outburst 4827

process from the beginning of the relief stress zone to the
deep transfer of the coal body. Similarly, the abutment stress
zone also exhibits periodic fluctuations during the unloading
process. In the recovered stress zone, the geo-stress value
does not decrease during the CGO process; a small increase
is observed (Fig. 8c, g). This phenomenon is particularly
obvious under a geo-stress of 4.0 MPa. This is consistent
with the results obtained by Yin et al. (2015) and Xie et al.
(2019) in that the geo-stress concentration in front of the
work face will gradually move deeper into the coal seam
after CGO. During the three CGO tests, the geo-stress in the
initial stress zone remains the same.

Comparing the three experiments, we noticed that when
the initial geo-stress of the coal seam is 1.0 MPa, the stress
fluctuates during the CGO process, but after 4 s, the stress
in each zone returns to the original state. Notably, the phe-
nomenon still exists when the initial stress of the coal seam
is 2.0 MPa, but the vertical stress decreases before and after
the occurrence of CGO (Fig. 8e, ). When the initial geo-
stress of the coal seam increases to 4.0 MPa, the stresses
in both the relief stress zone and abutment stress zone are
significantly decreased. For example, the horizontal stress in
the relief stress zone is reduced from 1.2 to 0.44 MPa, and
the vertical stress is reduced from 2 to 0.42 MPa. This can be
attributed to the difference between the coal bearing capacity
and the geo-stress response. During the CGO process, the
geo-stress increases, and it is easier to reach the destruc-
tive strength of the coal body, which in turn produces more
coal particles. However, this does not mean that there is an
obvious kinetic phenomenon in the roadway, because from a
certain point of view, the amount of fluid medium increases,
and it is more prone to clogging during the flow (Jaworski
and Dyakowski 2002; Chen 2011; Zhou et al. 2019).

3.4 Evolution Characteristics of Elastic Strain
Energy

Although the occurrence of CGO is affected by many fac-
tors, its main energy sources are the geo-stress and gas pres-
sure. The influence of gas pressure on CGO is clear: the
CGO intensity tends to increase with the increase in the gas
pressure (Wang et al. 2018a, b, c¢; An et al. 2019). Based
on the mass of outburst coal in the roadway, Valliappan
and Zhang (1999) found that the gas expansion energy in
the process of CGO is much greater than the elastic strain
energy of the coal body. On this basis, Wang et al. (2018a,
b, ¢) concluded that the contribution of gas pressure dur-
ing a CGO is hundreds of times that of the geo-stress. Jin
et al. (2018) and Sun et al. (2018) ignored the influence of
geo-stress during the physical simulation experiment. Under
the single factor, the influence of gas pressure on CGO was
investigated, making the research target clearer. However,
there are drawbacks in employing the mass of the coal in

the roadway as an indicator for calculating the energy source
of CGO, because the elastic strain energy is not directly
involved in the handling of coal particles as in the case of
the gas expansion energy. Nevertheless, the strain energy
directly affects the coal body fracture during CGO, which is
directly related to the flow and impact dynamic characteris-
tics of the two-phase gas—solid medium. To this end, we dis-
cuss the evolution of the elastic strain energy during CGO,
which has rarely been done. Figure 9 shows the evolution of
the elastic strain energy under three different experimental
conditions. The elastic strain energy is calculated as follows
(Huang and Li 2014; Hashemi and Melkoumian 2016):

1
We=E[U%+0'§+0'§_ZM(0'102+6153+‘7263)]’ 1

where o/, 0,, and o5 represent the geo-stresses in the three
directions; u represents the Poisson’s ratio of the experimen-
tal specimen, u = 0.158 in the study; and E represents the
unloading modulus of the experimental specimen, E = 292
MPa in the study.

The release of the elastic strain energy during CGO is
manifested in the abutment stress zone. Its evolution pro-
cess is similar to the change process of the geo-stress, and
there are periodic cycle characteristics, indicating that the
strain energy is not instantly released during the CGO pro-
cess. This release characteristic is also an important factor
for the pulsing phenomenon of CGO. When the initial geo-
stress of the coal seam increases, the stored strain energy
increases. Therefore, in the first energy release cycle, the
energy release time under the 4.0 MPa test condition is
the longest, reaching 1.44 s. Thereafter, the time of energy
release and the number of cycles seem to be irregular. Based
on the above results, the stress relief of the coal seam should
be carried out around the abutment stress zone, so that the
energy release of the geo-stress during the CGO process can
be more effectively reduced.

Figure 10 shows the cumulative amount of the strain
energy in each cycle of the abutment stress zone dur-
ing the CGO process. When the geo-stress is 1.0 MPa,
the elastic strain energy decreases from 8.00x 1072 to
5.75%1073 T mm~ and then starts to increase. At 4 s, the
strain energy reaches 7.34 x 107> J mm™>. The strain energy
decreased by 8.25% during the entire process. For a geo-
stress of 2.0 MPa, the strain energy stored in the coal seam is
32.00%x 1073 mm™3. After two cycles of decline, it reduces
to 11.90x 1073 J mm™ and then begins to increase. Moreo-
ver, at 4 s, the strain energy is 19.61 X 1073 ) mm™3, and the
strain energy change rate during the CGO process is 38.72%.
In comparison, the strain energy at a geo-stress of 4.0 MPa
is reduced from the initial value of 128.00 x 10~ J mm~ to
the lowest value of 26.91 x 107> J mm™ and finally reaches
31.89x 1073 J mm™ after a slight rebound; the strain energy
change rate is as high as 75.09%. Obviously, the increase
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«Fig.8 Geo-stress evolution in different zones: a relief stress zone
(034), b abutment stress zone (o33), ¢ recovered stress zone (o3,), and
d initial stress zone (o3;) in the horizontal direction; e relief stress
zone (0,,), f abutment stress zone (0,5), g recovered stress zone (o,,),
and h initial stress zone (o,;) in the vertical direction

rate of the geo-stress is far less than the increase rate of the
elastic strain energy released during the CGO process. When
the initial stress of the coal seam is increased by four times
from 1 MPa, the elastic strain energy released increases by
more than nine times. From this point of view, when the
burial depth of the coal seam is high and the structural stress
increases sharply, the elastic strain energy can no longer be
ignored, and the influence of the geo-stress on CGO should
be equally emphasized.

3.5 Gas Pressure Characteristics of CGO.

Studying the critical gas pressure of CGO is an important
research direction for predicting the dynamic phenomena
(Skoczylas and Wierzbicki 2014). Currently, the criti-
cal gas pressures determined in China, Russia, and Czech
are 0.74, 1.0, and 0.15 MPa, respectively (Ding and Yue
2018). However, even if the gas pressure is below the critical
value, CGO can often occur. The geological conditions of
the coal seam, the mechanical properties of the coal body,
and the mining technology are different in each mining area.
Exploring the characteristics of the gas pressure change dur-
ing CGO is crucial for understanding the gas mechanism in
the CGO process and rationally determining the critical gas
pressure under multi-factor levels.

The gas evolution characteristics at the central position
of each section of the coal seam in the different zones of
CGO were selected for observation (Fig. 11). During the
process of CGO, the decreasing gas pressure in the relief and
abutment stress zones fluctuates; this is more obvious in the
relief stress zone. However, the gas pressure in the recov-
ered stress zone and initial stress zone appears to continue
to decrease. After the CGOs were triggered, the gas rapidly
expands through the CGO cavern and enters the roadway; its
flow velocity does not continue to increase. According to the
classical fluid mechanics theory, the flow rate of gas in the
process of flowing from the coal seam to the roadway must
satisfy the following relationship:

2 u2
+ 5= Constant, 2)

y—1

where ¢ represents the speed of sound; u represents the
speed of the CGO gas; and y represents the specific heat
ratio.

Therefore, the maximum speed that the outburst gas can
reach during the flow is the local speed of sound. When the
maximum speed is reached, the gas pressure after the sound
velocity section will no longer change. However, the gas
in the coal seam will continue to desorb, causing the gas
pressure to rise again. This is why the gas pressure in the
relief and abutment stress zones fluctuates. Moreover, as the
gas flows into the roadway, the CGO cavern acts as a link
where negative pressure disturbances are generated to form
multiple expansion and compression waves (Shapiro 1953;
Qian 1966; Shankar and Deshpande 2003). During the deep
propagation of the wave system to the coal seam, the direc-
tion of the CGO gas flow is opposite to the wave propaga-
tion, resulting in a slight increase in the gas pressure. In the
recovered and initial stress zones, the decrease in the gas
pressure during the CGO process is similar to that observed
in a conventional desorption process.

In the experiments, the three different geo-stress condi-
tions showed different gas pressure drop processes. As the
geo-stress increases, the pressure drop curve shows more
pronounced fluctuation characteristics (Fig. 11a, b). When
the geo-stress is 1.0 MPa, choking occurs twice in the pres-
sure drop process in the relief stress zone (C1 and C2 in
Fig. 11a); this is not observed in the abutment stress zone.
As the geo-tress increases to 2.0 MPa, there is a fluctuation
in the abutment stress zone (C1 in Fig. 11b). When the initial
geo-stress of the coal seam is 4.0 MPa, there are three obvi-
ous choking phenomena in the relief stress zone (C1, C2 and
C3 in Fig. 11a), and the abutment stress zone also has two
obvious fluctuations (C1 and C2 in Fig. 11b). The choking
observed in the pressure drop process is directly related to
the changes in the geo-stress during the CGO process. On
the other hand, when the geo-stress increases, the gas pres-
sure increases correspondingly, resulting in higher expan-
sion energy and elastic strain energy. During the process of
energy release, the outburst gas is more likely to reach the
critical speed of sound, resulting in more obvious choking.

In addition, it can be seen from Fig. 11c, d that in the
recovered stress zone and the initial stress zone, as the
geo-stress increases, the rate of gas pressure change during
CGO obviously increases. It is because the coal body in
these zones have not been damaged during the CGO process,
and the larger stress will cause greater deformation of the
coal body. The direct consequence is that the pore pressure
increases, resulting in a higher pressure gradient between the
coal seam and the roadway.

To further investigate the spatial difference in the gas
pressure changes in the coal seam during CGO, the gas pres-
sure data obtained from 36 test locations were processed
using a spline interpolation method (Sandwell 1987) to esti-
mate the gas pressure change at other positions in the coal
seam. Figure 12 shows the obtained gas pressure nepho-
gram at different times during the test. During the process
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of CGO, the pressure drop begins from the working face and
gradually develops into the deep coal seam. Due to the dif-
ference in the principal stresses in the horizontal and vertical
directions, the gas change in the coal seam does not exhibit a
symmetrical structure. For real coal seams, in addition to the
difference in the stress, the complex internal fissures and the
heterogeneity of the coal structure make the pressure drop
pattern more complicated. During CGO, the gas pressure is
largely released in the relief and abutment stress zones. If we
can determine the extent of this change in the gas pressure
during the process, it will aid in setting the drilling depth in
measures to eliminate CGO, such as advanced drilling and
hydraulic punching.

A comparative analysis of the presented results reveals
that the greater the geo-stress acting on the coal seam, the

faster the gas pressure drops. When the CGO lasted for
1.84 s, the area where the test gas pressure under a geo-
stress value of 4.0 MPa fell to zero was the widest. The same
conclusion can be drawn from the nephogram with a time
of 0.24 s. The gas pressure starts to drop from the center of
the coal seam and then spreads around the coal seam. When
the gas pressure in the same section is similar, the pressure
drop zone will continue to extend to the coal seam. This
shows that in the process of CGO, the coal body first breaks
in a direction parallel to the work face, thereby generating
a large number of cracks, so that the flow capacity of the
gas is drastically increased. In the direction of the vertical
work face, the damage to the coal body is delayed, which is
related to the stress state after the formation of CGO cav-
ern. In addition, a noteworthy phenomenon is that when the
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Fig. 12 (continued)

geo-stress is 1.0 MPa, the asymmetry in the gas pressure
change is most obvious. This may be because a lower stress
will result in more loose coal particles, making the gas flow
irregularity in the coal body more random. A more in-depth
analysis is required.

4 Discussion

4.1 Effects of Geological Structure and Geo-stress
on CGO

As shown in Fig. 13a, the geo-stress is accumulated in the
hinge zone of the fold under long-term geological extrusion.
It is stored in coal seams and rock formations in the form
of elastic potential energy. In particular, in the hinge zone
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of the syncline structure, the upper part of the coal seam is
subjected to a high static pressure of the overburden, and the
lower part is subjected to the resistance of the stratum; this
further squeezes the coal seam to form a relatively closed
system. This geological formation not only increases the
elastic potential within the coal seam, but also increases the
gas pressure. When the geo-stress in the rock formations
reaches a certain strength, the rock layer will break, and the
accumulated elastic potential energy will be released. The
fractured rock formation forms a fault structure, as shown in
Fig. 13b, during subsequent crustal movement. The elastic
energy is released to a certain extent because of the faults,
but at the same time, a pinch-out phenomenon of the coal
seam is observed. The geo-stress is significantly concen-
trated in the large fractures at the pinch out of the coal seam.
Generally, the greater the variation in the thickness of the
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Fig. 13 Schematic of mechani-
cal evolution during CGO
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seam, the greater the stresses generated in that area (Alva-
rez-Fernandez et al. 2009).

Furthermore, in terms of the coal quality characteristics
of the area, the coal bodies in the faults and folds have a
long-term geological effect, often exhibiting granular and

mylonitic features, so-called “outburst coal” (Cao et al.
2003). This coal is characterized by low strength, low per-
meability, and high stress sensitivity, which are also the
dominant factors for CGO. When the mining or excava-
tion face advances to the hinge of the syncline or the large

@ Springer



4834

B.Zhou et al.

fracture at the junction of the fault and coal seam, the accu-
mulated elastic potential is quickly released. Inside the coal
seam, the energy is released in the form of stress waves. For
the excavation side of the roadway, if the energy is enough
to break the coal barrier in the front relief stress zone, large
broken coal particles will be dumped. If there is no gas par-
ticipation in the process, this dynamic phenomenon is the
so-called rock burst. If there is a certain gas effect, CGO
will be triggered.

In summary, both the fold structure and the fault structure
increase the geo-stress and the elastic strain energy in the
coal seam. In addition, this structural stress simultaneously
changes the properties of the coal body and the conditions
under which the gas is present. The combined effect of these
factors often leads to CGO in geological structural belts.

4.2 Energy Dissipation Process Under Different
Geo-stresses

In the preparation stage of CGO, the energy inputted to the
coal seam mainly includes two parts: elastic strain energy
and gas expansion energy. As the geo-stress value increases,
the elastic strain energy gradually increases. Furthermore,
the energy dissipation in the CGO process mainly includes
the energy required to break the coal units and the kinetic
energy of the CGO coal separating the working face (Hodot
1966; Valliappan and Zhang 1999; Jin et al. 2018; Sun et al.
2018). Obviously, an increase in the stress will result in
more broken coal particles and higher initial velocity of the
crushed coal during CGO. Based on a statistical analysis

conducted on a coal mine in Chongqing, China, with data
from the past 30 years, Guo et al. (2010) determined the
common shapes of CGO holes, as shown in Fig. 14.

In most cases, the size of the coal seam is much greater
than the CGO mouth and roadway. Therefore, the CGO
pulverized coal flow path can be simplified to the structure
shown in Fig. 15. On the one hand, the geo-stress makes the
coal mass more vulnerable, thus forming more coal particles
in the process of CGO. When a large amount of pulver-
ized coal flows through the CGO mouth, obvious choking
phenomenon occurs, and at the same time, the more the
pulverized coal, the more likely the occurrence of this phe-
nomenon. On the other hand, if the outburst coal with a high
solid—gas ratio is regarded as a pseudo-fluid when flowing
through the structure, shown in Fig. 15, the flow velocity
will increase due to the contraction of the section until the

—_— O Gas
Flow direction & Codl
- CGO Mouth

Fig. 15 Schematic of mechanical evolution during CGO
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Fig. 14 Common shapes of CGO holes in a coal mine
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critical sound velocity is reached. A higher geo-stress will
cause coal particles to exhibit greater initial velocities, mak-
ing it easier to reach the critical speed of sound. This is
another reason for the choking of the two-phase coal-gas
flow during the CGO process.

Furthermore, the increase in the geo-stress of the CGO
will lead to an increase in the pore pressure. The change in
the gas expansion energy is also a cause of the difference
in the dynamic phenomenon. The above-mentioned struc-
ture, which is similar to a nozzle, seems to explain some of
the unexpected phenomena, such as the velocity of the coal
particles, the change in the coal seam gas pressure, and the
change in the geo-stress in the process of CGO. However,
the CGO process remains complex, particularly with regard
to the two-phase flow. In addition, we only discussed the
influence of several phenomena under different stress lev-
els on the dynamic response of CGO. In terms of the geo-
stress, the lateral pressure coefficient, stress concentration
factor, and horizontal stress difference coefficient will also
affect this dynamic phenomenon, which can be attributed
to the direction of the geo-stress. This is subject to further
research.

5 Conclusions

The influence of the tectonic, geostatic, and mining-induced
stresses on CGO is mainly reflected in the magnitude and
direction of the stress. We developed a custom-made large-
scale physical simulation test system to conduct experimen-
tal research on the dynamic response characteristics of CGO
to different geo-stress levels, to overcome dynamic disasters
in coal mines. We analyzed the characteristics of the motion
of solid-phase pulverized coal, evolution of the geo-stress
acting on the coal seam, and variations in the elastic strain
energy and gas pressure in the process of CGO. The fol-
lowing conclusions can be drawn from the experimental
research conducted:

(1) When the initial geo-stresses of the coal seam are 1.0,
2.0, and 4.0 MPa, the CGO relatively intensities are 6.35,
7.97, and 8.95%, respectively, i.e., the CGO intensity
increases with increasing geo-stress. The initial velocity
of the outburst coal also increases with increasing geo-
stress. Releasing the stress can significantly reduce the
CGO intensities, and at the same time reduce the initial
kinetic energy of the coal-gas two-phase flow. However,
we observed a mechanism that suppresses the excess
energy released during the dynamic process, such that
the solid—gas ratio of the CGO two-phase flow does not
continue to increase with increasing initial geo-stress. In
addition, the outburst coal exhibits intermittent vibration
characteristics.

(2) The geo-stress changes during the CGO process
are mainly manifested in the relief and abutment stress
zones, whereas the geo-stress in the recovered and ini-
tial stress zones exhibits only slight fluctuations. There-
fore, the release of stress must extend to at least the
abutment stress zone. Simultaneously, the geo-stress
change in the abutment stress zone lags behind that in
the relief stress zone, indicating that CGO is a dynamic
process from the beginning of the relief stress zone to
the deep transfer of the coal body. The change in the
geo-stress is not a monotonous process; it appears to
fluctuate during the CGO.

(3) The release of the elastic strain energy during CGO
is manifested in the abutment stress zone. This shows
that effectively determining the extent of the stress
concentration zone is the key to reducing the energy
of CGO. The release of the strain energy during CGO
process also exhibits periodic characteristics. When the
initial stress of the coal seam is increased by four times
from 1 MPa, the elastic strain energy released increases
by more than nine times. Therefore, when the burial
depth of the coal seam is high or when the structural
stress increases sharply, the elastic strain energy can no
longer be ignored in the analysis of CGO energy.

(4) During the process of CGO, the gas pressure
decrease in the relief and abutment stress zones shows
fluctuation characteristics; this is more obvious with
increasing geo-stress. In addition to the relief stress
zone, both the gas pressure drop rate and decrease
amount during the CGO process increase with increas-
ing geo-stress. This indicates that increase in geo-stress
will significantly increase the release of gas expansion
energy during the CGO process. The gas pressure
starts to decrease from the center of the coal seam and
then spreads around the coal seam. The gas pressure is
largely released in the relief and abutment stress zones.
As such, it we can determine the extent of the change
in the gas pressure during this process, it would aid in
setting the drilling depth in measures to eliminate CGO.

Based on the above conclusions, the following prospects
can be drawn to guide the prevention and understanding of
CGO in-situ: In deep coal mines, the contribution of the
elastic strain energy to the CGO caused by the increased
geo-stress will increase significantly. Therefore, the search
for the limit equilibrium stress zone and the division of the
stress distribution zone in front of the working face are
essential to prevent CGO. In addition, with the increase
of geo-stress, a choking phenomenon will spontaneously
occur in the coal seam, which will mislead workers to feel
that the CGO dynamic phenomenon is weakened, but the
energy in the coal seam is not released. When the CGO
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cavern increases and the choking disappears, this part of
energy will still be released once again.

The present study was based on the analysis of physi-
cal simulation experimental results. Some of the findings
require further verification of the field data, though this will
be difficult for dynamic phenomena such as CGO. Neverthe-
less, this study can serve as a basis for analyzing the mecha-
nism of geo-stress in the process of CGO.
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