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Abstract:
To explore the occurrence mechanism of compound dynamic disasters in coal rocks,
this study conducted a true triaxial test simulating gas extraction and stress loading
and unloading conditions. To differentiate behaviors among disaster types, the effects of
acoustic emission energy, temperature and impact force were analyzed during disaster
incubation. The results revealed that different simulation depths lead to varying types
of compound dynamic disasters. Compared to rockburst-outburst compound dynamic
disasters, outburst-rockburst compound dynamic disasters exhibited higher relative outburst
intensity and critical gas pressure. Deep coal rock disasters were characterized by long
incubation and short excitation. As a threshold for disaster type transformation, a critical
gas pressure range of 2.2-2.8 MPa was identified. During incubation, the temperature
generally increased, with greater variation in the coal seam than at the coal-rock interface.
During excitation, the temperature dropped sharply, with smaller variation in the coal
seam. Outburst-rockburst disasters consistently showed higher temperature variation than
rockburst-outburst disasters. Impact force evolution in roadways followed a similar pattern
across disaster types: initial impact → intensification → peak → attenuation, with a
peak effect. The peak impact force increased linearly with critical gas pressure, with
outburst-rockburst peak growth rates being 47.76 times higher than rockburst-outburst peak
growth rates. This study provides important insights into the multi-parameter evolution
characteristics of deep coal rock compound dynamic disasters, offering a scientific basis
for disaster prediction and control.

1. Introduction
Coal is a significant resource in China, accounting for

55.3% of the country’s total energy consumption in 2023.
However, many dynamic disasters have occurred in the un-
derground coal mining process (Díaz Aguado and González
Nicieza, 2007; Chen et al., 2012; Zhou et al., 2018a). Coal
and gas outbursts, along with rockbursts, represent two of
the most common dynamic disasters encountered in coal
mining operations (Xue et al., 2011; Jiang et al., 2012; Qiu et
al., 2023). Coal and gas outburst is an extremely complex

mine gas dynamic phenomenon encountered in coal mine
production, in which a large amount of coal is suddenly thrown
out from the coal body to the roadway or mining space in
a very short time along with a large amount of gas (Li et
al., 2015; Xu and Jiang, 2017; Zhang et al., 2022a). Rockburst
occurs when coal and the surrounding rock are in a state of
high stress and the accumulated elastic deformation energy
is suddenly released under the effect of external disturbance,
leading to sudden and drastic destruction, collapse or ejection
of the coal rock. This phenomenon is usually accompanied
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Fig. 1. Schematic diagram of two compound dynamic disaster occurrence modes: (a) Rockburst-outburst compound dynamic
disaster and (b) outburst-rockburst compound dynamic disaster.

by violent vibrations, loud noise and gas waves (Konicek et
al., 2013; Dong et al., 2020).

In the past decades, numerous academics have extensively
studied the mechanism, prediction and prevention measures
of coal and gas outburst and rockburst and made significant
achievements (Tang et al., 2022; Li et al., 2023; Soleimani et
al., 2023; Wang et al., 2024). The mining depth is currently
growing by 10∼25 m/year, with the majority of coal mines
now operating beyond 1,000 m and some exceeding depths of
1,500 m (Xie et al., 2019). However, the interaction between
the two dynamic disasters began to emerge and intensify after
the commencement of deep mining, displaying a compound
occurrence of the two dynamic disasters (Zhang et al., 2019).
In China, such events are often referred to as compound
dynamic disasters (Lu et al., 2020a). They may be mutually
induced, mutually strengthened, or produce a resonance effect
in the process of disaster incubation, occurrence and devel-
opment (Zhao and Jiang, 2010; Wei et al., 2018). Compound
dynamic disasters possess both the characteristics of coal and
gas outburst and rockburst, making them difficult to classify
the accidents as a single mine dynamic disaster type (Dong et
al., 2020). The intensity of the latter disasters once they occur
is greater and more violent, easily leading to sudden major
disasters and accidents (Li et al., 2007, 2021; Hu et al., 2015).
For example, the Sunjiawan Coal Mine’s “2·14” incident, the
rockburst induced a serious gas explosion, resulting in 214
deaths and 30 injuries. In the Pingdingshan Coal Mine, the
“6·29” and “11·12” incidents involved a rockburst triggering
coal and gas outburst accidents. The Xinyi Coal Mine’s “7·11”
incident saw a floor faulting-induced rockburst that triggered
a coal and gas outburst. In the Yangou Coal Mine, the “11·8”
incident involved a particularly large coal and gas outburst
during rock cross-cut coal uncovering, which induced a floor
rockburst, leading to 2 deaths and 1 injury (Wang et al., 2016;
Zhu et al., 2018). Therefore, investigating compound dynamic
disasters in deep coal rock through experimental research is
crucial to better understand disaster mechanisms and enhance
the prediction, prevention and control capabilities.

Petukhov (1983) initially introduced the idea of a unified
approach to studying rockburst and coal and gas outburst,
highlighting the need for a unified theory. Subsequently, Zhang
et al. (1991) put forward the unified instability theory of
rockburst and coal and gas outburst on the basis of the
deformation and failure mechanism of coal rock. According

to this theory, both rockburst and coal and gas outburst
are dynamic instability processes that occur when the coal
rock deformation system is disturbed under the condition of
unstable equilibrium. However, the occurrence of coal and
gas outburst is affected by gas, in contrast to rockburst that
ignores the effect of gas. However, the above model did
not consider the factors of mutual transformation and mutual
induction between rockburst and coal and gas outburst. Since
then, an increasing number of scholars have reproduced the
evolution process of dynamic disasters through laboratory
experiments, theoretical analysis and numerical simulations,
studying the occurrence mechanism, prediction, early warning,
and prevention of compound disasters (Dou et al., 2014; Zhou
et al., 2019). Lu et al. (2020b) carried out extensive experi-
mental research and found that the occurrence process of coal
and gas compound dynamic disasters exhibits distinct stages
and precursors. Wang et al. (2025) established a compound
disaster energy equation that takes into account the influence
of the elastic energy of the roof, derived a disaster energy
criterion considering the effect of the roof’s elastic energy,
and introduced COMSOL to conduct numerical simulations
of coal seam mining under different in-situ stresses and gas
pressures. The research results indicated that stress conditions
are crucial to the occurrence of dynamic disasters and that the
gas effect cannot be neglected. Furthermore, many scholars
have classified the types of compound dynamic disasters
(Shepherd et al., 1981; Wang and Du, 2019), among which
two widely recognized types are rockburst-outburst compound
dynamic disasters and outburst-rockburst compound dynamic
disasters. Their occurrence modes are shown in Fig. 1.

In summary, deep coal rock compound dynamic disasters
have emerged as a critical challenge hindering the safe and
efficient extraction of coal resources. These incidents are influ-
enced by various factors, including in-situ stress, gas pressure,
and the mechanical characteristics of coal rock, with intricate
mechanisms and development processes (Sobczyk, 2011; Xue
et al., 2016; Yang et al., 2019; Zhang et al., 2022b). While
prior research has provided foundational insights into the
mechanisms behind coal and gas compound dynamic disasters,
there is a notable gap in studies that treat gas-containing
coal rock structures as integrated systems. Specifically, there
has been limited systematic investigation into the mechanisms
of compound dynamic disasters triggered by the coupled
instability of coal, rock and gas during loading processes.
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Furthermore, the differences in the behavior of Acoustic
Emission (AE) energy, temperature and post-disaster impact
force during the incubation of different compound dynamic
disasters have not been explored.

In this research, a true triaxial apparatus was employed
to perform a series of experiments on compound dynamic
disasters at various simulated depths. The incubation and
excitation processes of these disasters were monitored using
an acoustic emission system. The evolution of coal rock tem-
perature, roadway impact force, and the intensity of different
compound dynamic disasters were systematically examined.
Furthermore, the conditions under which these disasters in-
duce and transform into each other were investigated along
with the underlying mechanisms. The findings are crucial for
enhancing our understanding of the mechanisms of compound
dynamic disasters and enhancing the prediction and prevention
strategies.

2. Experimental methodology

2.1 Model similarity
In physical simulation experiments, it is crucial to main-

tain a high level of consistency between the model and the
prototype in the studied physical processes. The similarity of
two physical phenomena encompasses multiple dimensions,
including geometric, kinematic and dynamic similarities. Ear-
lier experimental research primarily emphasized similarity in
the following areas (Skoczylas, 2012, 2014; Cao et al., 2019;
Geng et al., 2020):

(1) Mechanical similarity
According to the similarity theorems, the outburst coal

mass can be approximately regarded as a stage-wise linear
elastomer. By applying the equation analysis method to per-
form similarity transformations on the fundamental equations
of elasticity, corresponding similarity index equations can be
obtained.

Taking the equilibrium equation as a basis, the similarity
criterion considering body forces K1 is (Nie et al., 2019):

K1 =
σ

Lγ
= c (1)

where σ represents the stress, MPa; L represents the length,
m; γ represents the bulk density, kg/m3; c is a constant.

Thus, the similar index C1 is obtained, that is:

C1 =
Cσ

CLCρ

= 1 (2)

where Cσ represents the stress similarity constant, CL repre-
sents the geometric similarity constant, and Cρ is the body
force similarity constant.

The similar index C2 is obtained from geometric equations,
namely:

C2 =
CεCL

CS
= 1 (3)

where Cε represents the strain similarity constant, and CS
represents the displacement similarity constant.

The similar indexes C3 and C4 can be obtained from the
constitutive equation, namely:

C3 =
CSCE

Cσ

= 1 (4)

C4 =
CεCE

CµCσ

= 1 (5)

where CE represents the elastic modulus similarity constant,
and Cµ represents the Poisson’s ratio similarity constant.

(2) Kinematic similarity
Next, the kinematic similarity ratio of the test models needs

to be examined, which mainly includes two aspects: velocity
similarity and acceleration similarity.

Velocity similarity (Nie et al., 2019):

Cv =
vp

vm
(6)

where Cv represents the velocity similarity constant; vp rep-
resents the prototype velocity, m/s; vm represents the model
velocity, m/s. Substituting and cancelling the time parameter
yields Cv =

√
CL.

Acceleration similarity:

Ca =
ap

am
(7)

where Ca represents the acceleration similarity constant; Ct
represents the time similarity constant; ap represents the proto-
type acceleration, m/s2; am represents the model acceleration,
m/s2. Substituting and cancelling the time parameter yields
Ca =Cv/Ct .

(3) Unsteady similarity
The coal-gas two-phase flow is unsteady, and its motion

state is changing all the time in the roadway, therefore it is
necessary to ensure the similarity of its motion with time (Jin
et al., 2018). The unsteady similarity of the model can be
tested by the Strouhal number:

Srp

Srm
=

Lp

νptp
Lm

νmtm

=

Lp

Lm
νptp

νmtm

=
CL

CvCt
=

CL√
CL

√
CL

= 1 (8)

where Lp represents the prototype length, m; Lm represents
the model length, m; tp represents the prototype time, s;
tm represents the model time, s; Srp represents the Strouhal
number in the prototype; Srm represents the Strouhal number
in the model.

The test results meet the requirements, so the designed
model can be used to simulate the motion characteristics of
coal-gas two-phase flow.

2.2 Sample preparation
The test coal samples were selected from the Pingdingshan

Coal Mine in Henan Province, central-eastern China, which is
a compound dynamic disaster mine. It is of great engineering
significance to choose these coal samples as the research
object. Due to challenges in acquiring large quantities of raw
coal, briquette samples were utilized, a common practice in
investigating coal mine dynamic disasters (Wang et al., 2018;
Zhang et al., 2021). Firstly, raw coal lumps were manually
broken down into smaller fragments, followed by mechanical
crushing to achieve finer particles. Various particle sizes were
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Fig. 2. True triaxial coal rock compound dynamic disaster simulation test device. (a) Schematic diagram of test device, (b)
sensors layout and (c) roadway.

Table 1. Ratio scheme of briquette.

Particle size (mesh) Particle size (mm) Mass ratio (%)

20∼40 0.425∼0.85 29.3

40∼60 0.25∼0.425 16.5

60∼80 0.18∼0.25 8.2

80∼100 0.15∼0.18 4

> 100 0∼0.15 42

then separated through sieving. Studies have indicated that
briquettes produced by crushing non-structural coal to specific
particle sizes and compacting them at defined ratios exhibit
mechanical strength, adsorption and desorption characteristics
comparable to those of natural structural coal (Skoczylas et
al., 2014; Yuan, 2016).

At present, there is no uniform regulation on the proportion
of briquette in laboratory tests. Therefore, on the basis of
previous research experience (Zhang et al., 2022a), this paper
carries out the proportion of briquette building on the theory
of maximum density curve. The maximum density curve is
an ideal curve proposed by Fuller through experiments. It is
considered that solid particles are arranged regularly according
to particle size, and the density can be maximized and the
pores are minimized. As a result, briquette specimens with
physical and mechanical properties similar to those of raw
coal are obtained. The relevant expression is:

Q =

√
d
D
×100% (9)

where Q represents the passing percentage of the required
pulverized coal particle size, %; d represents the required
pulverized coal particle size, mm; D is the maximum particle
size of pulverized coal, mm.

The coal powder particle size is screened into five intervals
of 20∼40, 40∼60, 60∼80, 80∼100, and > 100 mesh. Accord-
ing to Eq. (9), the final proportions are shown in Table 1,
where the > 100 mesh part contains 5% cement binder. After

conducting a lot of tests, it is found that the rock samples
with a sand cement: water mass ratio of 8:5:1 meet the test
requirements. The average water content of different particle
size ranges is measured to be 1.148 %. To make the briquette
bond better, part of water was added to the test to make the
water content of the briquette reach 2%, and the proportioned
coal powder was sealed and stored for the test. Considering
the safety of laboratory tests, nitrogen was selected instead of
methane for testing (Sobczyk, 2014; Yang et al., 2021).

2.3 Test system and scheme
In this study, a self-developed true triaxial coal rock com-

pound dynamic disaster simulation test device was designed,
as shown in Fig. 2. The test system is mainly composed
of in-situ stress loading system, hydraulic control system,
gas pressure loading system, straight roadway system, impact
force monitoring system, and other acquisition and control
systems.

The in-situ stress loading system includes a load console,
press, hydraulic oil cylinder, and connecting pipeline. The
cavity size is 200 mm × 200 mm × 200 mm, which supports
a maximum loading pressure of 25 MPa. The system has
24 sensor interfaces, including for gas injection, acoustic,
electrical, force, and thermal sensors. An 80 mm diameter
outburst mouth is located at the front, with a plexiglass baffle
simulating a weak surface to induce disasters. The roadway
system consists of straight roadways, supports and observing
windows (Fig. 2(c)) connected by 24 sections, each 1,000 mm
long, with a rectangular cross-section of 200 mm × 200 mm.
Sensor mounting holes are placed on the right side of the
roadway for future research on the migration monitoring of
two-phase flow in the roadway. The impact force is monitored
using a TP-1MP voltage-type overpressure sensor with a 1,000
Hz sampling frequency and 200 K sampling length, and is
triggered manually. The temperature is measured with a PT100
platinum resistor. The acoustic emission probe and temperature
sensor are positioned as shown in Fig. 2(b).

Research has indicated that the emergence of compound
dynamic disasters is primarily associated with roof-coal inter-
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Table 2. Initial stress loading scheme.

Depth (m)
In-situ stress (MPa) Test stress (MPa)

σH σh σv σ ′
H σ ′

h σ ′
v

1,000 48.94 28.29 26.91 4.01 2.32 2.24

1,200 58.72 33.81 32.29 4.82 2.77 2.69

1,400 68.5 39.33 37.67 5.62 3.22 3.14

1,600 78.28 44.85 43.05 6.42 3.68 3.59

1,800 88.06 50.37 48.43 7.22 4.13 4.04

2,000 97.84 55.89 53.81 8.02 4.58 4.49
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Fig. 3. Schematic diagram of stress loading.

actions, whereas coal-floor interactions are less frequently
linked to such incidents. In addition, considering the size of
the triaxial pressure chamber of the testing machine, if the
designed rock strata are too many or too thick, this will lead
to the thinning of the coal seam and thus affect the test results.
Therefore, this paper establishes a coal seam-roof combination
model to conduct physical simulation tests for the whole
process of compound dynamic disaster manifestation under
different depths in deep mines.

On the basis of the actual thickness ratio of coal seam
to roof, the thickness of roof and coal seam is designed to
be 40 and 160 mm, respectively, and the coal and rock mass
are 8 and 4 kg, respectively. The density of briquetted coal
and briquetted rock is 1,250 and 2,500 kg/m3, respectively.
According to the similarity theory and coal mine parameters,
coal is taken as the object for calculation. It can be known
that Cρ is 1.032, CL is 11.8, Cσ is 12.2, and Cp is 1. Cai et
al. (2013) measured the in-situ stress in Pingdingshan mining
as shown in:

σH = 0.04+0.0489H

σh = 0.69+0.0276H

σv = 0.01+0.0269H
(10)

where σH , σh and σv represent the maximum horizontal
principal stress, minimum horizontal principal stress, and
vertical principal stress, respectively, MPa; H is depth, m.
After calculation, the specific initial stress loading scheme is
shown in Table 2.

The specific test steps are as follows:

1) Sample pressing: Raw coal sampling → crushing →
screening → determination of water content → propor-
tioning → pressing (Zhang et al., 2022a).

2) Plexiglass baffle installation: Fit an acrylic glass plate
with a sealing ring in the outburst mouth by extruding it
in direct contact with the coal surface to simulate outburst
weak face.

3) Tightness checking: Connect each operating system to
check the air tightness of the pressure chamber. If the
result is good, carry out the next test, otherwise continue
to check the airtightness.

4) Vacuum and inflatable adsorption: Evacuate the triaxial
pressure chamber for about 3 h to make the vacuum reach
-0.1 MPa. Then, inject nitrogen to simulate pore pressure
adsorption for 24 h.

5) Stress and gas pressure loading: The initial stress loading
scheme is shown in Table 2. According to the Specifica-
tion of Coal and Gas Outburst Prevention in China, the
critical gas pressure is 0.74 MPa. Therefore, the minimum
gas pressure is set to 0.6 MPa. Firstly, each stage is loaded
with 0.2 MPa increments up to 1 MPa and stabilized for
2 min at each stage. Then, to simulate the gas extraction,
drainage is performed on each system to make the gas
pressure of 0.5 MPa or less and stabilized for 2 min. After
gas extraction, horizontal unloading axial loading are
performed to simulate the dynamic change of the support
pressure in front of the working face during mining, with
each level of unloading being 0.5 MPa and stabilized for
2 min. Subsequently, the gas pressure is set at 0.2 MPa
per level, as shown in Fig. 3. This cycle is repeated until
the disaster occurs and the test is completed.

6) Data collection and collation: Save and extract the data
measured by the acoustic emission monitor, impact force
monitoring equipment and data acquisition instrument
in the whole process of coal rock compound dynamic
disaster.

7) Repeat the test: Repeat the above steps, replace the initial
three-dimensional stress, and carry out the next set of
tests. To avoid chance events, repeat each set of tests
three times.
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Table 3. Test results under different simulation depths.

Depth (m)
Critical gas
pressure
(MPa)

Average
(MPa)

Absolute
outburst
intensity
(kg)

Average
(kg)

Relative
outburst
intensity
(%)

Average
(%)

Peak impact
force (MPa)

Average
(MPa)

Farthest
throw
distance (m)

1,000
(Rockburst-
outburst)

1.803 1.793 5.794 5.961 48.29 49.68 0.0672 0.0675 11.49

1.737 1.793 6.228 5.961 51.91 49.68 0.0692 0.0675 11.49

1.839 1.793 5.861 5.961 48.85 49.68 0.0661 0.0675 11.49

1,200
(Rockburst-
outburst)

2.032 2.047 7.036 7.072 54.90 55.18 0.0711 0.0706 11.53

2.006 2.047 7.226 7.072 56.38 55.18 0.0713 0.0706 11.53

2.103 2.047 6.954 7.072 54.26 55.18 0.0694 0.0706 11.53

1,400
(Outburst-
rockburst)

2.821 2.829 8.418 8.436 70.15 70.30 0.0955 0.0976 > 13.45

2.811 2.829 8.531 8.436 71.09 70.30 0.1035 0.0976 > 13.45

2.855 2.829 8.359 8.436 69.66 70.30 0.0938 0.0976 > 13.45

1,600
(Outburst-
rockburst)

2.816 2.824 7.649 7.747 70.15 64.56 0.0938 0.0926 > 13.45

2.825 2.824 8.033 7.747 71.09 64.56 0.0944 0.0926 > 13.45

2.831 2.824 7.559 7.747 69.66 64.56 0.0896 0.0926 > 13.45

1,800
(Rockburst-
outburst)

2.135 2.120 6.995 6.835 58.29 56.96 0.0698 0.0730 11.55

2.096 2.120 6.761 6.835 56.34 56.96 0.0737 0.0730 11.55

2.129 2.120 6.749 6.835 56.24 56.96 0.0755 0.0730 11.55

2,000
(Outburst-
rockburst)

2.828 2.815 7.595 7.476 63.80 62.80 0.0905 0.0876 > 13.45

2.816 2.815 7.569 7.476 63.58 62.80 0.0844 0.0876 > 13.45

2.801 2.815 7.264 7.476 61.02 62.80 0.0879 0.0876 > 13.45

2.4 Experimental phenomena
At present, the professional description terms of outburst-

rockburst compound dynamic disaster phenomenon have not
been unified, hence the following description still refers to
coal and gas outburst. Using our self-developed true triaxial
test system, a series of compound dynamic disaster induction
tests with different simulation depths were carried out. The
gas-bearing coal rock system was subjected to extrusion de-
formation and failure under the coupling effect of adsorption
and desorption and the mining disturbance. When the gas
pressure in the cavity reached a critical value, the coal rock
mass became unstable. The outburst weak surface baffle was
destroyed, and the gas entrained coal dust and crushed rock
particles were ejected from the outburst mouth, indicating
the occurrence of a dynamic disaster. The test results under
different simulation depths are shown in Table 3. Average
values were used for subsequent analysis.

Following the disaster, several phenomena could be ob-
served such as the destruction shape of holes, the quality and
distribution of coal rock, the degree of crushing, the throwing
distance, the transportation characteristics, sorting and dy-

namic manifestation. Meanwhile, the deformation and damage
characteristics of coal seam roof were studied. Following Pan
et al. (2024)’s research, this paper regards 1,000, 1,200, and
1,800 m as rockburst-outburst compound dynamic disasters,
and 1,400, 1,600, and 2,000 m as outburst-rockburst compound
dynamic disasters.

For the rockburst-outburst compound dynamic disaster, the
ejection of broken coal rock mass forms a large empty roof
area, as shown in Fig. 4(a), which is prone to cause large-scale
collapse and caving of hard roof strata, and then induce roof
fracture-type rockburst. Many broken rock blocks accumulate
in the cavity. Due to the low critical gas pressure, a small
number of small rock blocks are dragged into the first roadway
under the action of gas pressure (Fig. 4(c)), and the ejection
distance of coal rock is relatively short.

The process of outburst-rockburst compound dynamic
disaster is roughly the same as the coal and gas outburst
phenomenon. When the disaster occurs, the coal samples
are strongly sprayed out radially under high gas pressure,
accompanied by a huge sound. The outburst intensity and
speed are extremely high. The strong shock wave during the
outburst causes a small depression in the roof strata above the
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Fig. 4. Dynamic disaster phenomena. (a)-(b) Roof fracture pattern, (c) roadway coal rock distribution and (d) Fragmentation
of coal rock.
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Fig. 5. Distribution characteristics of coal rock.

outburst mouth, and a small-scale peeling occurs at the central
position (Fig. 4(b)). The destroyed outburst weak surface is
ejected along the simulated roadway, and its outburst distance
is far beyond the farthest outburst distance of coal powder.
The coal powder collection bags located at the roadway’s
end are drawn into the tunnel, a behavior consistent with
earlier experimental observations (Zhang et al., 2022a). This
indicates that both coal dust and gas move rapidly through
the tunnel, compressing the air ahead and creating a negative
pressure effect. The presence of this negative pressure is
further supported by the development of impact forces, which
is discussed in Section 3.4.

3. Results and analysis

3.1 Distribution and strength characteristics of
coal rock

The outburst coal rock mass exhibits a decreasing charac-
teristic and the energy gradually attenuates during the outburst
process. As shown in Fig. 5, the ejected coal rock mass of
tests is mainly concentrated in the range of 5.45∼7.45 m. As
the ejection distance increases, the proportion of coal rock
mass decreases gradually. However, the coal rock distribution
characteristics of the two different types of disaster are not
the same. The distribution of rockburst-outburst does not show
obvious sorting and transportation characteristics, the mass of
coal rock in 11.45∼13.15 m is less than 1%, and the farthest
throw distance is 11.55 m. The coal rock concentration areas
of the three groups are different, namely 5.45∼9.45 m, 5.45∼
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Fig. 6. Relative outburst intensity and critical gas pressure
under different simulation depths.

7.45 m and 1.45∼7.45 m, respectively. On the contrary,
the outburst-rockburst coal rock distribution exhibits obvious
sorting and transportation characteristics and the throwing
distance is far, that is, greater than 13.45 m. In the range
of 0∼5.45 m, the coal rock is distributed evenly, accounting
for 11.7%∼18.9% of the total mass, and the distribution
characteristics of the three groups of different simulation
depths are similar. As the throwing distance increases (> 7.45
m), the mass proportion of coal rock gradually decreases.
During excitation, significant adsorbed gas is released and
then migrates deeper, driving coal rock movement. When
the gas is completely desorbed, the gas expansion energy
provided is not sufficient to transport the coal rock mass, and
the outburst terminates. Throughout this process, the energy
gradually attenuates.

The coal rock relative outburst intensity and critical gas
pressure curves under different simulation depths are shown
in Fig. 6. With the increase in simulation depth, the relative
outburst intensity and critical gas pressure show an overall “N”
trend. When the simulation depths are 1,000, 1,200 and 1,800
m, the relative outburst intensity and critical gas pressure are
at a relatively low level, that is, 49.68%, 55.18%, 56.96% and
1.793, 2.047, 2.120 MPa, respectively. Large-scale collapse
occurs in the roof strata because the outburst of the coal seam
under the combined action of gas pressure, in-situ stress and
mining stress leads to the instability of the entire system.
This in turn triggers the rockburst of the roof, resulting in
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Fig. 7. Evolution characteristics of AE energy under different simulation depths. (a) 1,000 m, (b) 1,200 m, (c) 1,400 m, (d)
1,600 m, (e) 1,800 m and (f) 2,000 m.

a rockburst-outburst compound dynamic disaster. The roof
extends and becomes damaged from the outburst mouth to
the right rear, and the collapsed rock blocks piles up in the
cavity. There are many cracks on the surface of the non-
collapsed roof, and the roof may be further damaged along
the cracks when subsequent disturbances occur. When the
simulation depths are 1,400, 1,600 and 2,000 m, the relative
outburst intensity and critical gas pressure are at relatively high
levels, namely 70.3%, 64.56%, 62.8% and 2.829, 2.824, 2.815
MPa, respectively. However, there is no large-area collapse of
the roof strata and only small-area peeling occurs. After the
outburst, the coal seam exhibits the characteristics of small
mouth and large cavity, and an outburst-rockburst compound
dynamic disaster takes place. This compound dynamic disaster
is dominated by outburst, and small impact disturbances
cause many cracks in coal rock masses, providing structural
conditions for the desorption and expansion of gas. The elastic
energy of external inflow provides the energy conditions for
the gas to relieve the constraints of coal rock mass. The energy
released during gas desorption and expansion drives the further
breakdown of coal rock, supplying both energy and transport
mechanisms for the ejected material, and potentially triggering
coal and gas outbursts. Consequently, the disaster’s behavior
and features resemble those of typical coal and gas outbursts.
The intensity of the outburst shows a strong relationship with
the critical gas pressure, suggesting that gas expansion energy
is the primary force behind coal rock movement during the
disaster initiation phase.

The test results indicate that the type of compound dy-
namic disaster has minimal correlation with coal seam depth:
Whether at shallower depths (1,000, 1,200, 1,400 m) or greater
depths (1,600, 1,800, 2,000 m), either of the two disaster types
can occur. The disaster type is primarily influenced by the
stress conditions, gas pressure and the coal seam’s physical
properties. After the coal seam enters deep mining, compared
with single coal and gas outbursts and rockburst accidents, the
intensity of coal rock compound dynamic disasters is greater,

the critical gas pressure is lower, and low-index disaster
accidents often occur.

3.2 Evolution characteristics of AE energy
The essence of the incubation, occurrence and development

of compound disasters in deep coal rock is a multi-scale
competitive evolution process in which the gas expansion
energy and coal rock deformation energy are accumulated
microscopically, manifested macroscopically, and released in
the scale of engineering under the solid-gas coupling effect of
human mining-induced gas and coal. During this period, the
two types of energy compete and accumulate. AE monitoring
enables the acquisition of extensive data on deformation and
damage within coal bodies, precisely detecting the micro-
fracture events associated with coal rock mass instability.
Given the unclear mechanisms behind deep coal rock com-
pound dynamic disasters, this study conducted research on
the AE energy evolution during coal fracture across various
simulated depths, holding significant practical value for the
effective prediction and prevention of such disasters in coal
mines.

Taking the theory of Mechanical Mechanism of Coal and
Gas Outburst proposed by Hu et al. (2015) and the change
of AE energy amplitude with time as bases, the incubation
of coal rock compound dynamic disasters can be divided
into two stages: Early incubation and later incubation, while
the excitation stage is divided into the early excitation and
excitation moment. In this study, the characteristics of disaster
incubation, incubation time, gas pressure, and AE energy
parameters under different simulation depths were analyzed.

On the basis of the collected AE signal data, Table 4
and Fig. 7 are obtained after processing. By comparing and
analyzing the test results of different simulation depths of
compound dynamic disasters, the following rules are set forth:

1) The compound dynamic disaster of deep coal rock
exhibits the typical characteristics of long incubation
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Table 4. AE signal parameters.

Depth (m) t1 (s) t2 (s) t3 (s) E1 (105

mv·ms)
E2 (105

mv·ms)
E3 (105

mv·ms)) K1 K2 K3 K2/K1 K3/K2

1,000 1,271 713 43 1.339 3.078 4.516 105.37 243.95 3,342.45 2.32 13.70

1,200 1,154 1,303 51 2.204 6.433 8.492 190.94 324.61 4,035.58 1.70 12.43

1,400 1,144 2,911 101 1.843 20.536 24.507 161.15 642.13 3,931.78 3.98 6.12

1,600 1,212 2,448 133 2.557 18.967 24.824 210.96 670.31 4,403.31 3.18 6.57

1,800 921 1,696 86 1.206 6.628 9.686 130.97 319.71 3,555.16 2.44 11.12

2,000 1,189 2,801 319 1.601 18.819 31.545 134.69 614.69 3,989.31 4.56 6.49

Notes: t denotes time, E denotes cumulative AE energy, K denotes the cumulative AE energy growth rate, and the subscripts 1, 2
and 3 represent early incubation, later incubation and early excitation, respectively.

and short excitation. The incubation and excitation time
of rockburst-outburst compound dynamic disaster are
shorter than those of outburst-rockburst compound dy-
namic disaster. As the simulation depth increases, the
incubation time gradually decreases, while the early
excitation time gradually increases. For different types
of compound dynamic disasters, with the increase in
simulation depth, the initial in-situ stress gradually in-
creases, and the initial damage of coal rock masses
under high in-situ stress is obvious. Since the critical
gas pressure is relatively low when a rockburst-outburst
compound dynamic disaster occurs, the incubation time
gradually increases. In contrast, the incubation time of
outburst-rockburst compound dynamic disasters gradually
decreases. However, the early excitation time increases
with the increase in simulation depth, indicating that
the precursor time of deep compound dynamic disasters
is longer. Before the occurrence of these disasters, the
AE signals of coal rock become active, and appropriate
warnings can be issued in time.

2) The AE energy undergoes an evolution process of sta-
tionary → rising → peak. In the early incubation stage,
the AE energy remains fluctuating at a low level, indi-
cating that under the effects of gas pressure loading and
extraction, as well as stress loading and unloading, the
coal body has experienced the formation and expansion
of multiple micro-cracks. In-situ stress provides a prereq-
uisite for the occurrence of disasters, while the increase
in gas pressure provides power for coal ejection. Similar
to the coal and gas outburst process, compound dynamic
disasters also experience four stages: early incubation,
later incubation, excitation-development, and termination.
This shows that coal rock compound dynamic disaster is
a mechanical process involving the failure of coal rock
masses and energy accumulation and release. In the early
excitation stage, the AE energy fluctuates abnormally and
continues to rise, reaching its maximum value at the
moment of excitation, which leads to a sudden release
of deformation energy and gas expansion energy.

3) Analyzing the gas pressure evolution curve in Fig. 7,
during the stabilization process after gas extraction, the

gas pressure first increases and then decreases. With
the loading and unloading of stress, the gas pressure
continues to decrease. This is because after gas extraction,
the initial gas adsorbed in the coal seam desorbs, resulting
in a slight increase in gas pressure. When the gas pressure
is balanced, the coal continues to adsorb gas, leading to
a decrease in gas pressure. During the stress disturbance
stage, cracks and fractures are generated in the coal, the
specific surface area increases, and the coal adsorption
capacity is enhanced. Since the desorption critical value
has been reached, the desorption capacity is weakened,
and the adsorption rate is greater than the desorption rate,
so the gas pressure shows a continuous downward trend,
and the greater the gas pressure before drainage is, the
greater the decrease.

According to Table 4 and Fig. 8, the cumulative AE energy
of outburst-rockburst compound dynamic disasters is greater
than that of rockburst-outburst compound dynamic disasters.
Under different simulation depths, the cumulative AE energy
in the early incubation stage is relatively low, fluctuating be-
tween 1.206×105 and 2.557×105 mv·ms. When reaching the
later incubation stage, the cumulative AE energy of outburst-
rockburst compound dynamic disasters is significantly greater
than that of rockburst-outburst compound dynamic disasters,
and the cumulative AE energy increases sharply in the early
excitation stage, posing a strong risk. The cumulative AE en-
ergy growth rates in the early incubation, the later incubation,
and the early excitation stages are defined as K1, K2, and
K3, respectively. The rockburst-outburst compound dynamic
disaster K2/K1 value is 1.7-2.44 times, and that of K3/K2 is
11.12-13.7 times. The outburst-rockburst compound dynamic
disaster K2/K1 value is 3.18-4.56 times, and the K3/K2 value
is 6.12-6.57 times. The K2/K1 value is higher in outburst-
rockburst compound dynamic disasters, while that of K3/K2
is higher in rockburst-outburst compound dynamic disasters.
The cumulative AE energy of the compound dynamic disaster
evolution process experiences a slow growth → rapid growth
→ sharp increase. Therefore, real-time monitoring of the mine
working environment using acoustic emission equipment can
provide early warnings of dynamic disasters.
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Fig. 8. Evolution of AE parameters under different simulation
depths.

3.3 Evolution characteristics of coal seam
temperature

In the incubation and excitation stages of compound dy-
namic disasters, gas will be adsorbed and desorbed, during
which energy conversion takes place, accompanied by the
change in coal seam temperature (Ren et al., 2024). Usually,
before the disaster strikes, the coal seam temperature changes
abnormally. By analyzing the coal seam temperature changes
during the incubation and excitation stages of the disaster,
one can explore the feasibility of predicting and preventing
compound dynamic disasters based on coal seam temperature
changes.

The temperature evolutions of the same type of compound
dynamic disasters are similar. Due to space limitations, a set
of data for each disaster is selected for analysis. Figs. 9 and 10
show the evolution curves of gas pressure and temperature with
time at simulation depths of 1,200 and 2,000 m, respectively.
Throughout the disaster incubation, the temperature generally
shows a rising trend, with increases of 0.56∼0.94 ◦C and
0.88∼1.50 ◦C, respectively. During the gas extraction stage,
there are obvious fluctuations, showing first decrease and then
rise. When the gas pressure increases from 0.6 to 1.0 MPa,
the coal temperature rises steadily. This is because under the
action of in-situ stress, cracks and micro-cracks are generated
in the coal body, breaking the initial adsorption equilibrium
of the coal seam. At this time, as the gas pressure increases,
the coal seam continues to adsorb. However, adsorption is
an exothermic process, leading to a continuous increase in
coal seam temperature. During gas extraction, the gas pressure
gradually decreases and the adsorbed gas in the coal seam is
desorbed, leading to heat loss and a fluctuating decrease in
temperature. After the drainage, the gas is still desorbed and
the temperature continues to decrease. In the stress disturbance
stage, the adsorption rate is greater than the desorption rate,
resulting in fluctuating increases in the coal seam temperature.
When the disaster is excited, the temperature drops sharply,
and there is a delay effect in the temperature change at the coal
rock interface. This is because the transmission of temperature
requires time. When the coal seam temperature decreases,
there is a delay in the transmission to the coal rock interface,

which is generally 1∼2 s. It can also be found that after the
outburst, the temperature change in the coal seam is greater
than that in the incubation stage. When the simulation depths
are 1,200 and 2,000 m, the temperature changes (∆T ) are -
0.99∼-1.21 ◦C and -1.62∼-2.27 ◦C, respectively.

For different positions in the coal seam, the temperature
variations from T1 to T6 increase successively in the incubation
stage and decrease successively in the excitation stage. The
reason is that the air inlet is in the middle of the left side,
close to T3 and T6. In the incubation stage, the coal seam
adsorbs a large amount of gas, resulting in a temperature
rise. Therefore, ∆T6 > ∆T4, ∆T3 > ∆T1. When outburst occurs,
since T1 and T4 are close to the outburst mouth, after the
outburst, the coal mass gradually destroys from the mouth
to the surroundings, resulting in a decrease in coal mass
temperature. As the outburst continues, the fracture network
generated in the coal mass develops toward the deep part of
the coal seam, providing a flow channel for the gas generated
by static desorption in the deep coal seam. This makes the
temperature decrease in the deep coal seam smaller than that
near the outburst mouth. In addition, at the coal rock interface,
there are differences in the physical and mechanical properties
between the coal seam and the rock mass. Since the outburst
generates shock waves towards the interior of the coal seam,
when the shock waves propagate to the interface between
the coal seam and the rock mass, strong transmission and
reflection phenomena occur, causing the stress on the coal
seam to increase exponentially. As a result, the coal mass
is subjected to severe compression, and when this exceeds
the bearing strength of the coal mass, the coal mass will be
crushed and destroyed (Zhou et al., 2021). As such, the coal
mass at this position is more severely damaged than the central
position of the coal seam, resulting in more fractures, which is
conducive to the migration of gas generated by desorption in
the deep coal seam. At the same time, it also takes away the
heat of the coal mass, leading to a larger decrease in coal mass
temperature at this position compared to the central position.
That is, ∆T1 > ∆T4, which is consistent with the previous
conclusions (Ren et al., 2024), indicating the accuracy of the
test.

By contrastively analyzing the temperature evolution of
two different types of disasters, we can observe that the
temperature evolution of six measuring points at 2,000 m
are relatively consistent, which fluctuates with the changes in
gas pressure and stress. However, the temperature evolution
at 1,200 m is relatively abnormal, consistent with the char-
acteristic of abnormal gas content before the occurrence of
rockburst-outburst compound dynamic disasters. In addition,
whether it is the incubation or the excitation, the temperature
variation of outburst-rockburst compound dynamic disasters
is always higher than that of rockburst-outburst compound
dynamic disasters.

The evolution of temperature change in T2 at edge of
the coal seam and that in T5 at the coal seam center under
different simulation depths are shown in Fig. 11. Both ∆T2
and ∆T5 gradually increase with time, whereas ∆T5 is greater
than ∆T2. At the same position, the temperature change in the
outburst-rockburst compound dynamic disaster is greater than
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Fig. 9. Evolution of temperature and gas pressure with time at 1,200 m. (a) The entire process and (b) enlargement of excitation
moment.
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Fig. 12. Evolution of roadway impact force. (a) 1,200 m and (b) 2,000 m.

that in the rockburst-outburst compound dynamic disaster. As
shown in Fig. 11, the ∆T2max of rockburst-outburst compound
dynamic disaster is 0.33∼0.94 ◦C and the ∆T5max is 0.87∼1.16
◦C, while the ∆T2max of rockburst-outburst compound dy-
namic disaster is 0.62∼1.1 ◦C, and the ∆T5max is 0.89∼1.62
◦C. In the incubation stage, the coal seam gas continuously
accumulates, and a large amount of free coal seam gas is
stored in the coal seam through adsorption. The coal seam
releases heat during the process of adsorption, causing the
coal temperature to rise. Inside the coal seam, due to the
small difference in the coal seam, there is no significant
difference in the thermal conductivity of coal at different
positions. Meanwhile, the relatively small thermal conductivity
of coal is not conducive to heat dissipation, achieving the effect
of heat preservation, which results in a relatively high coal
temperature at the center of the coal seam. At the coal rock
interface, there is a transition zone from coal to rock, where the
significant difference in coal rock composition makes the coal
rock mass with higher thermal conductivity more conducive to
heat dissipation, ultimately leading to a significant difference
in coal temperature between the edge and the center of the
coal seam.

3.4 Evolution characteristics of impact force
The impact force diminishes significantly toward the far

end of the roadway, often becoming negligible, while the
force near the outburst mouth more accurately represents the
energy released. Consequently, the impact force sensor was
positioned 1,000 mm away from the outburst mouth on the
roadway side. The changes in roadway impact force at various
simulation depths were analyzed at this fixed measurement
point, as illustrated in Fig. 12.

The evolution of the roadway impact force at 1,200 and
2,000 m are shown in Figs. 12(a) and 12(b), respectively. The
findings of comparative analysis of the results of the two types
of disasters are as follows:

1) For different types of compound dynamic disasters, the
evolution of impact force in roadway is roughly the

same. It undergoes the process of initial impact →
increased impact → peak → impact attenuation, showing
a peak effect. Previous studies have shown the same
phenomenon (Zhang et al., 2022a). As shown in Fig.
12, violent fluctuations of the impact force occur from
0 to 120 ms, and there is negative pressure. This is
because at the moment of outburst, the migration speed
of the coal-gas two-phase flow is high, and the wave
front squeezes the air in the roadway. In the stage of
impact intensification, 1,200 and 2,000 m reach the peak
points at 672.89 and 556.62 ms, respectively, with peak
impact forces of 0.0706 and 0.0876 MPa, respectively.
The latter growth rate of impact force is 1.69 times
that of the former, indicating that the outburst-rockburst
compound dynamic disaster has a strong impact airflow,
resulting in greater impact destructiveness. The reason is
that when outburst-rockburst compound dynamic disaster
occurs, the critical gas pressure is higher and a large
amount of gas expansion energy is accumulated (Zhang
et al., 2022a). This energy is released suddenly, causing
the impact force to rapidly increase to its peak value.
Meanwhile, the rockburst-outburst compound dynamic
disaster is dominated by rockburst and supplemented
by outburst, and the released energy is mainly elastic
deformation energy. A large amount of broken coal rock
accumulates in the cavity or near the outburst mouth, and
a small amount of coal rock powder is transported to the
far end of the roadway under low gas pressure. Therefore,
its peak impact force is smaller and the growth rate is
slow.

2) The outburst process occurs intermittently and repeatedly
with paroxysmal nature. According to the partial enlarge-
ment of the initial impact stage, the impact force shows
irregular fluctuations for a period after the outburst is ini-
tiated, with a wide range of fluctuations, large amplitude
and long duration, showing obvious turbulence charac-
teristics. This indicates that the outburst process occurs
intermittently and repeatedly with paroxysmal nature.
This intermittent re-excitation process makes the outburst



72 Zhang, X., et al. Advances in Geo-Energy Research, 2025, 16(1): 60-76

show pulsating development characteristics. There are 16
and 17 main pulsating phenomena occurring at 1,200 and
2,000 m, respectively. After the occurrence of each main
pulsating phenomenon, many secondary pulsating phe-
nomena will follow. The pulsation range of the rockburst-
outburst compound dynamic disaster is relatively large,
and many pulsation transitions still occur in the stage of
impact intensification. This is caused by abnormal gas
pressure during the disaster.

The peak impact force varies with critical gas pressure and
simulation depth, as shown in Fig. 13. The peak impact force
in outburst-rockburst compound dynamic disaster is higher
than that in rockburst-outburst compound dynamic disaster.
With the increase in simulation depth, the average values
of peak impact force are 0.0675, 0.0706, 0.0976, 0.0926,
0.073, and 0.0876 MPa, respectively. The impact force of
different disaster types changes linearly. In this work, the
critical gas pressure is divided into two intervals, P < 2.2 MPa
and P > 2.8 MPa, namely outburst-rockburst and rockburst-
outburst compound dynamic disasters. The piecewise fitting
equation of the peak impact force and gas pressure is shown in
Eq. (11). In different intervals, the peak impact force increases
linearly with the critical gas pressure, and the growth rate
of the peak impact force of the outburst-rockburst compound
dynamic disasters is 47.76 times that of the impact-outburst
compound dynamic disasters. This indicates that when the gas
pressure increases to a certain value, a slight change will cause
huge shock disturbance, resulting in immeasurable losses. In
this study, there is a value of gas pressure between 2.2 and
2.8 MPa, which leads to the transition of disaster type from
rockburst-outburst to outburst-rockburst. This is because as the
gas pressure increases, the bursting liability of the coal grad-
ually weakens, and when it reaches a certain value, the coal
seam has no bursting liability and the probability of coal and
gas outburst increases. That is to say, in the gas-bearing coal
seam where rockburst and outburst can occur, there is a critical
value of gas pressure. When the gas pressure is higher than
this critical value, the outburst-rockburst compound dynamic
disaster with coal and gas outburst as the main disaster occurs;
when the gas pressure is lower than this critical value, the
rockburst-outburst compound dynamic disaster with rockburst
as the main disaster occurs. Wang et al. (2010) showed that
the critical value of gas pressure for rockburst-outburst induced
transformation is 2 MPa, at which point the coal seam exhibits
no bursting liability. This is similar to the results obtained in
this paper, indicating the reliability of the test:

F1 = 0.0134P+0.0434, R2
1 = 0.8891(P < 2.2 MPa)

F2 = 0.64P−1.715, R2
2 = 0.9329(P > 2.8 MPa)

(11)

where F1 and F2 are peak impact forces, MPa; P is the gas
pressure, MPa.

4. Discussion
Outburst-rockburst compound dynamic disasters mostly

occur in the case shown in Fig. 14(a). For the working
condition of this test, it is known that the small impact in the
coal rock body leads to the generation of numerous fractures,
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Fig. 13. Variation in peak impact force with critical gas
pressure and simulation depth.

providing optimal conditions for the desorption and expansion
of the gas. At the same time, the inflow of elastic energy from
the outside provides the required energy conditions for the
gas to release the constraints of the coal rock. The release of
internal energy of gas desorption and expansion promotes the
further fragmentation of the coal rock, thus providing energy
and carrier for the transport of outburst material, which can
induce coal and gas outburst. The several compound dynamic
disasters that occurred in Pingdingshan mines No. 8, 10 and
12 belong to this kind of situation. In the second group of
outburst-rockburst compound dynamic disasters, there are gas-
bearing structures in the coal rock. When the impact breaks
its gas overflow channel, the gas will suddenly expand and
coal and gas outburst is likely to occur, as shown in Fig.
14(b). The third case outburst-rockburst compound dynamic
disaster is shown in Fig. 14(c). When the coal seam floor
contains rock strata with high elastic modulus, plastic failure
and dilation occur at both ends of the floor under high stress
conditions, while the rock strata with high elastic modulus
remains intact and unplastically damaged (Zhu et al., 2018).
Consequently, the dilation-induced expansion stress is applied
to the high elastic modulus rock strata and generates horizontal
compressive stress that tends to cause upward elastic buckling
of the floor, resulting in the sealing of normal gas effusion
channels in the coal rock mass. Simultaneously, the localized
compression of the coal rock mass leads to the formation of
cracks, reducing pore pressure and causing adsorbed gas to
desorb into free gas. Once the stress borne by the floor reaches
its bending strength, it leads to fracture and impact; the gas
effusion channels in the compacted coal rock mass will be
opened, thereby inducing coal and gas outbursts. An example
of this scenario is the “7·11” compound dynamic disaster at
Xinyi Coal Mine. The mechanism of roof rockburst-induced
coal and gas outbursts is similar, except that the active role
comes from the downward buckling of the roof.

Rockburst-outburst compound dynamic disasters predom-
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Fig. 14. The incubation and occurrence process of two types of compound dynamic disasters. (a)-(c): Development and
occurrence process of outburst-rockburst compound dynamic disaster, (d)-(e): Development and occurrence process of rockburst-
outburst compound dynamic disaster (Zhu et al., 2018).

inantly occur in coal rock where soft and hard coals are
interspersed or mutually encapsulated, as shown in Fig. 14(d).
Prior to external force disturbances, the soft and hard coals
constitute a relatively balanced system. Once this system
encounters external disturbances such as mining or blasting,
the soft coal is prone to coal and gas outbursts under the
action of additional stress. The outburst of soft coal further
promotes the destabilization of the entire system, potentially
leading to rockbursts and thereby triggering rockburst-outburst
compound dynamic disasters. This scenario is exemplified by
the “11·8” compound disaster at Yangou Coal Mine. Fur-

thermore, there is another situation when rockburst-outburst
compound dynamic disasters frequently occur. During the
outburst process, the ejection of fragmented coal rock masses
creates a large empty roof area, which can easily induce large-
scale collapse and failure of hard thick roof. This then induces
roof fracture rockburst, as shown in Fig. 14(e). The results of
this simulation test fall into this scenario.

At present, the prevention and control of compound dy-
namic disasters is crucial for safe and efficient mining in
deep coal mines. Research indicates that the occurrence of
compound dynamic disasters exhibits distinct stage charac-
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teristics and precursor signals (Lu et al., 2020a). Prior to
the occurrence of dynamic disasters, there is a long-term
incubation stage and a pre-excitation stage, during which
effective measures can be taken to prevent and control the
disasters. For example, gas extraction can reduce the stored
gas energy in coal seams, enhance the coal mass strength, and
thereby decrease the probability of coal and gas outbursts as
well as outburst-rockburst compound dynamic disasters (Fan
et al., 2024; Jiang et al., 2024). Large-diameter drilling can
increase the plastic zone of coal rock, improve coal seam
permeability, and enhance the release of elastic energy, so
as to control rockbursts during deep coal mining (Zhou et
al., 2018b). Blasting can generate interconnected pore fracture
networks, release the accumulated elastic energy in the roof-
coal mass combination in advance, weaken stress concentra-
tion, and achieve the purpose of eliminating rockburst risks
(Yan et al., 2015). In addition, coal seam water injections
can reduce the cohesion between coal particles and friction
at the particle interfaces, decrease the coal bursting liability.
Meanwhile, water drives other gases, decreasing the internal
energy of methane. Consequently, coal seam water injections
not only release the elastic energy of coal rock but also lower
the internal energy of methane, thus reducing the probability
of compound dynamic disasters (Lin et al., 2023; Liang et
al., 2024).

From the above analysis, it is evident that there are
numerous scenarios for the occurrence of the two discussed
types of compound dynamic disasters. The experiment of this
study only simulated two common scenarios depicted in Figs.
14(a) and 14(e), and it was conducted on coal from a specific
mine. Our next major work will focus on simulating different
disaster scenarios and investigating the impact of geological
or mechanical conditions of the research subject on the test
results.

5. Conclusions
In this work, a new experimental method has been de-

signed, that is, the true triaxial test that simultaneously con-
siders gas extraction and stress loading and unloading to
induce coal rock compound dynamic disasters. The effects
of AE energy, temperature, and impact force during disaster
incubation were evaluated to differentiate behaviors among
disaster types, and the deep coal rock outburst-rockburst
mutual induction and transformation mechanism was revealed.
From the experimental findings, the following conclusions can
be drawn:

1) Outburst-rockburst compound dynamic disasters exhibit
higher relative outburst intensity and critical gas pressure
compared to rockburst-outburst compound dynamic dis-
asters. A critical gas pressure range of 2.2-2.8 MPa was
identified as a threshold for disaster type transformation.

2) Deep coal rock disasters can be characterized by long
incubation and short excitation, and the incubation and
excitation time of the rockburst-outburst compound dy-
namic disaster are shorter than those of the outburst-
rockburst compound dynamic disaster. The AE energy
undergoes an evolution of stationary → rising → peak,

with the cumulative AE energy experiencing a slow
growth → rapid growth → sharp increase. The value of
K2/K1 is higher in outburst-rockburst compound dynamic
disasters, while that of K3/K2 is higher in rockburst-
outburst compound dynamic disasters.

3) During the disaster incubation stage, temperatures gener-
ally rise, with the coal seam experiencing greater changes
than the coal-rock interface. Upon excitation, tempera-
tures drop sharply, with the coal-rock interface exhibit-
ing more significant changes than the coal seam. Addi-
tionally, the temperature variation in outburst-rockburst
compound dynamic disasters is consistently higher than
in rockburst-outburst compound dynamic disasters.

4) Among different compound dynamic disasters, the evolu-
tion of impact force in roadways follows a similar pattern:
Initial impact → increased impact → peak → impact
attenuation, exhibiting a peak effect. The peak impact
force rises linearly with critical gas pressure. Notably, the
growth rate of peak impact force for outburst-rockburst
compound dynamic disasters is 47.76 times that of
impact-outburst compound dynamic disasters, indicating
that the safety risk to coal mine production is greater.

This study explores the mechanism of mutual induction
and transformation in deep coal rock compound dynamic dis-
asters. Future work will optimize the experimental conditions,
analyze various factors influencing disasters, and enhance
coal mine safety. To promote the practical implementation of
research findings, field tests and engineering applications will
also be conducted.
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