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Abstract
As mines become deeper, the potential for coal and gas outbursts in deep rock cross-cut coal uncovering is enhanced. The 
outburst precursors are unclear, which restricts the effectiveness and reliability of warning systems. To reveal the evolution 
characteristics of coal and gas outburst precursor information in deep rock cross-cut coal uncovering, briquette specimens 
are constructed and experiments are conducted using a self-developed true triaxial outburst test system. Using acoustic emis-
sion monitoring technology, the dynamic failure of coal is monitored, and variations in the root mean square (RMS) of the 
acoustic emissions allow the effective cracking time and effective cracking gas pressure to be defined. These characteristics 
are obviously different in deep and shallow coal. The characteristic parameters of gas outburst exhibit stepwise variations at 
different depths. The RMS and cumulative RMS have stepped failure characteristics with respect to changes in gas pressure. 
The characteristic parameters of coal failure are negatively correlated with the average in-situ stress and effective stress, but 
positively correlated with the lateral pressure coefficient of in-situ stress and the critical gas pressure. The transition charac-
teristics are highly sensitive in all cases. The critical depth between deep and shallow coal and gas outbursts is 1700 m. The 
expansion multiple of acoustic emission intensity from the microfracture stage to the sharp-fracture stage of coal is defined 
as the outburst risk index, N1. For depths of 1100–1700 m, N1 ≥ 7 denotes a higher risk of outburst, whereas at depths of 
1700–2500 m, N1 ≥ 3 indicates enhanced risk.

Keywords Deep coal and gas outburst · Rock cross-cut coal uncovering · Acoustic emission · Critical gas pressure · Risk 
index

1 Introduction

Coal and gas outbursts are the most harmful dynamic coal 
mine disasters in China, seriously threatening the safety of 
underground workers (Chen et al. 2014; Wu et al. 2020; 
Wang and Meng 2018; Cao et al. 2019, 2020; Ma et al. 
2020a). Among the various outburst accidents that have 
occurred, the average strength of the outbursts induced by 
rock cross-cut coal uncovering is more than six times that of 
other accidents, and more than 80% of outbursts are induced 

by rock cross-cut coal uncovering (Jiang 2015; Xie and Feng 
2011; Yang et al. 2021). However, there is little information 
about the precursors of coal outbursts. To avoid an outburst 
in the process of rock cross-cut coal uncovering, it is neces-
sary to measure the outburst risk index accurately and take 
appropriate preventive measures (Ma et al. 2020b; Fu et al. 
2019). Therefore, exploring the precursor information is 
vital in the process of rock cross-cut coal uncovering.

In China, research on predicting the outburst risk for 
crosscuts began in the 1970s. Since then, many forecasting 
methods have been proposed, including the single index, 
comprehensive index, and desorption index of the drill cut-
ting method (Xu et al. 2012). Alekseev et al. (1980) used a 
triaxial loading system for coal and gas outburst experiments 
and analyzed the outburst conditions under different stresses. 
Singh (1984) conducted experiments and theoretical analy-
sis, and described the action and interaction of geological 
factors and mining factors in coal and gas outbursts. Based 
on the theory of mechanics, Hu et al. (2008) conducted 
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detailed analysis of the various stages of coal fracture and 
deformation during the whole process of coal and gas out-
burst. The mechanical properties of the surrounding rock 
and the changes in outburst risk during the process of uncov-
ering coal have also been analyzed (Hu et al. 2012). Peng 
et al. (2012) indicated that the gas seepage decreases the 
strength of coal containing gas and accelerates its failure 
process. The laws of gas occurrence, the intensity of the 
coal outburst, and the regional partition have been studied by 
Wang et al. (2013) and Guo et al. (2020). Xue et al. (2015) 
studied the cracking of coal under compressive stress con-
ditions and the permeability variations during the whole 
process. They found that the coal failure and degradation of 
mechanical properties were essentially related to the propa-
gation and coalescence of induced cracks. Yu et al. (2015) 
believed that the gas dilatation energy was the main energy 
source for outburst events, and showed that an energy index 
could reflect the possibility of coal seam outbursts. Zhao 
et al. (2019) believed that the principal stress ratio and the 
strength of the coal rock mass were significantly affected by 
the size of the plastic zone during the process of rock cross-
cut coal uncovering. The outburst process has been investi-
gated by analyzing the gas pressure variation, temperature 
variation, outburst propagation velocity, particle size of out-
burst coal, and energy transformation (Nie et al. 2019). Yuan 
et al. (2020) carried out similar simulation experiments on 
coal and gas outbursts induced by uncovering coal in cross-
cuts during roadway excavation, and obtained parameters 
related to the quality, distance, hole location, and shape of 
the outburst coal powder. Zhang et al. (2021) analyzed the 
ejected coal and, based on a new surface theory, developed 
an outburst fragmentation index that can be linearly fitted to 
the relative intensity of the outburst. The fitting parameters 
k and a reflect the intensity of the outburst and the degree of 
difficulty in the occurrence of outburst, respectively. Based 
on the η prediction method, a new method for coal and gas 
outburst prevention was specified. Liu et al. (2018) used 
COMSOL to simulate and analyze the stress and gas pres-
sure during the process of rock cross-cut coal uncovering, 
and analyzed the influence of stress and gas pressure on coal 
and gas outbursts from an energy perspective. The gas drain-
age performance in coal seams with different combinations 
of tectonically deformed sub-layers and intact sub-layers was 
recently numerically analyzed by Zhao et al. (2020). Heo 
et al. (2004) explored the acoustic emission characteristics of 
the rock sample fracture process by loading different paths 
of confining pressure and stress in experiments. The micro-
seismic and acoustic emission effects of an abnormal gas 
outburst triggered by a strong rock burst were thoroughly 
investigated using appropriate monitoring systems and spec-
tral analysis by Lu et al. (2014).

The above-mentioned research indicates that many schol-
ars have investigated the precursor information and outburst 

risk indicators of coal and gas outbursts. However, there 
has been no discussion on the characteristics of the deep 
coal outburst process and the precursor warning indicators 
from the perspective of acoustic emission energy conversion. 
Using a self-developed true triaxial coal and gas outburst 
simulation test device, this study conducted outburst simu-
lation experiments on coal samples from Hongyang No. 3 
mine, which is an outburst coal seam with a current mining 
depth of 1100 m. Based on the dual parameters of the acous-
tic emission signal and the gas pressure, a risk index for deep 
coal and gas outburst is established. The variation of influ-
ence of the average in-situ stress, lateral pressure coefficient 
of in-situ stress, critical gas pressure, and effective stress on 
the coal failure characteristic parameters is explored, and 
new principles are provided for deep coal and gas outburst.

2  Experimental device and scheme design

Outburst induced by rock cross-cut coal uncovering is a 
complex dynamic gas disaster that is common during the 
coal mining process. It is difficult to observe in the field 
and can be extremely dangerous. Therefore, studying the 
precursor characteristics of coal and gas outburst using a 
laboratory-based experiment simulation method is of great 
significance.

2.1  Experimental and monitoring system

A coal and gas outburst simulation experimental system was 
developed. The test device system shown in Fig. 1 includes 
a true triaxial experimental system, acoustic emission moni-
toring system, pressure and in-situ stress loading system, and 
data acquisition control system.

The main structure of the true triaxial experimental 
system is composed of 200-tonnes upper and lower end 
presses, hydraulic pump platforms, and hydraulic con-
soles. The internal cavity of the experimental system, 
which is where the pulverized coal is pressed, measures 
200 mm × 200 mm × 220 mm. The pulverized coal is directly 
pressed into shape by the upper end press, and the maxi-
mum molding pressure can reach 30 MPa. Through the 
three-dimensional separate loading and unloading system, 
the true triaxial stress loading of the test specimen can be 
realized. The maximum loading pressure is 25 MPa, and the 
cylinder loading stroke is 20 mm. There are a total of 24 gas 
injection and discharge ports and various sensor interfaces 
on the four sides of the model. These measure the changes 
of stress, sound, and electrical signals in the model cav-
ity. The front face of the model allows a circular coal and 
gas outburst with a diameter of 80 mm through a plexiglass 
baffle, which simulates the weak surface and induces coal 
and gas outburst. The plexiglass is fixed and sealed with a 
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pressure plate and a sealing rubber ring. When the internal 
gas pressure of the coal reaches the critical pressure, the 
plexiglass baffle is destroyed and the coal body is sprayed 
out under the gas pressure, realizing the on-site simulation 
of coal and gas outburst.

The test device has the following advantages:

(1) The determination of the outburst coal size is based on 
analysis of typical outburst cases. The size, shape, and 
volume are reasonable, and most coal and gas outburst 
cases can be simulated.

(2) The experimental device has a variety of data acquisi-
tion channels, which can collect and save the sound, 
electricity, force, and other parameter information gen-
erated by changes in the coal structure at each stage of 
loading.

(3) The device can truly simulate deep in-situ stress load-
ing, that is, the vertical in-situ stress, maximum hori-
zontal in-situ stress, and minimum horizontal in-situ 
stress are simultaneously loaded in three directions.

(4) During the experiments, the coal samples are removed 
after molding, which ensures the desired initial 
mechanical properties of the specimen. At the same 
time, this is conducive to the sealing of the device, 
making the simulations more realistic and effective.

(5) The plexiglass baffle at the outburst mouth enables the 
coal and gas outburst to be naturally induced, rather 

than forcing an outburst to become active when the 
critical conditions are reached.

This study mainly uses acoustic emission monitoring 
technology, which monitors the internal failure of the coal 
during the coal and gas outburst process. A DS5-16B full-
information acoustic emission signal monitoring analyzer is 
used. This analyzer can extract the characteristic parameters 
of the acoustic emissions and waveform data in real time 
during the experiments.

2.2  Design of experimental scheme

The coal samples used for the experiments were collected 
from the 12th coal seam in the outburst mine of Hong-
yang No. 3 Mine, operated by the Shenyang Coking Coal 
Co., Ltd. Table 1 presents data related to the coal seams. 
The specific experimental steps were as follows: (1) The 
selected coal was rolled several times to produce a pow-
der, and then sieved to obtain five different particle sizes 
of 20–40, 40–60, 60–80, 80–100, and > 100 μm; (2) The 
coal powder was poured into the pressure chamber of the 
experimental equipment according to the theoretical ratio 
of the maximum density curve (Table 2), and pressed into 
shape with the upper end press. The pressed shape was not 
removed from the apparatus after molding; (3) The upper 
end of the press was pressed down to form a tight seal with 
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Fig. 1  Coal and gas outburst testing system (red lines: pipe connections, black lines: wires, blue lines: guide lines)
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the pressure chamber, and the experimental device was 
filled with nitrogen. The briquette adsorbed the nitrogen for 
24 h until it was saturated; (4) The three-dimensional stress 
required for the actual experiment was applied (see Table 3). 
These stress values were taken from the “Coal Mine Safety 
Production Regulations”, which state that the critical gas 
pressure of coal and gas outburst is 0.74 MPa. Thus, the 
initial gas pressure of the experiment was set to 0.75 MPa, 
and the pressure was increased to 1 MPa after 2 min of sta-
bilization. The pressure was increased in steps of 0.2 MPa 
with 2 min for pressure stabilization at each level until an 
outburst occurred; (5) The confining pressure and axial pres-
sure loaded onto the briquette were adjusted to simulate out-
bursts of coal and gas at different depths. Finally, the results 
were analyzed and compared.

2.3  Experimental parameters

According to similarity theory (Tang et al. 2013), the stress 
ratio of raw coal to briquette is 12. Regarding the deep 
underground stress environment, Li et al. (2012) collected 
data from more than 600 mining areas in mainland China, 
and plotted the distribution of the deep underground stress 
with respect to depth. They found that:

where,  H (m) denotes depth, σv (MPa) is vertical in-situ 
stress, σH (MPa) is the maximum horizontal in-situ stress, 
and σh (MPa) is the minimum horizontal in-situ stress.

According to the research results of Li et al. (2012), the 
actual in-situ stresses were defined for different depths. The 
experimental in-situ stress values were then determined 
according to the stress ratio of 12 (Table 3).

The experiments used briquette specimens. Follow-
ing Tang (2006), the mass of coal powder was taken as 
8.7 kg, giving a briquette density of 1.087 t/m3. To make 
the mechanical properties of the briquette specimens simi-
lar to those of raw coal, the molding pressure was set as 
20 MPa. The initial gas pressure was 0.75 MPa, and the 
staged loading method was used to improve the similarity of 
the specimens. The stabilization time was 30 min. The pro-
portions of the eight groups of experiment coal powders are 
listed in Table 2. To enhance the strength of the specimens, 
a small amount of plaster was mixed with the coal powder 
as a binder when the briquettes were pressed.

2.4  Analysis of experimental phenomena

Considering coal and gas outbursts at different depths, eight 
groups of experiments were conducted under different axial 
and confining pressure loading conditions. The experimen-
tal results are presented in Table 4. During the outburst, 
the coal carries gas and spews out violently in a trumpet 
shape, accompanied by a violent loud noise. The outburst 
lasts for 0.6–1.8 s. The ejected coal and gas have a large 

(1)

�
v
= 0.0208H + 2.195

�
H
= 0.0238H + 7.648

�
h
= 0.0184H + 0.948

Table 1  Basic parameters of coal seam

Gas content 
(m/kg)

Water con-
tent (%)

Average 
thickness 
(m)

Coal seam 
density (g/
cm3)

Compres-
sive strength 
(MPa)

15.1 ×  10−3 5 1.89 1.38 6.94–9.04

Table 2  Ratio scheme of 
briquettes

Project Parameter

Particle size (μm) 20–40 40–60 60–80 80–100  > 100 Plaster
Mass ratio (%) 29.3 16.5 8.2 4 37 5

Table 3  Experimental scheme 
of coal and gas outburst

Test depth (m) Actual in-situ stress (MPa) Experimental in-situ stress (MPa)

σH σh σv σH' σh' σv'

1100 33.83 21.19 25.08 2.82 1.77 2.09
1300 38.59 24.87 29.24 3.22 2.07 2.44
1500 43.35 28.55 33.40 3.61 2.38 2.78
1700 48.11 32.23 37.56 4.01 2.69 3.13
1900 52.87 35.91 41.72 4.41 2.99 3.48
2100 57.63 39.59 45.88 4.80 3.30 3.82
2300 62.39 43.27 50.04 5.20 3.61 4.17
2500 67.15 46.95 54.20 5.60 3.91 4.52
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initial velocity and form a coal–gas storm flow (Zhou et al. 
2020). The kinetic energy is gradually exhausted as the 
debris is sprayed over an area of 20–25  m2, and the coal 
powder spreads under the action of inertia and atmospheric 
pressure. The outburst can reach distances of 25 m. During 
the outburst, the coal undergoes secondary crushing, result-
ing in a large amount of coal dust. This can drift and sink 
over distances of 30 m under the action of the protruding 
air flow (Fig. 2).

Figure 3 shows that an increase in depth reduces the relative 
outburst intensity. As the depth increases from 1100 to 2500 m, 
the relative intensity decreases from 88.10% to 82.69%, and 
the critical gas pressure decreases from 3.66 to 2.47 MPa. 
For depths between 1100 and 1700 m, the relative outburst 
intensity and critical gas pressure drop sharply—the reduction 
rates in the relative outburst intensity and critical gas pressure 
are 4.23 and 1.32, respectively. From 1700–1900 m, the rate 
of decrease in the relative outburst intensity and critical gas 
pressure suddenly slows to around 1/10 of the decrease rate 
from 1100 to 1700 m. Over a depth range of 1900–2500 m, 
the relative outburst intensity and critical gas pressure decrease 
rate gradually increase to 4.65 and 0.62, respectively. This is 
because, as the depth increases, the stress conditions become 
more complicated. The in-situ stress gradually increases, 

meaning that the coal undergoes significant internal damage 
and the coal damage threshold is lowered. Therefore, it is eas-
ier to reach the critical gas outburst pressure, making it more 
likely that an outburst will occur, which is consistent with the 
actual situation on site. The gas internal energy is the main 
source of power for gas outburst (Li et al. 2019), but Tables 3 
and 4 suggest that when a greater in-situ stress is imposed, the 
overall critical gas pressure decreases. This would appear to 
indicate that coal and gas outbursts are not only affected by 
the gas internal energy but are also influenced by factors such 
as the in-situ stress and the environment of the coal and its 
physical properties. This is consistent with the hypothesis of 
the combined effect of coal and gas outburst.

3  Evolution characteristics of gas outburst 
precursor information

When coal deforms or ruptures under force, cracks are 
formed in the coal seam, and the continuous expansion 
of these cracks is accompanied by the release of energy, 
mainly in the form of elastic waves, a phenomenon known 

Table 4  Experimental results of 
outburst

Depth (m) Total coal mass (g) Outburst coal 
mass (g)

Relative outburst 
intensity (%)

Critical gas pres-
sure (MPa)

Time (s)

1100 8700 7665 88.10 3.66 1743
1300 7607 87.44 3.48 1640
1500 7568 86.99 3.05 1403
1700 7444 85.56 2.87 1283
1900 7437 85.48 2.84 1273
2100 7334 84.30 2.76 1227
2300 7298 83.89 2.65 1187
2500 7194 82.69 2.47 1069

Fig. 2  Similar simulation site of outburst
Fig. 3  Variation of relative outburst intensity and critical gas pressure 
with depth
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as acoustic emission. The purpose of acoustic emission 
monitoring is to determine the evolution characteristics of 
precursor acoustic emissions of coal and gas outbursts so 
as to predict the dynamic process of coal and gas outbursts.

3.1  Analysis of root mean square evolution 
characteristics

The acoustic emission signals collected in the tests are con-
tinuous, and thus enable the dynamic damage of the coal to 
be monitored during the outburst process. We select the root 
mean square (RMS) of the effective voltage as the acoustic 
emission parameter. The variation in the acoustic emission 
RMS and cumulative RMS with gas pressure loading at dif-
ferent depths is shown in Fig. 4.

The variations in the RMS and cumulative RMS can be 
analyzed as follows:

(1) Under different depth conditions, the RMS and cumu-
lative RMS changes with gas pressure exhibit signifi-
cant differences, although there are obvious stepped 
and concentrated failure characteristics on the whole. 
As the gas pressure continues to increase, the coal dam-
age exhibits transition characteristics, that is, there is 
a critical value (the critical point in Fig. 4) of the gas 
pressure during the coal and gas outburst process. 
When the gas pressure exceeds this critical value, the 
cumulative RMS shows a step-wise increase to a value 
that is much larger than in the initial stage of loading. 
This directly reflects the sharp increase in the number 
of new fractures in the coal and the destruction inten-
sity at this stage.

(2) During the coal and gas outburst tests, before the gas 
pressure is loaded, the three-dimensional in-situ stress 
loading conditions are set. Therefore, the acoustic 
emission signal mainly monitors the gas pressure in 
the tearing coal stage and the coal instability throw-
ing stage. According to the variations in the acoustic 
emission RMS and cumulative RMS with gas pres-
sure, the gas tearing coal process can be divided into 
two stages: microfracture and sharp-fracture stages. 
In the microfracture stage, the gas pressure is initially 
relatively small, and the tearing effect on the coal is 
limited, so the effective acoustic emission signals are 
not obvious. Only when the gas pressure is loaded can 
clear acoustic emission signals be captured, although 
the acoustic emission intensity remains generally low. 
The cumulative RMS growth is slow, there are few new 
cracks and little crack expansion, the volume of des-
orbed gas is small, and the self-increasing phenomenon 
of gas pressure is not obvious. At this time, the gas 
energy in the accumulation process is not sufficient to 
reach the release intensity. In the sharp-fracture stage, 

once the cumulative amount of gas energy exceeds the 
intensity of the coal, effective acoustic emission signals 
continue to appear and the RMS level suddenly rises. 
This reflects the rapid destruction state inside the coal: 
the number of new cracks increases, the destruction 
intensity increases to form a cross-fracture network, 
and the gas adsorbed on the surface of the coal particles 
is released into the cracks to enhance the gas internal 
energy and promote crack expansion. These results are 
in agreement with the study of Jiang and Yu (1995).

3.2  Evolution of coal failure characteristic 
parameters

To study the degree of coal destruction during coal and gas 
outbursts, the characteristic parameters of coal destruction 
are taken to be the effective cracking time and the effective 
cracking gas pressure. We assume that the boundary time 
and gas pressure between the microfracture and sharp-frac-
ture stages are the effective cracking time and the effective 
cracking gas pressure, as these values specifically reflect the 
time at which coal and gas outbursts become more likely to 
appear at different depths. As the depth and in-situ stress 
increase, the critical gas pressure gradually decreases. The 
in-situ stress and gas pressure directly affect the destruc-
tion of the coal, and are the main sources of power that 
cause the coal to enter the sharp-fracture stage. Therefore, 
exploring the relationship between the effective cracking 
time, effective cracking gas pressure, in-situ stress, critical 
gas pressure, and effective stress is of great significance for 
studying the risk of coal outburst and predicting coal and 
gas outbursts in advance. Under different depth conditions, 
the variation in the coal failure characteristic parameters is 
summarized in Table 5.

With increases in depth, the maximum horizontal in-situ 
stress, minimum horizontal in-situ stress, and vertical in-
situ stress of the coal seam increase accordingly. Taking no 
account of the influence of in-situ stress in a single direc-
tion on the failure of the coal, the variations in the effec-
tive cracking time and effective cracking gas pressure are 
analyzed by means of the average in-situ stress and lateral 
pressure coefficient of in-situ stress.

The average in-situ stress and lateral pressure coeffi-
cient of in-situ stress are calculated using Eqs. (2) and (3), 
respectively.

where, σa (MPa) denotes the average in-situ stress, �′

H
 (MPa) 

is the maximum horizontal in-situ stress applied in the test, 
�
′

h
 (MPa) is the minimum horizontal in-situ stress applied 

in the test, and �′

v
 (MPa) is the vertical in-situ stress applied 

in the test.

(2)�a =
1

3

(

�

�

H
+ �

�

h
+ �

�

v

)
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Fig. 4  Evolution of RMS and cumulative RMS with gas pressure at different depths
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where, K is a dimensionless quantity denoting the lateral 
pressure coefficient of in-situ stress.

The variations in the effective cracking time and effective 
cracking gas pressure with average in-situ stress are shown 
in Fig. 5. As the average in-situ stress increases, the effective 
cracking time and effective cracking gas pressure exhibit a 
decreasing trend, indicating that under high in-situ stress 
conditions, coal is more likely to enter the sharp-fracture 
stage and present a risk of outburst. Preventive measures 
should be taken. With increases in depth, the change in 
the failure characteristic parameters of the coal obviously 
changes. To study the quantitative relationship between 
the effective cracking time and the effective cracking gas 
pressure with respect to the average in-situ stress, we take 
3.28 MPa as the critical value (this is consistent with the 
critical depth of 1700 m in the Sect. 2). The changes in the 
coal failure characteristic parameters exhibit two distinct 
behaviors: a steep decline stage and a slow decline stage. 
On the steep decline stage, when the average in-situ stress 
is in the range 2.23–3.28 MPa, the effective cracking time 
and effective cracking gas pressure show a steep downward 
trend, with gradients of − 352.38 s/MPa and 0.61, respec-
tively (that is, as the average in-situ stress increases by 

(3)K =

(

�
�

H
+ �

�

h

)

2��
v

1 MPa, the time required for the coal to enter the sharp-
fracture stage decreases by 352.38 s and the gas pressure 
decreases by 0.61 MPa). In the slow decline stage, when the 
average in-situ stress is from 3.28 to 4.68 MPa, the ampli-
tudes of the effective cracking time and effective cracking 
gas pressure decrease with gradients of − 84.29 s/MPa and 
0.17, respectively, some four times lower than in the steep 
decline stage.

The variations in the effective cracking time and effective 
cracking gas pressure with respect to the lateral pressure 
coefficient of in-situ stress are shown in Fig. 6. The effective 
cracking time and effective cracking gas pressure increase 
as the lateral pressure coefficient of in-situ stress increases, 
and the fitting relationship to a straight line is good (fitting 
coefficients are 0.9456 and 0.9825 respectively), indicating 
that there is a good linear relationship between the lateral 
pressure coefficient of in-situ stress and the coal failure char-
acteristic parameters. Thus, this coefficient can be used as an 
important index for predicting the dynamic failure process 
of coal.

The variations in the effective cracking time and effective 
cracking gas pressure with respect to the critical gas pressure 
are shown in Fig. 7. The effective cracking time and the effec-
tive cracking gas pressure are positively correlated with the 
critical gas pressure. As the critical gas pressure increases, 
the time and gas pressure required for the coal to enter the 
sharp-fracture stage increase. For every 1 MPa increase in the 

Table 5  Effective cracking 
time and effective cracking 
gas pressure of coal and gas 
outburst processes at different 
depths

Depth (m) 1100 1300 1500 1700 1900 2100 2300 2500

Effective crack-
ing time (s)

751 626 573 381 400 363 360 263

Effective crack-
ing gas pres-
sure (MPa)

2.07 1.83 1.65 1.43 1.42 1.31 1.25 1.19

Fig. 5  Variation of effective cracking time and effective cracking gas 
pressure with average in-situ stress

Fig. 6  Variation of effective cracking time and effective cracking gas 
pressure with the lateral pressure coefficient of in-situ stress
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critical gas pressure, the effective cracking time and effective 
cracking gas pressure increase by 395.358 s and 0.743 MPa, 
respectively.

To measure the quantitative relationship between the effec-
tive cracking gas pressure and the critical gas pressure when 
the coal enters the sharp-fracture stage at different depths, the 
parameter WP is defined. WP represents the ratio of the effec-
tive cracking gas pressure to the critical gas pressure expressed 
as a percentage. That is,

where, Pq (MPa) denotes the effective cracking gas pressure 
at different depths and Pc (MPa) is the critical gas pressure 
at different depths. The variation of WP with depth is shown 
in Fig. 8.

With increases in depth, the gas pressure at which the coal 
enters the sharp-fracture stage gradually decreases, indicat-
ing that the ratio between the effective cracking gas pressure 
and critical gas pressure is lower at greater depths. There is 
a logarithmic relationship between WP and depth. Coal and 
gas outbursts can be predicted using abnormal gas pressures 
in the mine. When the depth reaches the critical value, slight 
changes in gas pressure will cause aggravated damage to the 
coal, which is more likely to cause intensive destruction and 
increase the outburst risk.

Effective stress is the combined effect of in-situ stress and 
gas pressure. Exploring the effective stress is of great signifi-
cance for understanding the mechanism of deep coal and gas 
outbursts. Yi et al. (2007) deduced the following effective 
stress formula for deep mining:

(4)WP =
Pq

Pc

× 100%

(5)�e =
1

3

(

�v + �H + �h

)

−
1

2

(

Pc − P0

)

where, σe (MPa) denotes the effective stress, σH (MPa) is 
the actual maximum horizontal in-situ stress, σh (MPa) is 
the actual maximum horizontal in-situ stress, and σv (MPa) 
is the actual vertical in-situ stress. P0 is the standard atmos-
pheric pressure of 0.1 MPa.

Based on the test results, the relationship between the 
effective stress and characteristic parameters of coal failure 
is shown in Fig. 9. Through the above analysis, it is clear 
that the effective cracking time and effective cracking gas 
pressure are negatively correlated with the average in-situ 
stress and positively correlated with the critical gas pres-
sure. However, under the combined effect of in-situ stress 
and gas pressure, the overall behavior is a negative correla-
tion, indicating that the effect of in-situ stress is greater than 
that of gas pressure in the process of outburst incubation. 
The related literature (Zhu et al. 2018) confirms this effect, 
suggesting that the experimental results are reasonable and 
feasible. As the effective stress increases, the time and the 

Fig. 7  Variation of effective cracking time and effective cracking gas 
pressure with critical gas pressure

Fig. 8  Relationship between WP and depth

Fig. 9  Variation of effective cracking time and effective cracking gas 
pressure with effective stress
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gas pressure required for the coal to enter the sharp-fracture 
stage decrease, meaning that coal and gas outburst accidents 
are more likely to occur.

Based on the above description, it can be seen that the 
effective cracking time and effective cracking gas pressure 
show staged changes with respect to the average in-situ 
stress and effective stress. When the average in-situ stress 
is greater than 3.28 MPa and the effective stress is greater 
than 37.91 MPa, the rates of change of the effective cracking 
time and effective cracking gas pressure slow down, indi-
cating that the critical conditions of coal and gas outburst 
are sensitive to both the average in-situ stress and the effec-
tive stress. This means that slight changes once the average 
in-situ stress and effective stress have reached the critical 
value could cause accelerated destruction of the coal and 
early onset of the sharp-fracture stage, causing coal and gas 
outbursts.

3.3  Precursor risk index of gas outburst

The expansion multiple of the acoustic emission intensity 
from the microfracture stage to the sharp-fracture stage is 
defined as the outburst risk index N1:

where, V1 (mV) denotes the acoustic emission intensity 
per unit time in the microfracture stage and V2 (mV) is the 
acoustic emission intensity per unit time in the sharp-frac-
ture stage. The calculation results for different depths are 
presented in Table 6, and the relationship between N1 and 
depth is shown in Fig. 10.

Under the experimental conditions, the risk index N1 is 
between 3.74 and 9.54, and decreases as the depth increases. 
However, in different depth intervals, the variation of N1 
shows different distribution characteristics. Depending 
on the depth, the behavior of N1 can be divided into two 
categories:

(1) For depths of 1100–1700 m, N1 is between 8.18 and 
9.54. To effectively and accurately predict and prevent 
coal and gas outbursts, the outburst danger range is set 
to N1 ≥ 7. That is, when the depth is within the range 
1100–1700 m, an increase in the acoustic emission 
intensity by a factor of more than 7 indicates that the 

(6)N
1
=

V
2

V
1

coal has entered the sharp-fracture stage. At this point, 
the number of new cracks will increase, crack propaga-
tion will intensify, and there is a danger of outburst.

(2) For depths of 1700–2500 m, N1 is between 3.74 and 
6.24. To effectively and accurately predict and prevent 
coal and gas outbursts, the outburst danger range is set 
to N1 ≥ 3. That is, when the depth is within the range 
1700–2500 m, an increase in the acoustic emission 
intensity by more than a factor of 3 indicates that the 
coal has entered the sharp-fracture stage. The maxi-
mum depth considered in the tests is 2500 m. At greater 
depths, the outburst danger range for N1 is likely to be 
less than 3.

It can be seen from the distribution characteristics of 
the risk index N1 that, as the depth increases, the acoustic 
emission transition from no outburst risk to outburst risk 
becomes less obvious, indicating the sudden and unpredict-
able characteristics of deep coal and gas outbursts. There-
fore, it is particularly important to study the precursor infor-
mation and outburst prediction indicators of deep coal and 
gas outbursts. The outburst precursor risk index can clearly 
distinguish whether the coal seam is at risk of outburst. The 
outburst risk index proposed in this paper is based on labora-
tory tests of coal samples from Hongyang No. 3 mine, and 
the universality of its practical application requires further 
study.

Table 6  Outburst risk index at 
different depths

Depth (m) 1100 1300 1500 1700 1900 2100 2300 2500 Actual data

V1 (mV) 8.54 5.61 10.74 6.05 21.40 18.76 18.54 13.27 10
V2 (mV) 79.96 45.89 102.49 50.34 133.63 70.27 103.37 51.49 60
N1 9.36 8.18 9.54 8.32 6.24 3.74 5.57 3.88 6

Fig. 10  Relationship between risk index N1 and depth
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4  Test verification

The test results are now compared with measured acoustic 
emission intensities from Yizhong coal mine. The acous-
tic emission intensities measured at 11,112 tunneling face 
(depth of 1705  m) in Yizhong coal mine from August 
30–October 10, 2014, are shown in Fig. 11 (Chen 2016). 
During the tunneling process, the acoustic emission intensity 
increases in a step-wise manner. When the acoustic emission 
intensity is at 10 mV, the working face is relatively stable 
and has no tendency to protrude. When the acoustic emis-
sion intensity surges by a factor of 6 and reaches 60 mV, the 
conventional index exceeds the standard or the nozzle hole 
phenomenon occurs, indicating a higher risk of coal seam 
outburst. When the acoustic emission intensity increases to 
120 mV, the conventional index exceeds the standard or the 
nozzle hole phenomenon again occurs. The acoustic emis-
sion intensity growth trend is similar to the results obtained 
in this article, and the acoustic emission intensity monitoring 
results are at the same numerical level as the data presented 
in this paper. As shown in Table 6, the measured data from 
Yizhong coal mine give an outburst risk index of N1 = 6 and 
the coal seam depth is greater than 1700 m. This indicates 
a dangerous outburst risk, indicating that the test results are 
reasonable. However, due to the limitations of the test condi-
tions, the universality of the outburst risk index N1 requires 
further study.

The application of acoustic emission monitoring tech-
nology in the 11,112 tunneling face of Yizhong coal mine 
shows that acoustic emission monitoring can be applied 
for effective real-time monitoring of the dynamic change 
process of coal seams. This paper has analyzed the correla-
tion between coal destruction and acoustic emission param-
eters during coal and gas outburst through laboratory test 
methods. According to the acoustic emission parameters, a 

prediction index for coal and gas outburst was proposed. The 
results presented herein are intended to provide scientific 
reference for further studies on coal and gas outburst.

5  Conclusions

(1) Acoustic emission signals from tests at different depths 
have been analyzed, and the process of gas tearing the 
coal has been divided into two parts: the microfracture 
stage and the sharp-fracture stage. When the coal enters 
the sharp-fracture stage under the action of gas pres-
sure, the internal damage of the coal has increased and 
there is a risk of outburst.

(2) The effects of the average in-situ stress, lateral pres-
sure coefficient of in-situ stress, critical gas pressure, 
and effective stress on coal failure characteristic param-
eters were analyzed, and the coal damage was found to 
exhibit step-wise changes. To accurately predict and 
prevent deep coal and gas outburst disasters, targeted 
coal and gas outburst precursor indicators for different 
depths were formulated, and segmented evaluations 
were conducted to improve the prediction accuracy.

(3) Based on variations in the acoustic emission inten-
sity per unit time, the expansion multiple of acous-
tic emission intensity from the microfracture stage 
to the sharp-fracture stage of coal was defined as the 
outburst risk index N1. The N1 risk range is defined 
according to depth. The critical depth between deep 
and shallow coal is 1700 m. When the depth is from 
1100 to 1700 m, N1 ≥ 7, whereas from 1700 to 2500 m, 
N1 ≥ 3. At greater depths, the outburst risk index takes 
a smaller value, indicating that the coal is more likely 
to suffer an outburst event.
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