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Abstract A coal and gas outburst is an extreme hazard in

underground mining. The present paper conducts a labo-

ratory simulation of a coal and gas outburst combined with

acoustic emission analysis. The experiment uses a three-

dimensional stress loading system and a PCI-2 acoustic

emission monitoring system. Furthermore, the develop-

ment of a coal and gas outburst is numerically studied. The

results demonstrate that the deformation and failure of a

coal sample containing methane under three-dimensional

stress involves four stages: initial compression, elastic

deformation, plastic deformation and failure. The devel-

opment of internal microscale fractures within a coal

sample containing methane is reflected by the distribution

of acoustic emission events. We observed that the defor-

mation and failure zone for a coal sample under three-

dimensional stress has an ellipsoid shape. Primary acoustic

emission events are generated at the weak structural sur-

face that compresses with ease due to the external ellip-

soid-shaped stress. The number of events gradually

increases until an outburst occurs. A mathematical model

of the internal gas pressure and bulk stress is established

through an analysis of the internal gas pressure and bulk

stress of a coal sample, and it is useful for reproducing

experimental results. The occurrence of a coal and gas

outburst depends not only on the in situ stress, gas pressure

and physical and mechanical characteristics of the coal

mass but also on the free weak surface of the outburst

outlet of the coal mass. It is more difficult for an outburst to

occur from a stronger free surface.

Keywords Acoustic emission � Coal and gas outburst �
Ellipsoid � Numerical simulation � Three-dimensional stress

List of symbols

H Bulk stress

r2 Confining stress

g Instantaneous desorption rate

t Time

n Time effect divergence speed

B Constant parameter

rQ Coal mass strength of a free gas surface

q Gas permeability

rh Horizontal stress

r1 Axial stress

r3 Confining stress

gmax Final desorption rate

t0 Median desorption time parameter

a Constant parameter

p Gas pressure

p0 Atmospheric pressure

rv Vertical stress

1 Introduction

A coal and gas outburst is a complex and severe mining

hazard (Hu et al. 2015). Following an outburst, large

quantities of coal blocks and gas are rapidly projected into

a mine lane or onto a workface. Mining lanes and equip-

ment can be destroyed, and workers can be injured or

killed. The frequency of coal and gas outburst accidents

gradually increases with the depth of mining. Thus, it is
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difficult to conduct mining in a manner that is theoretically

safe.

Researchers have proposed a synthesis hypothesis that a

coal and gas outburst is caused by a combination of the

in situ stress, gas pressure and physical mechanical char-

acteristics of the coal (An and Cheng 2013). It is difficult to

monitor or study the entire process of coal and gas outburst

due to the extreme hazard that the outburst presents. Most

research on the process has relied on physical, experi-

mental and numerical simulation methods. The first phys-

ical experiments on coal and gas outburst were conducted

by Skoczyński (1953) in the former Soviet Union. Next,

other researchers began to simulate the process of coal and

gas outburst in the laboratory using physical (Butt 1999;

Chen et al. 2013; Sobczyk 2011; Lama and Bodziony 1998;

Skoczylas 2012; Tu et al. 2016; Valliappan and Zhang

1999; Yin et al. 2013, 2016) and numerical (Xie et al.

2015; Perera et al. 2011a; Xue et al. 2011, 2014; Wang

et al. 2012; Xu et al. 2006; Yang et al. 2011; Zhou et al.

2015) methods. Furthermore, the mechanism of coal and

gas outburst has been analysed by employing a theoretical

model (Beamish and Crosdale 1998; Choi and Wold

2001, 2004; Huang et al. 2010; Islam and Shinjo 2009;

Perera et al. 2011b; Wu et al. 2009). Additionally, many

researchers have studied microtremor monitoring and the

law of acoustic emission development (Kong et al. 2016;

Vishal et al. 2015) for the simulation of coal and gas

outbursts.

The results of these studies have been used to further

prevent coal and gas outbursts. However, problems remain;

an outburst outlet was opened manually or mechanically to

simulate a coal and gas outburst, and the change in gas

pressure was studied less during the outburst process. To

study the inner mechanism of a coal and gas outburst,

including the generation, development and termination

stages, the present paper conducts physical experiments on

a coal and gas outburst using acoustic emissions. The three-

dimensional simulation of a coal and gas outburst adopts

experimental equipment that is manufactured by our

research group. The equipment simulates not only the

process of a coal and gas outburst under three-dimensional

loading conditions but also the complete outburst when the

outburst outlet is destroyed by coal and gas. During the

outburst process, free weak surfaces easily rupture. The

failure processes are monitored by employing acoustic

emission technology under three-dimensional stress. The

deformation and failure of a coal sample and the variation

of the inner gas pressure during the outburst process are

also studied. Finally, the coal and gas outburst develop-

ment processes are simulated by employing numerical

methods. This research is important for preventing coal and

gas outbursts.

2 Experimental Methods

2.1 Preparation of Coal Samples

and the Experimental Equipment

2.1.1 Preparation of Coal Samples

The coal samples used in the experiments were acquired from

the tunnelling working face 15,203 of the Yangquan Coal

Group, Ltd., in Shanxi Province, China. The gas content of the

coal was 11.22 9 10-3 m3/kg, the bulk density was

1.4 9 103 kg/m3, the modulus of elasticity was 4.7 GPa, the

compressive strength was 21.2 MPa, the tensile strength was

2.7 MPa, the Poisson’s ratio was 0.24, and the porosity was

3.01%. The samples were crushed and vibrated, and the

particles with diameters[2 mm were automatically sieved

out. The remaining samples were injected with 3% water,

which is the moisture content of raw coal. The samples were

stirred without a gelatinizer, placed into a mould and com-

pressed repeatedly. The dimensions of a modelled coal

sample were 100 mm 9 100 mm 9 100 mm. The samples

were compressed under 25 MPa pressure for approximately

1 h and then kept at 90 �Cand 25 MPa for approximately 6 h.

The test samples of coal are presented in Fig. 1.

2.1.2 Experimental Equipment

The experiments adopted equipment that loaded a three-

dimensional stress on samples for the simulation of coal

and gas outburst. The equipment comprised a system for

coal and gas outburst simulation, a system for the loading

and monitoring of the dynamic pressure and a system for

adsorbing and monitoring the methane. The apparent

dimensions of the system for the coal and gas outburst

simulation were 230 mm (diameter) 9 300 mm (length),

while the inner dimensions of the simulation system were

145 mm (diameter) 9 200 mm (length). In the simulation

system, a rubber cover was placed over the coal sample

with dimensions of 100 mm 9 100 mm 9 100 mm. One

side of the sample was a free weak surface that played the

role of an outlet, while the opposite side was connected to

the system that was used for the loading and monitoring of

the dynamic pressure. Three-dimensional dynamic stresses

were loaded via a hydraulic system, while pressure gauges

and a regulating valve were used for data collection and

monitoring. A methane adsorption and monitoring system

monitored the gas adsorption and gas pressure. A CH4

(99.99% concentration) gas bottle was used in the system.

Gas was injected into the coal sample through the central

zone, and the stresses in different directions were loaded

separately. The equipment used for the simulation of the

coal and gas outburst is presented in Fig. 2.
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A PCI-2 acoustic emission testing system manufactured

by the American Emission Physical Company was adopted.

This system monitored the generation and evolution of the

coal and gas outburst. To monitor the entire process for the

coal sample from microcosmic to failure unsteady and to

eliminate calculation errors of the fixed position of the

acoustic emission caused by the deformation of the coal

sample during the loading process, the experiments

adopted innovative techniques such as the three-dimen-

sional fixed position of the acoustic emission, various

arrangement methods before the experiments to obtain the

most suitable arrangement, and 4-pass three-dimensional

orthogonality. These arrangements were effective for

observing the acoustic emission events of deformation and

failure from the coal sample and allowed the three-di-

mensional fixed-position monitoring of the acoustic emis-

sion events.

2.2 Experimental Conditions and Procedure

2.2.1 Experimental Conditions

Based on the test results of the coal bed gas pressure, three

initial gas pressures of 0.65, 0.70 and 0.75 MPa were

adopted in the physical simulation. Meanwhile, based on

similar strength materials of the free weak surface of the

outburst outlet, materials that had the same strength as the

coal sample were adopted. The similar materials had

strengths of 18, 20, 22 and 24 MPa and low gas

permeability.

The physical simulation was conducted under the same

confining pressure of the three-dimensional stress. The

bulk stress for the coal sample containing methane was

combined and analysed. The bulk stress is expressed as

H ¼ r1 þ r2 þ r3 ð1Þ

whereH is the bulk stress of the coal sample, r1 is the axial
stress, and r2 and r3 are confining stresses that have the

same amplitude.

In the experiments, r2 ¼ r3, and thus Eq. (1) can be

simplified as

H ¼ r1 þ 2r2 ð2Þ

The conditions in the experimental runs are presented in

Table 1.

Fig. 1 Test samples of coal
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Fig. 2 Experimental equipment for the simulation of coal and gas

outburst. a Principle diagram of experimental equipment for the

simulation of coal and gas outburst, b apparent of the simulation of

coal and gas outburst. 1 The coal sample; 2 simulation system of coal

and gas outburst; 3 free weak surface of the outburst outlet; 4 CH4 gas

bottle; 5 axial stress loading equipment; 6 confining stress loading

equipment; 7 regulating valve; 8 pressure gauge; 9 liquid medium; 10

acoustic emission testing system; 11 spherical seat; 12 load cylinder;

13 rubber case
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The threshold value of the testing system was 40 dB, the

gain of the first amplifier was 40 dB, the simulation filter

bandwidth ranged from 20 kHz to 1 MHz, and the sam-

pling frequency was 1 MSPS. The data were collected and

analysed using the AEwin for PCI-2 software.

2.2.2 Experimental Procedure

The first step in the experiment was the preparation of the

coal sample under standard conditions. The second step

was placing the sample into the experimental equipment

and setting and sealing the equipment. The system used for

loading and monitoring the dynamic pressure was con-

nected to the accessory equipment at this time. The third

step was applying a vacuum to the coal sample and closing

the valve. The adsorption equipment and monitoring sys-

tem were opened and connected to the CH4 gas bottle, and

the gas pressure was allowed to stabilize over a period of

24 h. The fourth step was loading the three-dimensional

stress using the dynamic stress loading and testing systems,

and the final step was collecting and analysing the exper-

imental data. The procedure was then repeated for each

new sample.

3 Experimental Results and Analysis

3.1 Analysis of the Deformation and Failure

Characteristics of a Coal Sample Under Three-

Dimensional Stress

To simulate the entire outburst process of a coal sample

containing methane under in situ stress and gas pressure,

the free weak surface of the outburst outlet was taken as the

failure location, and the axial and confining pressures were

increased in intervals of 2 MPa under the initial stress state

of coal containing gas at the same time, and the bulk stress

was increased in intervals of 6 MPa. The next loading was

applied after the acoustic emission events became steady

(i.e. at an interval of 1 min). The loading of the coal

containing gas continued until there was a coal and gas

outburst, and the parameters of the different stress loading

phases were monitored and recorded throughout the

experiment. The coal sample broke apart under three-di-

mensional stress, and acoustic emission events were then

generated. Figures 3, 4 and 5 show the acoustic emission

distribution and parameter characteristics during the

deformation and failure of a coal sample. The data were

collected using the acoustic emission testing system.

Figures 3, 4 and 5 show that the coal sample containing

methane underwent deformation, failure and then outburst

and that there was a subsequent increase in the bulk stress.

According to the number of acoustic emission events, the

positions of emission events, the changes in the frequency

of the occurrence of emission events and the degree of

sample failure under three-dimensional stress, the process

of a coal and gas outburst can be divided into four stages by

combining the time and space distributions and character-

istics of acoustic emissions.

The first stage was the initial compressive stage.

Acoustic emission events occurred under three-dimen-

sional stress, but there were few events, and the change in

the occurrence rate was slight, with the number of events

increasing by 5 per 10 s, as shown by curve A in Fig. 3.

The emission events mostly occurred at the weak structural

surface, far from the centre of the coal sample. The zone of

events had a shape similar to that of a semi-ellipsoid, as

shown in Fig. 4. The count number, energy and energy rate

were all low. The energy increased slowly, while the

amplification range was small, as shown in Fig. 5. This

property is observed because the coal mass has pores and

fractures, as well as many raw fractures and joints, and

thus, there were weak structural surfaces in the coal mass.

In this stage, for the coal sample containing methane under

three-dimensional stress, the raw fractures closed and

became condensed, and new fractures formed. Addition-

ally, new fractures formed at the weak structural surface,

which readily failed under stress. However, the coal mass

did not fail.

The second stage was the elastic deformation stage.

There was an obvious increase in the number of acoustic

emission events, followed by an increase in the bulk stress,

and the frequency of the acoustic emissions gradually

increased. The number of acoustic emission events

increased by 11 per 10 s, as shown by curve B in Fig. 3.

There were an increasing number of events around the

sample centre. The semi-ellipsoidal zone of the events

Table 1 Conditions in the experimental runs

Experiment

no.

Initial gas

pressures

(MPa)

Free weak surface

of the outburst

outlet strength

(MPa)

Bulk stress of coal

sample for outburst

completed (MPa)

TI 0.65 18 46

TII 0.65 20 50

TIII 0.65 22 56

TIV 0.65 24 65

TV 0.70 18 44

TVI 0.70 20 49

TVII 0.70 22 54

TVIII 0.70 24 62

TIX 0.75 18 42

TX 0.75 20 46

TXI 0.75 22 51

TXII 0.75 24 56
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gradually enlarged, as shown in Fig. 4, and the free weak

surface of the outburst outlet was externally expanded. The

count number and energy rate increased, and the amplifi-

cation range gradually increased and was occasionally

large, as shown in Fig. 5. These results were due to raw

fractures being compressed and expanded, new fractures

emerging and growing, and the coal sample containing

methane expanding and being distributed under three-

dimensional stress. The sample began to deform and fail.

The occasional large range of the energy increase was due

to the formation of new fractures and the expansion of raw

fractures.

The third stage was the plastic deformation stage. The

acoustic emission events increased in number, and there

was a subsequent increase in the bulk stress. However, the

increase in velocity gradually slowed, and the number of

events increased by 5 per 10 s, as shown by curve C in

Fig. 3. The semi-ellipsoidal shape of the zone of events

expanded, as shown in Fig. 4, as did the free weak surface

of the outburst outlet. The count number and energy rate

were constant, and the energy gradually increased to a

steady level. The amplification range was steady, as shown

in Fig. 5. These results were due to many new fractures

forming, combining, and connecting. Thus, the corre-

sponding effects were enhanced. Semi-fractures formed

throughout the sample, except at the primary failure sur-

face. The coal mass gradually faulted and failed, and the

bulk stress subsequently increased.

The fourth stage was the failure stage. The acoustic

emission events slowly increased in number by 3 per 10 s,

as shown by curve D in Fig. 3. The count number and

energy rate were steady, and the energy slowly increased,

as shown in Fig. 5. This is because many fractures that

were connected expanded and extended, the failure zone

reached a maximum size, and an outburst occurred. Finally,

there was a coal and gas outburst at the free weak surface

under the combined effects of the in situ stress and gas

pressure, as shown in Fig. 4.

Overall, a coal and gas outburst is a failure process of

energy accumulation and coal deformation under three-

dimensional stress, and the degree of failure increases with

the magnitude of the three-dimensional stress. In the

experiments, once the accumulated energy reached the

failure limit of the free weak surface, the failure of the

surface was inevitable, and there was a coal and gas out-

burst. The failure zone had a shape similar to a semi-el-

lipsoid. Acoustic emission events first occurred at the weak

structural surface far from the sample centre, and then, the

number of events gradually increased. The deformation and

degree of failure of the coal sample also increased gradu-

ally, finally resulting in an outburst. The failure zone

became a large semi-ellipsoid in which approximately

83.8–90.9% of the events occurred. Figure 6 is a profile of

the distribution of the accumulated acoustic emission

events after the deformation and failure. By injecting liquid

gypsum into the outburst zone after the experiments, three-

dimensional actual failure zones were seen after gypsum

solidification, as shown in Fig. 7.

Figure 7 shows that the outburst coal was a semi-el-

lipsoid zone from the former coal sample. Thus, the

acoustic emission research has demonstrated that the

(a)

(b)

(c)
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C

D

A
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D

Fig. 3 Temporal distributions of accumulated acoustic emission

events in the coal sample. a Initial gas pressure is 0.65 MPa, b initial

gas pressure is 0.70 MPa, c initial gas pressure is 0.75 MPa. A Initial

compressive stage; B elastic deformation stage; C plastic deformation

stage; D failure stage
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failure zone takes a semi-ellipsoidal shape, as predicted

theoretically.

Because of the modelling of the physical experiments

and setting of acoustic emissions, the present study focused

on the deformation and failure of a coal sample and not of a

free weak surface. According to the analysis of the physical

simulation results and acoustic emission characteristics, an

approximately semi-ellipsoidal zone was obtained after the

failure. However, the failure zone of a coal mine outburst is

actually a small side big body. Considering the physical

and mechanical characteristics of the coal and rock, the

deformation of the free weak surface throughout the out-

burst process under three-dimensional stress, the approxi-

mately semi-ellipsoidal zone after failure found by acoustic

emission monitoring and the actual three-dimensional

failure model after an outburst, we find that the deforma-

tion and failure zone of a coal sample containing methane

under three-dimensional stress is a semi-ellipsoid.

3.2 Physical Simulation

3.2.1 Analyses of Gas Pressure Variation of a Coal

Sample

According to the design of the experimental equipment of

the physical simulation, a material with low gas perme-

ability was selected as the free weak surface of the outburst

outlet. The relationship among the bulk stress of the coal,

internal gas pressure of the coal and outburst outlet strength

of the coal rock mass was studied during the process of the

coal and gas outburst.

In a gas-permeable coal seam, the adsorbed gas in the

coal began to desorb under the effect of the bulk stress, and

the gas flow in the coal particles obeys Darcy’s law.

According to the Airey (1968) relationship for the change

in the capacity of gas desorption with time, the relationship

between the coal desorption rate and time is

(a)

0~3MPa    3~9MPa         9~27MPa      27~39MPa    39 MPa~complete

(b)

0~3MPa 3~12MPa 12~30MPa 30~42MPa 42 MPa ~complete

0~3MPa 3~9MPa 9~27MPa    27~36MPa     36 MPa ~ complete

(c)

Fig. 4 Spatial distributions of accumulated acoustic emission events in the coal sample. a Initial gas pressure is 0.65 MPa, b initial gas pressure

is 0.70 MPa, c initial gas pressure is 0.75 MPa
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g ¼ gmax 1� exp � t

t0

� �n� �� �
ð3Þ

According to the Langmuir (1917) formula for isother-

mal adsorption and desorption, the relation between the

desorption rate and bulk stress of coal is

g ¼ gmax 1� aH
1þ bH

� �
ð4Þ

where g is the instantaneous desorption rate, gmax is the

final desorption rate, t is the time, t0 is the median
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Fig. 5 Characteristics of acoustic emissions during the deformation and failure of a coal sample. a Initial gas pressure is 0.65 MPa, b initial gas

pressure is 0.70 MPa, c initial gas pressure is 0.75 MPa

Fig. 6 Profile of the distribution of accumulated acoustic emission events after deformation and failure. a Initial gas pressure is 0.65 MPa,

b initial gas pressure is 0.70 MPa, c initial gas pressure is 0.75 MPa
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desorption time parameter, n is the time effect diver-

gence speed, and a and b are constant parameters.

The experimental results of the present study show that

the deformation and failure of a coal sample under three-

dimensional stress was such that the inner fractures

increased in number, expanded and connected, and there

was a subsequent increase in the bulk stress. The adsorbed

gas in the coal began to desorb, the coal strength subse-

quently decreased, and the desorption velocity gradually

increased. A significant amount of the desorption gas

moved to a low-pressure zone, which was the free weak

surface of the outburst outlet. An outburst occurred once

the comprehensive stress of the coal reached the strength of

the free weak surface. Employing the least-squares method,

regression analyses were adopted for the gas pressure as a

function of the bulk stress. The mathematical model of the

gas pressure and bulk stress is

p ¼ k0H
m ð5Þ

where p is the gas pressure in the coal, and k0 is a constant

parameter.

The gas pressure in the coal is shown as a function of the

bulk stress in Fig. 8. The simulation results and coefficient

index are presented in Table 2.

Figure 8 and Table 2 reveal that the inner gas pressure

increases with the bulk stress throughout the development of

the coal and gas outburst. These values are well fitted by the

external bulk stress, with all coefficient indexes exceeding

0.9744. This demonstrates that the inner gas pressure of the

coal is nonlinearly related to the bulk stress, with a high

coefficient index throughout the outburst process.

Considering the actual production in a coal mine, a coal

mass containing methane would be destroyed by the

comprehensive stresses in mines facing coal and gas

outburst hazards. During the outburst process, the inner

fractures increase in number, the strength decreases, the

gas undergoes desorption, and some of the adsorbed gas

becomes free gas. The manual production and surrounding

rock permeability are significantly less than the coal mass

permeability due to the gas accumulation caused by the

free gas not being removed. The gas pressure in the coal

mass increases gradually due to the comprehensive stres-

ses, and it may move to a low-pressure area. Because the

free weak surface of the outburst is only affected by the

atmosphere, there is a large difference between the inner

gas pressure and atmospheric pressure. Finally, the free

weak surface is destroyed, and a coal and gas outburst

occurs.

3.2.2 Analysis of the Relationship Between the Coal Mass

Bulk Stress and the Coal Mass Strength of the Free

Weak Surface

A coal mass was destroyed under three-dimensional stress

in the present experiments. Figure 9 shows the relationship

between the strength of the free weak surface and the bulk

stress of the coal mass at different initial gas pressures.

A mathematical model of the bulk stress of the coal

mass and the strength of the free weak surface is estab-

lished from the experimental results,

H ¼ k1Expðk2rQÞ ð6Þ

where rQ is the strength of the free weak surface of the coal

mass, and k1 and k2 are constant parameters.

The simulation results and coefficient indexes are pre-

sented in Table 3.

Figure 9 and Table 3 reveal that the bulk stress fits the

strength of the free weak surface well, with all coefficient

Fig. 7 Actual three-

dimensional failure zones after

an outburst
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indexes exceeding 0.9840. At the same initial gas pressure,

the minimum bulk stress that is required for a coal and gas

outburst to occur increases with the strength of the free

weak surface. If the comprehensive stress required to

destroy the free weak surface is reached, an outburst

occurs. At the same time, for one fixed outburst, the bulk

stress decreases as the initial gas pressure increases.

Considering the actual production in a coal mine, an

outburst does not occur even if the external comprehensive

stress is stable and the initial gas pressure is high. How-

ever, in the case of manual production that redistributes the

in situ stresses, the coal mass is destroyed, the gas pressure

increases, and a coal and gas outburst occurs. The com-

prehensive stress increases with the depth, and therefore,

Fig. 8 Curves of gas pressure in coal followed by bulk stress. a Initial gas pressure is 0.65 MPa, b initial gas pressure is 0.70 MPa, c initial gas
pressure is 0.75 MPa

Table 2 Simulation results and

coefficient index
Experiment no. Initial gas

pressure (MPa)

Free weak surface of the

outburst outlet strength (MPa)

Simulation results Coefficient

index

TI 0.65 18 p = 0.4680H0.1430 0.9937

TII 0.65 20 p = 0.5186H0.1132 0.9907

TIII 0.65 22 p = 0.4869H0.1263 0.9962

TIV 0.65 24 p = 0.5203H0.1046 0.9819

TV 0.70 18 p = 0.5633H0.0947 0.9877

TVI 0.70 20 p = 0.5823H0.0824 0.9959

TVII 0.70 22 p = 0.5649H0.0877 0.9744

TVIII 0.70 24 p = 0.5686H0.0856 0.9834

TIX 0.75 18 p = 0.6710H0.0489 0.9866

TX 0.75 20 p = 0.6705H0.0494 0.9882

TXI 0.75 22 p = 0.6617H0.0524 0.9852

TXII 0.75 24 p = 0.6616H0.0529 0.9836

Simulation Experiment and Acoustic Emission Study on Coal and Gas Outburst 2201

123



coal and gas outbursts primarily occur in outburst hazard

coal mines. Manual production redistributes the compre-

hensive stress, so the inner gas pressure increases, and the

external stress subsequently increases. If the free gas can-

not be removed, a coal and gas outburst occurs at the free

weak surface under comprehensive stress.

Overall, the occurrence of a coal and gas outburst

depends not only on the gas pressure, in situ stresses and

physical and mechanical characteristics of the coal mass,

but also on the rock characteristics of the free weak sur-

face. Thus, a coal mass is destroyed under external stress

during the development of a coal and gas outburst. An

outburst occurs if the comprehensive stress exceeds the

strength of the free weak surface. This is the primary

external stress causing an outburst to occur, as the gas

pressure gradually increases under an external stress.

3.3 Numerical Simulations

3.3.1 Establishing a Numerical Model

Numerical calculations are widely adopted in engineering

academia. A numerical simulation combines a mechanical

method with a numerical calculation method. Considering

the heterogeneity of the rock characteristics, material

properties are assigned to a given Weibull distribution, and

an elastic finite element method is adopted to analyse the

stress field of the research object. The mechanical param-

eters of the material satisfy the elastic damage constitutive

relation. When the unit stress reaches the maximum tensile

stress criterion or the Mohr–Coulomb criterion, the initial

damage is considered to undergo a damage evolution

according to the elastic damage constitutive relation.

Based on these assumptions, to simulate the uncovering

of rock cross-cut coal to induce the development of a coal

and gas outburst, the mechanism of the coal and gas out-

burst process was studied, and a two-dimensional numeri-

cal model was established, as shown in Fig. 10. There is a

fixed-width rock seam at the front of a coal seam, and the

gas pressure is equal to the atmospheric pressure at the

front of the rock seam. To simulate a tunnelling working

face to the next circle, the external stress is gradually

increased until an outburst occurs.

In the analysis of the platform strain, the model has

dimensions of 15 m 9 10 m and is divided into 300 9 200

units. From top to bottom, there is a cover platform of 4 m

depth, a coal seam of 3 m depth and a bottom platform of

3 m depth. The permeabilities of the cover and bottom

platforms are both low, i.e. q = 0. On the left of the tun-

nelling working face is a free weak surface, where the gas

pressure is equal to the atmospheric pressure, and on the

right of the tunnelling working face is a coal seam in which

the gas pressure is 0.7 MPa. The elastic modulus and

compression strength of the cover and bottom platforms are

both greater than those of the coal seam. The basic

parameters of the numerical model are given in Table 4.

3.3.2 Results and Analysis of Numerical Simulation

The initial horizontal stress is 2 MPa, and the initial ver-

tical stress is 2 MPa. At the beginning of the numerical

simulation, the model is dipped 20 units once the tun-

nelling working face forces a circle. The stress changes in

intervals of 2 MPa. Figure 11 shows the simulation of the

Fig. 9 Relationship between the strength of the free weak surface in

the coal mass and the bulk stress

Table 3 Simulation results of

the coal mass bulk stress and

strength of the free weak surface

No. Initial gas pressure (MPa) Simulation results Coefficient index

1 0.65 H = 16.071Exp(0.0575rQ) 0.9840

2 0.70 H = 15.891Exp(0.0563rQ) 0.9943

3 0.75 H = 17.572Exp(0.0483rQ) 0.9995

coal seam

2 aMPυσ =

h 2 aMPσ =

cover platform

0q =

bottom platform

0q =

0q =

0 0.1p = 0.70p =ro
ck

0q =

Fig. 10 Two-dimensional numerical model
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coal and gas outburst followed by stress accumulation after

the start of production. Figure 12 presents curves of the gas

pressure distribution for the forward working face followed

by an increase in the stress. Figure 13 presents the stress

distribution curves for the forward working face during the

outburst process.

In Figs. 11, 12, and 13, the free weak surface is varied

by dipping the model a certain number of units, and new

free weak surfaces are produced. The stress of the forward

working face of the coal seam is then distributed. The coal

mass is destroyed, there is subsequent loading and an

increase in stress, and an outburst finally occurs. There are

four stages of coal and gas outburst that are based on the

variation of the free weak surface, the inner deformation

and failure of the coal mass, the variation of the gas

pressure and the development of the coal seam stress.

The first stage corresponds to the stress that is in the

range of the initial pressure to 8 MPa. The coal mass is

compressed because of its homogeneity and double med-

ium porous structure. Fractures form near the free weak

surface and gradually produce an approximately ellipsoidal

zone. The coal mass is complete and undamaged, as shown

in Fig. 11a. There is an obvious gap in the gas pressure at

the front of the working face, the range of which is 0.6 m,

as shown by curve A in Fig. 12.

The second stage is the failure of the coal mass once the

stress reaches 10.4 MPa. The fractures increase in number,

expand and connect. The gas in the coal is desorbed, while

the stress varies, and the number of fractures increases. The

free gas increases in volume and moves to a low-pressure

zone. The pressure gap range reaches 1.0 m in front of the

coal wall, as shown by curve B in Fig. 12. The stress that

acts on the coal mass is primarily from the main com-

pression stress to the gas dynamic process. The deforma-

tion zone is semi-ellipsoidal, as shown in Fig. 11b.

The third stage is the generation and expansion of a new

free weak surface once the stress reaches 11.6 MPa. More

new fractures form, expand and connect, and the amount of

free gas increases and fully fills the coal mass. There is a

large gap between the inner coal mass and the free weak

surfaces, as shown by curve C in Fig. 12. The range of the

gas pressure gap and gas moving stress increase, and the

zone of deformation failure becomes larger. The ellipsoidal

zone is basically formatted, as shown in Fig. 11c.

The fourth stage is the merging of the maximum failure

zone once the stress reaches 12.4 MPa. The blocked coal

and gas are ejected rapidly, and the deformation failure

zone takes the shape of a large ellipsoid, as shown in

Fig. 11d. The gas is desorbed and forms a maximum gas

pressure gap, as shown by curve D in Fig. 12. Under the

strain and compressive stress, the peak value of the stress

moves into the inner coal seam, and deformations occur, as

shown in Fig. 13. This causes a coal and gas outburst.

The above results reveal that the in situ stresses are dis-

tributed during a coal and gas outburst under the effects of

the in situ stress, gas pressure and manual production. The

peak stress of the coal mass moves into the inner coal seam,

and the coal mass fails, and its strength decreases. New

Table 4 Basic parameters of

the numerical model
No. Mechanical parameters Coal seam Cover and bottom platform

1 Heterogeneity 3 10

2 Elastic modulus (GPa) 5 50

3 Compressive strength (MPa) 22 200

4 Poisson ratio 0.24 0.25

5 Permeability coefficient (m2/MPa2 d) 0.18 0.001

6 Coefficient of gas content 2 0.001

7 Coefficient of pore pressure 0.5 0.001

(a) (b)

fracture zone deformation zone

(c) (d)

deformation failure zone deformation failure zone

(e) (f)

outburst zone outburst zone

Fig. 11 Numerical simulation of a coal and gas outburst
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fractures gradually expand and connect, gas desorption

produces a large gas pressure gap, and the gas moves into a

low-pressure zone. Under the coupled effects of the gas

pressure and in situ stresses, there is a coal and gas outburst,

and many coal blocks are ejected. Then, a new free weak

surface forms, and the outburst continues step by step. Once

the new weak surface can withstand the comprehensive

stress, a new equilibrium state is established, and the out-

burst is complete. This process is presented in Fig. 11e, f.

Owing to differences in the gas permeability of the coal,

the non-uniformity of the coal and the method of the

loading stress, the stress experienced by the coal is slightly

different in the numerical simulation and physical simu-

lation. The bulk stress is approximately 42–65 MPa in the

physical simulation when the outburst occurs. The coal

body is subjected to the actions of vertical stress and hor-

izontal stress in the numerical simulation, and the stress is

approximately 12.4 MPa when the outburst occurs. If the

relationship is based on a three-dimensional in situ stress

conversion, the horizontal and vertical stresses in the coal

bulk are approximately 50 MPa when an outburst occurs.

The entire process of coal and gas outburst was investi-

gated via numerical simulation. An outburst is caused by

in situ stress and manual production. The coal strength

decreases, a large gas pressure gap forms, and an outburst

occurs as a result of the comprehensive stress. The failure

zone is an ellipsoid. It is reflected in situ that the failure

zone is increased followed by an increase in the coal seam

depth. The numerical simulation results demonstrate the

four stages of outburst and reveal an approximately ellip-

soidal failure zone from acoustic emissions. The numerical

simulation reproduces the actual coal and gas outburst

phenomenon. Thus, the results of the numerical simulation

and physical simulation are in agreement.

4 Conclusions

1. According to the temporal and spatial distributions of

acoustic emissions during coal and gas outbursts in

physical experiments, the deformation and failure of a

coal mass containing methane under three-dimensional

stress comprises four stages: initial compression,

elastic deformation, plastic deformation and failure.

The failure zone has a shape that is similar to that of an

ellipsoid. The emission events primarily occur on the

weak structural surface at the edge of the ellipsoid. The

events gradually increase in number within the ellip-

soid, and an outburst then occurs.

2. The gas in a coal mass is desorbed under bulk stress.

Then, free gas accumulates, and the gas pressure

increases. The gas energy in the coal mass is not

released in time, and an outburst occurs. In a regres-

sion analysis, the inner gas pressure of a coal mass fits

the bulk stress well.

3. The results reveal that the occurrence of a coal and gas

outburst depends not only on the gas pressure, in situ

stress and physical mechanical characteristics of the

coal mass but also on the characteristics of the free

weak surface of the outburst. It is more difficult for an

outburst to occur when the free weak surface is

stronger if all other conditions are the same.

Fig. 12 Gas pressure distribution for the forward working face

Fig. 13 Stress distribution for the forward working face

2204 H. Li et al.

123



4. The numerical simulation results demonstrate again

that the occurrence of a coal and gas outburst depends

on the in situ stress, gas pressure and physical

mechanical characteristics of the coal mass. A coal

mass becomes more fractured, the gas pressure

increases, and there is a subsequent increase in the

in situ stress. Finally, an outburst occurs, and many

coal blocks are ejected under the coupled effects of the

gas pressure and in situ stress. The results of the

numerical simulation agree with the acoustic emission

results for the four stages of outburst and show similar

ellipsoidal failure zones.

The present paper focuses on the mechanism of a coal

and gas outburst by employing physical and numerical

experiments combined with acoustic emission analyses.

The results are important in terms of providing a better

understanding of the mechanism and preventing coal and

gas outbursts.
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