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Abstract Coal and gas outburst is a dynamic phenomenon in underground mining engineering that is often accompanied

by the throwing and breakage of large amounts of coal. To study the crushing effect and its evolution during outbursts, coal

samples with different initial particle sizes were evaluated using a coal and gas outburst testing device. Three basic particle

sizes, 5–10 mesh, 10–40 mesh, and 40–80 mesh, as well as some mixed particle size coal samples were used in tests. The

coal particles were pre-compacted at a pressure of 4 MPa before the tests. The vertical ground stress (4 MPa) and the

horizontal ground stress (2.4 MPa) were initially simulated by the hydraulic system and maintained throughout. During the

tests, the samples were first placed in a vacuum for 3 h, and the coal was filled with gas (CH4) for an adsorption time of

approximately 5 h. Finally, the gas valve was shut off and the coal and gas outburst was induced by quickly opening the

outburst hole. The coal particles that were thrown out by the outburst test device were collected and screened based on the

particle size. The results show the following. (1) Smaller particle sizes have a worse crushing effect than larger sizes.

Furthermore, the well-graded coal particles are weakly broken during the outburst process. (2) As the number of repeated

tests increases, the relative breakage index grows; however, the increment of growth decreases after each test, showing that

further fragmentation becomes increasingly difficult.
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1 Introduction

Coal and gas outburst is a type of dynamic phenomenon in

underground mining processes. Over a relatively short time

(a few seconds to a few minutes), coal (or rock) and gas (or

CO2) is ejected at high speeds, which always leads to

casualties and/or economic losses (Zhang 2008; Hu et al.

2007). Considering the complexity of this mechanism and

the diversity of outburst phenomena, a variety of coal and

gas outburst mechanism hypotheses have been proposed.

The most representative hypothesis is the ground stress

hypothesis, which emphasizes that the energy of the coal

and gas outburst comes from the elastic deformation

energy that accumulates in the rock around the coal seam.

The gas effect hypothesis emphasizes that gas is the main

source of the outburst energy. The chemical nature

hypothesis considers that the outburst is caused by high

pressures and that heat has formed from the chemical

reactions. The comprehensive hypothesis is considered to

be the result of the combined effects of the ground stress,

gas, and physical and mechanical properties of the coal.

The most representative of the comprehensive hypotheses

is the inhomogeneous ground stress hypothesis proposed
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and the energy hypothesis proposed by B.B. Hodort (Zhou

and Lin 1999). The latter believes that coal and gas out-

bursts are caused by the deformation potential of the coal

and gas inner energy. Furthermore, when the stress state of

the coal seam changes suddenly, the released potential

energy causes the coal body to be damaged with an asso-

ciated gas desorption, called the energy balance hypothesis

of gas-bearing coal seams. In recent decades, physical

simulation experiments and theoretical numerical analyses

have been widely applied to research on coal and gas

outbursts (Yang et al. 2018; Gupta et al. 2017).

Based on the conservation of energy, a large amount of

elastic energy for the coal rock mass and gas internal

energy is released during the outburst process. This energy

is converted into crushing and transport work of the coal, as

well as energy in the form of friction heat, vibration, etc.

(Xie et al. 2010; Wei et al. 2010). Due to the complexity of

experimental studies on the crushing and transport work of

coal and gas outbursts, several studies have focused pri-

marily on theoretical models (Zhao et al. 2010; Hu et al.

2008; Jiang and Yu 1996). For example, elastic mechanics

has been used to analyze the initiation, preparation, and

development of coal and gas outbursts, the potential of coal

seams, the kinetic energy of the surrounding rock, and the

internal energy of the gas.

After the actual coal and gas outburst, coal particles

generally have a high degree of fragmentation and a wide

size distribution. Research on coal particle size degradation

and the generation of fine particles has been reported in the

literature. Under the same energy conditions, the coal

lithotype (Shi et al. 2018), particle sphericity (Zhou et al.

2017), initial particle size (Oberholzer and van der Walt

2009), and proportion of fine particles (Xie et al. 2017) all

affect the breakage rate of coal particles. That is, the

amount of energy required for breakage is predominantly

dependent on the size, shape, and breakage properties of

the specimen as well as the input energy (Sahoo

2005, 2006; Sahoo and Roach 2005).

The size degradation depends on the cumulative

breakage energy imparted to the coal and its inherent

strength. While the bulk material strength of coal is

dependent on its rank and composition, the relative

strengths of the individual coal particles are also dependent

on their size (Esterle et al. 2002). For all materials, the

energy required for size reduction is proportional to the

newly created surface area; hence, more energy is required

for a smaller parent to achieve the equivalent breakage as a

larger parent. It is well known that the crack density of

larger particles is much greater than that for smaller par-

ticles (Shi 2016; Krajcinovic and Mastilovic 1995; Tavares

and King 1998). Therefore, larger particles tend to be

weaker and easier to break.

The above research focused primarily on the mechanical

crushing of coal and rock. However, research on coal

particle crushing in coal and gas outburst processes is

lacking. To understand the mechanism of coal and gas

outbursts as well as having a verification and supplement to

theoretical models, a large-scale test device for coal and

gas outburst simulations is used to test the crushing and

transport work of coal samples (Xu et al. 2008). In this

paper, the fracture effect and variation law of outbursts

with different initial particle sizes and the same test sam-

ples under multiple outburst tests are studied.

2 Energy conservation during coal and gas
outburst

If coal and gas outbursts are treated as mechanical pro-

cesses, coal must be subjected to kinetic forces; however,

the coal body also generates a resistance. An outburst

occurs when the resistance is less than kinetic force. If only

the relationship between different forces is considered, it is

difficult to obtain a systematic and comprehensive under-

standing of the various factors that constitute the

mechanical system as it is a complex and variable system.

The effects of various forces, which help predict coal and

gas outbursts, can be calculated quantitatively through tests

when the actions of the outburst force and energy are

considered.

2.1 Energy relationship

The energy sources of the outburst process are from the

ground stress elastic potential and the gas expansion. The

coal and rock mass are the receptors of the dynamics and

the main body of resistance during the entire process.

Considering the conservation of energy, the resistance of

the coal body is equal to the work done by the external

force to destroy it (crushing work). The energy consumed

when a coal body is thrown out is equal to the transport

work done by the external force during the outburst pro-

cess. Therefore, in a mechanical system that consists of

coal and gas, there are four energy relationships that

interact and transform with each other. When the gas and

ground stress potential is greater than the crushing and

transport work of the coal body, an outburst can occur.

That is, the condition for a coal and gas outburst can be

approximated as:

W1þW2 [WA þWy ð1Þ

where W1 is the gas expansion energy, W2 is the elastic

potential of the coal body, WA is the crushing work, and Wy

is the transport work.
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The situ tests show that the elastic potential in the coal

body is generally smaller than the expansion energy of the

coal seam gas (Wei et al. 2010). This is because the

magnitude of the energy is simultaneously affected by the

stress and strain. Although the gas pressure of the coal

seam is smaller than the ground stress, it has a larger

expansion. In the end, the strain of the gas internal energy

is larger than the ground stress potential so the gas

expansion can release more energy than the ground stress.

Zheng confirmed these conclusions from the underlying

physical mechanism, and believed that the gas internal

energy is the main provider of outburst energy. In addition,

the gas potential in the outburst coal seam is 1–3 orders of

magnitude larger than the elastic potential of the coal body

(Zheng 2004).

2.2 Energy sources

(1) Gas expansion energy

A variety of energy balances are obtained from detailed

studies on gas expansion (Zhao et al. 2010; Hu et al. 2008;

Jiang and Yu 1996). As the outburst process occurs rapidly,

there is no time for heat exchange for the coal–gas system

with the outside environment; therefore, the outburst pro-

cess is simplified as an adiabatic process. The expansion

work of the gas in adiabatic expansion processes is readily

obtained from the equation of state and the process equa-

tion of gas (Zhao et al. 2010):

W1¼
Z

dW ¼ 1000p1V

n� 1

p2

p1

� �n�1
n

�1

" #
ð2Þ

where W1 is the work done by gas expansion energy in kJ/t,

P1 and P2 are the environmental pressure and outburst coal

seam gas pressure in MPa, respectively, n is the adiabatic

index of gas taken as 1.31, and V is the gas volume par-

ticipate in the outburst in m3.

(2) Coal body elastic potential

When the stress state of the coal seam near the working

face changes abruptly, the potential of the coal body may

be suddenly released. The amount of potential released

depends on the stress state before and after the outburst of

the working face. In fact, the coal body is affected by

mining, so the stress state constantly changes. The breaking

and throwing of the coal body experiences two processes:

the original stress state to the stress concentration state and

the stress balance to the limit equilibrium state. A portion

of the potential energy is transformed into coal crushing

work. When the coal body is subjected to hydrostatic

pressures, the potential of the coal body is (Wen 2003):

W2 ¼ 103ð1 � 2lÞr2
0=ð2EcÞ ð3Þ

where l is Poisson’s ratio of the coal body, r0 is the

original stress of coal in MPa, E is the elastic modulus of

the coal body in MPa, and c is the coal body density.

2.3 Energy release

(1) Crushing work

An essential feature of coal and gas outburst is the coal that

is thrown out becomes highly fragmented with a significant

amount of coal powder. A large portion of the energy is

consumed in the broken coal. The study of the relationship

between the fracture size and fracture work for the rock

includes the new surface theory, similar theory, and crack

theory (Guo et al. 2000).

The new surface theory assumes that the only difference

before and after an object broken is that new surface area is

added, and the energy required to produce the new surface

is directly proportional to the crushing work. Geometri-

cally-similar solid particle volumes are proportional to the

cube of its linear dimension, whereas the area is propor-

tional to its square. Therefore, the surface area per unit

volume is inversely proportional to its geometric size. The

results of microscopic studies show that coal particle out-

bursts are primarily spherical particles. The surface area of

spherical particles per unit volume is

S ¼ 4p
d

2

� �2
,

4

3
p

d

2

� �3

¼ 6
1

d
¼ K

1

d
ð4Þ

where d is the geometrically-similar solid particle diameter

and K is a constant that depends on the particle shape.

Based to the new surface theory, the work consumed

during coal rock crushing is proportional to the new surface

added after crushing. Therefore, the work required to crush

a unit volume of coal rock is

WA ¼ KR � ð1=d � 1=DÞ ð5Þ

where KR is a constant that depends on the nature of the

rock sample and its breaking mechanism, D is the original

size of the rock sample, and d is the size after the rock

sample is broken.

Similar theory considers that when a rock sample

reaches a critical value under an external load, the crushing

work to break a piece into a smaller piece is constant. Thus,

the crushing work is considered to be:

WA ¼ Kk � ½lgð1=dÞ � lgð1=DÞ� ð6Þ

where Kk is a constant that depends on the nature of the

rock sample and its breaking mechanism.

Crack theory considers various cracks that are hidden in

the rock, indicating the rock crushing work should be:
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WA ¼ KB � ð1=
ffiffiffi
d

p
� 1=

ffiffiffiffi
D

p
Þ ð7Þ

where KB is a constant that depends on the nature of the

rock sample and its breaking mechanism.

(2) Transport work

The transport work refers to the kinetic energy of the

broken coal when it is thrown out during an outburst. This

work is related to the mass of the outburst coal and its

initial velocity as:

Wv ¼
1

2
mv2

0 ð8Þ

where m is the mass of the coal and v0 is its initial velocity.

Since the initial velocity of outburst coal is difficult to

measure, the above formula cannot be used to directly

calculate the transport work of broken coaly. Thus, some

scholars (Wen 2003) considered that the work of the bro-

ken coal under ideal conditions is:

dWv ¼ xgðf1 cos a� sinaÞdm ð9Þ

where x is the moving distance, f1 is the drag coefficient, a
is the roadway inclination, and m is mass of coal that is

thrown out.

3 Test materials and methods

3.1 Test materials

Ordinary bituminous coal was used as the test material for

the experiments. The coal sample was taken from the No. 8

coal seam of the Datong Mine of Chongqing Energy Co.,

Ltd., which is located at the junction of the Yungui Plateau

and Sichuan Basin. The well field structure is an anticline

with a gentle dip angle. The No. 8 is the primary coal seam

has an average thickness of 2.75 m. The lithology of the

roof is mudstone, siltstone, and sandy mudstone, there is a

large pressure on the roof of the working face, the coal

seam is loose and broken, and this mine experiences sig-

nificant coal and gas outbursts.

Industrial analyses were performed to better understand

the physical and mechanical properties of the coal samples.

The results are shown in Table 1.

3.2 Test device and methods

The test coal sample was the same as the industrial analysis

coal sample that was collected from the No. 8 coal seam of

the Datong Mine. To study the effects of the particle size

on the crushing and transportation work during coal and

gas outburst processes, the original coal sample was

mechanically crushed, and coal particles of different sizes

were sieved. The test plan and the number of different

experimental groups are shown in Table 2.

Laboratory simulations are among the most effective

methods to study coal and gas outbursts. The Institute of

Mechanics of the Chinese Academy of Sciences, China

University of Mining and Technology and Henan

Polytechnic University have conducted research in this

field and developed corresponding testing devices. In this

paper, the coal and gas outburst test device developed by

Chongqing University (Xu et al. 2008; Nie et al. 2016) was

used to conduct the coal and gas outburst testing (Wu

2010). The device is composed of an outburst assembly,

fast-releasing component, load-bearing frame, electric

servo-controlled loading system, reversal unit, main frame

bracket, and accessories. The test equipment and principle

of operation are shown in Fig. 1.

The main testing steps are as follows:

(1) A sealable metal box is used as the carrier, the coal

particles are layered and compacted at a pressure of

4 MPa, as shown as Fig. 1b, and approximately

100 kg of coal particles is required for each test. In

addition, temperature and pressure sensors are

required during testing, while the enclosure is sealed,

as shown in Fig. 1c.

(2) The test box is lifted to the coal and gas outburst test

device and affixed to it. At the start of test, the

vertical ground stress (4 MPa) and the horizontal

ground stress (2.4 MPa) are simulated using the

hydraulic system, as shown in Fig. 1d.

(3) The coal sample in the sealed box is evacuated to a

predetermined negative pressure before adding gas

(CH4) to saturate the coal body under a 1 MPa gas

pressure. The adsorption process is performed for

not less than 5 h, while the temperature, pressure and

Table 1 Industrial analyses of the coal sample

Parameter Mad Ad Vdaf TRD ARD F

Values 1.00% 12.43% 12.43% 1.49 1.35 9.40%

Table 2 Test plan and number

Coal particle size I-1 I-2 I-3 II-1 II-2 II-3

5–10 mesh 1 0 0 0 1/3

10–40 mesh 0 1 0 1/2 1/3 Nonea

40–80 mesh 0 0 1 1/2 1/3

aCoal sample is directly from the mechanical crushing of larger pieces

100 X. Wu et al.
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other signals from the process are recorded, as

shown in Fig. 1e.

(4) The adsorption is completed and the simulated

outburst process is begun. The gas valve is turned

off and the coal and gas outburst is induced by

quickly opening the outburst hole. Then, the coal and

gas are sprayed at a high speed.

(5) The test is stopped. After the gas volume concen-

tration at the site is less than 1%, the coal is collected

and sieved, while the shape and volume of the

outburst cavity are measured.

After the above experiments, the basic laws for changes

in the pressure and temperature are obtained. The results

show that the coal body temperature is closely related to

the gas adsorption and desorption processes, and that coal

particles with smaller sizes have faster gas adsorption and

desorption rates. The test process can be roughly divided

into three stages:

(1) The vacuuming stage which lasts for approximately

2 to 3 h. At this stage, the temperature of the coal

body slowly decreases, where the total decrease is

about 0.45–0.6 �C. Furthermore, the temperature

drop of the coal samples with smaller particle sizes,

such as Test I-3, is faster and to a greater extent than

for larger particles.

(2) The gas adsorption stage After the entering gas has a

pressure of 1 MPa, the temperature in the tank rises

sharply during the first 100 s, which can reach

1–3 �C. Then, the temperature increase rate of the

coal body gradually slows to its equilibrium state. In

addition, the temperature rise for the coal samples

with smaller particle sizes, such as Test I-3, is faster

and to a greater extent than for larger particles.

(3) The outburst stage The outburst hole is opened

quickly. When coal and gas outburst occurs, the gas

pressure drops rapidly, and the temperature of the

coal body decreases by 0.2–0.5 �C instantly. Then,

the temperature drop slows and eventually balances

out.

Outburst hole

Vertical stress

Horizontal stress

Vacuum pump

Three-way valve

Gas cylinder

Pressure reducing valve

2. Adsorption

1. Vacuuming

Temperature Sensor

Pressure measuring port

Monitoring System

CH4

CH4

Air

Air

Air pressure sensor

No.8 No.9 No.10

No.4

No.5
O

utburst hole

B Preload C Assembly & sealing D Installation

A Coal sample

5-10 mesh

10-40 mesh

40-80 mesh

E Test device schematic

Fig. 1 Coal and gas outburst simulation test device
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4 Results and analysis

4.1 Overview of results

For Test I-2 (10–40 mesh), the mass of the coal thrown out

from the metal box is 16.83 kg, while the initial mass is

86.65 kg. The relative outburst strength, which is the ratio

of the outburst coal mass to the total coal mass, is 19.43%.

Relying on the three different particle size tests, it was

found that the mass of the outburst coal for Test I-1 (5–10

mesh) is 5.78 kg, and the relative outburst strength is

6.47%, while Test I-3 has 20.24 kg of outburst coal and a

relative outburst strength of 23.25%. When the coal and

gas outbursts occur, the energy released from the small

particle coal samples is more intense, which is consistent

with the adsorption of more gas and the accumulation of

more gas energy in the small particle coal samples. The

tests for mixed coal particles sizes, such as Tests II-1, II-2

and II-3, are more complicated, but follow this same basic

rule.

According to the measurements of the coal thrown out

by the test device, the particle size of the coal after the

outburst is reduced to different extents, which reflects the

crushing work of the process. In addition, the coal is

thrown to different distances, which reflects the variability

in the transport work. To analyze the above vital parame-

ters in detail, the laboratory area is divided into regions,

and the particle size variation and distribution laws for the

coal are analyzed by region, as shown in Fig. 2.

4.2 Different initial particle size test

The gradation curve of each area before and after the

outburst and the mass of coal in each area are shown in

Fig. 3. The results show that there is an apparent regional

distribution for the coal particles thrown out during the

outburst process. The crushing work of the coal particles in

various regions is different, and the crushing and transport

work is strongly influenced by the particle size of the initial

coal sample.

The distribution of coal samples with smaller particle

sizes is further from the outburst hole, which indicates a

greater release of the transport work. Test I-1 samples (5–

10 mesh) are concentrated primarily in the No. 1 area,

which is close to the outburst hole. In comparison, Test I-3

samples (40–80 mesh, fine particles) are located primarily

at the No. 3 area, which is farther from the outburst hole.

The results of Test I-2 are somewhere in between. This

phenomenon can be explained by the energy formula of

Eq. (1). For coal samples with smaller particle sizes, more

gas can be absorbed, which accumulates more gas internal

energy W1 over the same limited time, which leads to a

greater release of crushing and transport work. As a result,

the coal particles are sprayed to greater positions.

A suitable fracture index is introduced to compare the

crushing work of coal particles of different sizes. The

relative breakage index, which is the ratio of the amount of

crushing to the potential, was defined by Hardin (1985) as

an indicator and is used here, as shown in Fig. 4.

Br ¼
Bt

Bp

ð10Þ

where Br is the relative breakage and is between 0 and 1, Bt

is the area enclosed by three points A, C, D (yellow part in

Fig. 4) and represents the amount of crushing, and Bp is the

area enclosed by three points A, B, D (diagonal part in

Fig. 4) and represents the breakage potential. Therefore, a

smaller Br leads to a worse crushing effect.

The relative breakage Br of particles with different ini-

tial particle sizes was analyzed, as shown in Fig. 5. For the

three basic particle size tests, Test I-1, Test I-2, and Test I-

3, smaller particle sizes had less crushing work than larger

particles. In addition, the gradation curves for the mixed

particle sizes (Test II-1, Test II-2, and Test II-3) show that

coal with a good grading has a worse crushing effect.

Specifically, the Br of Test II-3 is the smallest of the three

tests.

4.3 Cumulative crushing test

The influence of multiple tests on the crushing effect of

coal and gas outbursts is analyzed with a focus on Test II-3.

The laboratory area is divided into five rectangular regions

(Areas A to E) that are aligned linearly. The coal sample

for this test is directly from the mechanical crushing of

0
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Fig. 2 Regions where coal is collected and analyzed (top view)
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A Test I-1 gradation curve B Test I-1 Coal particle distribution
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Fig. 3 Coal particle gradation curves before and after the outburst with the corresponding regional distributions
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larger coal piece, without artificial particle size changes.

After each test, the coal particles are collected and reloaded

for the next test. This process is repeated five times, and the

gradation curves and relative breakage index Br are used to

analyze the variations of the crushing effect, as shown as

Figs. 6, 7, and 8.

The results of multiple tests show the following results.

(1) Based on the same initial particle size, more test rep-

etitions cause larger relative breakage indices, which

illustrates the one-way accumulation of the crushing effect.

Moreover, Br increases approximately linearly, as shown

as Fig. 8. (2) The trend of the relative breakage index

increment declines gradually, which indicates that further

fragmentation becomes increasingly difficult. Therefore,

the coal particles are subjected to crushing effects during

the outburst process. Moreover, the higher the degree of

fragmentation, the more difficult it is to cause further

crushing and the greater the crushing work required to

achieve the same degree of crushing.

5 Conclusions

A number of coal and gas outburst tests were performed

using a laboratory test device. The influence of the initial

particle size and grading on the crushing effect, the evo-

lution law of the crushing effect for multiple outburst tests,
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and the spatial distribution of the coal that was thrown out

during the outburst were all studied. The following con-

clusions were obtained.

(1) An energy balance equation for coal and gas outburst

is established. It is believed that the energy of the

coal and gas outburst is primarily from the expansion

energy of the gas and the elastic potential of the coal,

which is transferred to the crushing and transport

work of the coal that is thrown out.

(2) The coal samples with smaller particle sizes accu-

mulate more gas internal energy over the same

limited time, which leads to more coal mass being

thrown out and at greater distances. In addition,

smaller particle sizes have a worse crushing effect

than larger particles.

(3) The crushing effects are significantly impacted by

the initial gradation of the coal particles. Coal with a

good grading has a worse crushing effect. Coal

samples with a uniform particle size generally have a

poor gradation and are more likely to be broken.

(4) As the number of repeated tests increases, the

relative breakage index Br increases, meaning the

crushing effect continues to accumulate. However,

the increment of the relative breakage index

decreases after each test, showing that further

fragmentation becomes increasingly difficult.
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