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Abstract In order to research the evolution of

energy stored in the composite coal-rock structure

and coal fragments’ burst characteristics, lateral

pressure unloading numerical tests of composite

coal–rock models with different Young’s modulus

were carried by PFC2D software. The research

showed that the accumulated strain energy and kinetic

energy in the coal was greater than that in roof and

floor, and particles in the coal had a longer burst

distance. The variation of the kinetic energy in the

model could be separated into initialized burst, rapid

burst, stable burst and residual burst stage. With the

increase of the coal’s Young’s modulus, the accumu-

lated amount and releasing velocity of strain energy in

the coal decreased in the form of a power function,

while the strain energy in both roof and floor changed

little. The maximum value of the kinetic energy in the

coal was negative linearly related to the Young’s

modulus of the coal, while that of the rock was positive

linearly. When the Young’s modulus of the coal was

increased, particles bursted with a shorter distance,

and most particles accumulated near the coal wall.

Keywords Underground mining � Rockburst � Coal–

rock composite body � Burst energy � Particle flow

simulation

1 Introduction

Rockburst is a typical disaster caused by underground

excavation (Dou et al. 2014; Kouame et al. 2017;

Manouchehrian and Cai 2016b; Stacey 2016). Rock-

burst gestation process is completed, and the entire

burst process is hard to be recorded. Many kinds of

methods are utilized to reveal the mechanism of the

rock burst (Guo et al. 2017; Song et al. 2017; Wang

et al. 2017c), including laboratory tests (Tajdus et al.

2014), in situ monitoring (Morissette et al. 2017; Tan

et al. 2015, 2017; Wang et al. 2017a; Zhao et al.

2017, 2018) and simulation methods (Adoko et al.

2013; Cai et al. 2016; Manouchehrian and Cai 2016a;

Zhang et al. 2018; Zhao et al. 2014). Rock burst

mechanism is revealed at two main aspects, stress and

energy. At the aspect of stress, some scholars think

that rock burst is caused by excavation unloading

process or stress concentration (Liu et al. 2017). He

et al. (2014, 2015) carried out the granite rockburst

Y. Yin (&) � Y. Tan � Y. Lu � Y. Zhang

State Key Laboratory of Mining Disaster Prevention and

Control Co-founded by Shandong Province and the

Ministry of Science and Technology, Shandong

University of Science and Technology,

Qingdao 266590, Shandong, China

e-mail: yycrsd@163.com

Y. Yin � Y. Tan � Y. Lu � Y. Zhang

College of Mining and Safety Engineering, Shandong

University of Science and Technology,

Qingdao 266590, Shandong, China

123

Geotech Geol Eng (2019) 37:295–303

https://doi.org/10.1007/s10706-018-0609-5(0123456789().,-volV)(0123456789().,-volV)

http://orcid.org/0000-0001-9830-6320
http://crossmark.crossref.org/dialog/?doi=10.1007/s10706-018-0609-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10706-018-0609-5&amp;domain=pdf
https://doi.org/10.1007/s10706-018-0609-5


tests under four different unloading rates by using the

self-developed testing system for rockburst, and the

testing results indicated that the number and portion of

fragments with blocky structure decreased with the

unloading rate dropping down. At the aspect of

energy, some scholars think that rockburst is caused

by a sudden release of the elastic strain energy stored

in the rock (Feng et al. 2016; Lindin and Lobanova

2013), and accumulation and releasing law of the

energy was studied (Wang et al. 2017b; Wu et al.

2016; Xue et al. 2016). Ning et al. (2018) found that

the variation in the pre-peak energy-dissipation ratio

was consistent with the coal damage, and proposed a

new energy-dissipation method to identify crack

initiation and propagation thresholds, which was a

potential tool for early warning of rockburst.

In the mining engineering, rockburst is a dynamic

phenomenon of the sudden failure of the roof-coal-

floor structure. The interaction between rock and coal

plays an important role in keep equilibrium of the

roadway and working face. In recent years, mechan-

ical properties of composite coal–rock structure have

been studied, and some outstanding achievements

have been obtained. Zhao et al. (2016) researched the

influence of the interfacial angle on failure character-

istics of composite coal–rock mass, and proposed four

typical failure patterns. Zuo et al. (2013) found that the

confining pressure and loading conditions influence

composite coal–rock mass’ failure mode obviously.

In previous study, the tests of the composite coal–

rock samples were under loading conditions generally

(Lu et al. 2007). But in the roadway excavation of

mining engineering, the coal and rock at the heading

face are in unloading process (Huang et al. 2018).

When excavating in a high stress concentration area

with a large footage, the high stress can not transferred

into the deeper rocks immediately, and the coal and

rock in the plastic zone can burst out easily, as shown

in Fig. 1. The mechanical behavior and energy

evolution law at this engineering condition was less

studied. In this paper, a composite coal–rock model

was established using PFC2D, and the lateral pressure

unloading tests were carried out. The energy releasing

and particles’ burst law with different Young’s

modulus of the coal were studied.

2 Testing Theories and Methods

2.1 Rationale of Particle Flow Code

Particle flow code in two dimensions (PFC2D) is a

software used to simulate discrete elements. As an

effective approach for researching geotechnical

mechanics, it reflects the macroscopic mechanical

behaviour of materials using microscopic changes by

analysing the motion and interaction of micro-parti-

cles. In PFC2D, bond models are generally used for

studying geotechnical materials. They include contact

bond and parallel bond models. The former expresses

the bond at points between particles, and is generally

used to simulate granular materials such as soil, while

the latter expresses the bonding of surfaces between

particles, and is always used to simulate compact

materials, such as rocks (Haeri and Sarfarazi 2016;

Haeri et al. 2017; Yin et al. 2015).

In parallel bond model, eight parameters should be

defined: friction coefficient, normal and shear contact

stiffness kn and ks, normal and shear parallel stiffness
�kn and �ks, normal and shear bonding strength rn and rs,
and bond radius k. The parameters can be calculated

by Eq. (1) (Potyondy and Cundall 2004).
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Fig. 1 Excavating process of the roadway
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kn ¼ 2Ec

ks ¼
kn

kn=ks

�kn ¼
�Ec

2�r

�ks ¼
�kn

�kn=�ks

8
>>>>>>>>>><

>>>>>>>>>>:

ð1Þ

where Ec and �Ec is the Young’s modulus of the contact

and parallel bond; �r is the mean radius of the contact

particles. Young’s modulus Ec and �Ec are often set to

be the same value. rn and rs can be set as the

compressive strength. k is set to be 1 generally.

2.2 Burst Modelling

A composite coal–rock model established in PFC2D is

shown in Fig. 2. Being 4 m in height and 1 m in width,

this model consists of roof, coal, and floor, with the

height of 1, 2, and 1 m, respectively. Table 1 lists the

micro-parameters of each strata. During the test, the

stress applied on the model was loaded to 40 MPa

firstly, to simulate the high stress to make the model

into plastic state. And then the stress was unloaded to

30 MPa as the average value of the high stress. The

lateral restraint on the right side of the model was

removed. As a result, the particles in this model

bursted towards the roadway. Meanwhile, the internal

strain energy, kinetic energy of the particles, and burst

displacement in the model were monitored.

2.3 Burst Energy Calculating Approach

In particle flow code, the strain energy Es accumulated

in the model includes two parts: contact strain energy

Ec
s and parallel strain energy Epb

s (Itasca Consulting

Group 2008). The strain energy can be calculated by

Eqs. (2)–(4).

Es ¼ Ec
s þ Epb

s ð2Þ

Epb
s ¼ 1

2

X

i2Npb

�Fn
i

�
�
�
�2

Ai
�kni

þ
�Fs
i

�
�
�
�2

Ai
�ksi

þ
�Mij j2

Ii�k
n
i

 !

ð3Þ

Ec
s ¼

1

2

X

i2Nc

Fn
i

�
�
�
�2

kni
þ

Fs
i

�
�
�
�2

ksi

 !

ð4Þ

where �Fn
i , �Fs

i ,
�Ms
i is the normal force, shear force and

the moment in the parallel bond i; Fn
i and Fn

i is the

normal force and shear force in the contact i; Ai and Ii
is the area and inertia moment of the bond cross

section; Nc, Npb is the number of contacts and parallel

bonds.

The kinetic energy Ek is accounted for both

translational and rotational motion, and can be

expressed by Eq. (5).

Ek ¼
1

2

X

i2Np

mv2
x þ mv2

y þ Iw2
� �

ð5Þ

where Np is the number of particles; m is the mass of

the particle; vx and vy is the x-component and y-

component of the particle’s velocity; w is the

rotational velocity.

3 Results and Discussion

3.1 Release of Energy During Burst

Under the influence of external load, strain energy was

accumulated in the composite coal–rock model. When

the lateral restraint was removed, the composite coal–

rock model rapidly lost its stability and was therefore

fractured. Accordingly, the strain energy accumulated

in the model was released rapidly. Figure 3 shows the

curves of strain energy releasing for different Young’s

modulus of the coal.

By analyzing the curves in Fig. 3, it was found that:

1. For the composite coal–rock model, the strain

energy accumulated in the coal was great, while

that in roof and floor was low. The release of strain

energy in the total model and the coal was divided

into two stages: the first stage was a linear release

stage, during which the energy was rapidly

Roof

Coal

Floor

0MPa

Roadway

Lateral
restraint

40MPa
30MPa

Fig. 2 The composite coal–rock particle flow model
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released at an approximately constant speed;

while during the second stage, energy was

released at a rate best modelled by a power

function. That is, the releasing rate of strain

energy gradually decreased. In contrast, the strain

energy in the roof and floor was slowly released at

an approximately linear rate. Moreover, energy

was released completely from these strata before

its release from the coal.

2. When the Young’s modulus of the coal was

changed, the strain energy accumulated in the

model changed accordingly, as shown in Table 2

and Fig. 4. According to the Eq. (2)–(4) used for

calculating strain energy, it was found that strain

energy was inversely proportional to the stiffness

of the particle. When the Young’s modulus of the

coal was increased, the stiffness of the particles

therein increased, while the strain energy accu-

mulated in the coal decreased under the same

external load. In contrast, since the modulus of

both roof and floor remained the same, the amount

of strain energy stored therein was changed little.

With the increase of the Young’s modulus of the

coal, the decreasing gradient of strain energy in

the total model and the coal was gradually

reduced, and on the whole, the maximum
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Fig. 3 Strain energy

releasing curves for coal’s

Young’s modulus be

a 0.5 GPa, b 1 GPa,

c 1.5 GPa, and d 2 GPa

Table 1 Parameters of the composite coal–rock model

Structure Density (kg/m3) Radius (mm) Friction

coefficient

Bond radius Young’s modulus (GPa) Bonding strength (MPa)

Roof 2400 4 0.5 1 5 30

Coal 1400 4 0.5 1 0.5, 1, 1.5, 2 10

Floor 2400 4 0.5 1 5 30

Interface – – 0.5 1 0.5 10
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accumulated amount of strain energy and the

Young’s modulus of the coal presented a power

function relationship.

3. When the Young’s modulus of the coal was

increased, the releasing velocity of strain energy

reduced correspondingly, as shown in Table 2 and

Fig. 5. The releasing velocity of strain energy in

the total model and the coal was related to the

Young’s modulus of the coal by a power function,

while the releasing velocity of energy in both roof

and floor changed little.

3.2 Kinetic Energy Variation

The strain energy accumulated in the composite coal–

rock model was generally released as kinetic energy

and frictional energy. Thereinto, the kinetic energy

contributed significantly to the burst damage. When

the lateral restraint on the model was removed, the

strain energy therein was released. Meanwhile, the

particles in the model were ejected with a certain

kinetic energy. The variation of kinetic energy in the

coal for different elastic modulus is shown in Fig. 6. It

can be seen from Fig. 6 that:

1. After the strain energy of the model was released,

the variation of the kinetic energy in the model

could be separated into four stages: the first one

was an initialisation of the burst phase. Particles

on the surface of the model accelerated to an

extremely high burst velocity in a short time, and

kinetic energy of the model increased rapidly to its

peak value. The second stage was a rapid burst

stage. After particles had accelerated to such

extremely high velocities, they moved outwards

rapidly and therefore the energy was released

quickly. Thirdly, a stable burst stage developed,

during which the kinetic energy of some particles

ejected from the model decreased due to a lack of

energy at the rock burst source. As a consequence,

the particles inside began to be subjected to a

certain kinetic energy and the total kinetic energy

of the model became stable. The final stage was a

residual burst phase, and all the strain energy in

the model had been released so that the kinetic

energy of the model decreased rapidly to zero.
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Fig. 5 Relationship between the releasing velocity of strain

energy and the Young’s modulus of the coal

Table 2 Released strain energy for different Young’s modulus of the coal

Young’s modulus (GPa) Maximum strain energy (kJ) Energy releasing velocity (J/step)

Total model Coal Floor Roof Total model Coal Floor Roof

0.5 704.18 545.33 83.06 75.79 60.39 43.70 8.91 7.78

1 464.06 296.67 87.94 79.45 40.89 23.60 9.26 8.03

1.5 389.91 216.06 90.89 82.96 33.63 16.99 8.71 7.93

2 358.01 178.03 94.41 85.57 30.96 14.52 8.70 7.74
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2. When the Young’s modulus of the coal increased,

the strain energy in the coal was decreased, which

decreased the available power driving subsequent

particle motion. As a result, the kinetic energy

imparted to the particles gradually decreased (see

Fig. 7). More strain energy was transferred to the

roof and floor and then released, thus increasing

their kinetic energy. The maximum value of the

kinetic energy of the coal was negative linearly

related to the Young’s modulus of the coal, while

that of the rock was positive linearly. When the

Young’s modulus of the coal was 0.5 or 1 GPa

(approximately 20–40% of that of the rock) the

kinetic energy of the coal was larger than that of

the rock; when the Young’s modulus of the coal

was 1.5 GPa (i.e. 60% of that of the rock), little

difference was found between the kinetic energy

of the coal and the rock; while for 2 GPa (i.e. 80%

of that of the rock), the kinetic energy of the rock

exceeded that of the coal. In general, the peak

value of the kinetic energy of the rock was linearly

related to the Young’s modulus of the coal. The

total kinetic energy of the total model first

decreased, and then increased, with no clear

pattern in this behaviour.

3.3 Burst Process of Particles

After the strain energy in the composite coal–rock

model was released, particles instantly lost their

stability and were ejected. The burst process of

particles is shown in Fig. 8. When the strain energy
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Fig. 6 Curves of kinetic

energy variation for coal’s

Young’s modulus be

a 0.5 GPa, b 1 GPa,

c 1.5 GPa, and d 2 GPa
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Fig. 7 Relationship between the maximum kinetic energy and

the Young’s modulus of the coal
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was released, the particles on the surface of the model

first reached a high burst velocity and rushed out the

greatest distances. Particles inside the model got a

lower burst velocity following closely, for the releas-

ing of strain energy. So these particles had shorter

burst distances. The number of particles decreased

with the increasing distance from the coal wall. The

higher the accumulated amount of strain energy and

kinetic energy, the further each particle travelled.

When the Young’s modulus of the coal increased,

the strain energy in the model was decreased, and

particles were ejected shorter distances. So most

particles began to accumulate near the coal wall.

Therefore, the number of particles far from the coal

wall decreased, as shown in Fig. 9.
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3.4 Discussion

In the composite coal–rock model, when the coal

breaks, the strain energy accumulated in the rock

releases. Under high stress, the released energy of the

rock transforms into kinetic energy and external power

on the coal. When the difference between the coal’s

and rock’s Young’s modulus is high, more released

energy is applied on the coal, and the coal bursts out

fast. Therefore, when mining in ‘‘hard–soft–hard’’

coal seams under high stress, the mining speed should

be slow down to ensure the peak value of abutment

pressure transfers into deep coal by stress adjustment.

4 Conclusions

Based on the lateral pressure unloading numerical

tests of composite coal–rock models at different

Young’s modulus, the energy releasing and particles’

burst characteristics were studied, and the following

conclusions are drawn:

1. The strain energy accumulated in the coal was

greater than that in roof and floor. With the

increase of Young’s modulus of the coal, the

amount and releasing velocity of strain energy in

the coal decreased in the form of a power function,

while the strain energy in both roof and floor

changed little.

2. The variation of the kinetic energy in the model

could be separated into initialized burst, rapid

burst, stable burst and residual burst stage. The

maximum value of the kinetic energy of the coal

was negative linearly related to the Young’s

modulus of the coal, while that of the rock was

positive linearly.

3. With higher strain energy and kinetic energy,

particles in the coal had longer burst distances.

When the Young’s modulus of the coal increased,

particles’ burst distances decreased, and most

particles began to accumulate near the coal wall.
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