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1. Introduction 
 

Rock burst is a phenomenon that the high strength coal 

and rock deformation energy is released in the mining 

activity, which causes strong rock vibration and extrusion in 

the corresponding mining space. It is one of the main 

dynamic disasters in coal mining (Tan et al. 2009, Fakhimi 

et al. 2016, Whyatt and Blake 2002, Du et al. 2020). When 

rock burst occurs, coal, rock blocks, fragments and particles 

of different sizes are often ejected or thrown into roadways. 
The speed of the broken blocks, fragments and particles 

sometimes even exceeds 10m/s. It is extremely harmful to 

personnel and equipment, and seriously affects the 

construction progress (Wang et al. 2019, Leveille et al. 

2017, Bieniawski 1968, Qiu et al. 2022, Ma et al. 2020). 

Therefore, the study of energy, especially kinetic energy in 

the process of coal and rock mass failure, is of great 

significance to the construction of deep underground rock 

engineering. 

For the calculation method of coal and rock kinetic 
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energy in the process of rock burst, scholars have carried 

out extensive theoretical and laboratory research. Zuo et al. 

(2006) discussed the type of rock ejection velocity and its 

significance in the design of rock burst dangerous roadway 

support based on the physical process of rock burst and the 

manifestation of rock burst. The energy composition of the 

rock burst and the ejection velocity of the rock block 

induced by the uniaxial dynamic and static combined 

loading are calculated. Qin et al. (2011) discussed the high-

speed ejection mechanism of the block in the rock burst 

problem, and analyzed the energy of the block after 

instability. It is obtained that the block velocity can reach 10 

m/s, and it is concluded that the tensile strength of the rock 

mass also affects the magnitude of the block velocity. He et 

al. (2010) conducted theoretical and experimental studies 

on the ejection velocity of rock bursts in deep mining, and 

established a theoretical model of the ejection velocity 

during rock bursts. The ejection velocities of the three 

typical motion forms of rock blocks are calculated and 

compared with the experimental values obtained from the 

rock burst experiment. Su et al. (2016) carried out a series 

of researches on the kinetic energy in the process of rock 

burst, including discrete element simulation of rock burst 

ejection failure under excavation unloading and disturbance 

load, experimental research on hard rock burst ejection 

failure process, release mechanism of ejection kinetic 

energy of strain rock burst and quantitative prediction 

method, etc. The quantitative analysis method of kinetic 

energy of rock burst is obtained from numerical simulation 

and laboratory tests. The above research studies the energy 

evolution in the process of rock burst from different 
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Abstract.  When rock burst occurs, the damaged coal, rock and other fragments can be ejected to the roadway at a speed of up 

to 10 m/s. It is extremely harmful to personnel and mining equipment, and seriously affects the mining activities. In order to 

study the energy evolution characteristics, especially kinetic energy, in the process of rock mass failure, this paper first analyzes 

the energy changes of the rock in different stages under uniaxial compression. The formula of the kinetic energy of rock sample 

considering the energy from the indenter of the testing machine is obtained. Then, the uniaxial compression tests with different 

stiffness ratios of the indenter and rock sample are simulated by numerical simulation. The kinetic energy Ud, elastic strain 

energy Ue, friction energy Uf, total input energy U and surface energy Uθ 
of crack cracking are analyzed. The results show that: 

The stiffness ratio has influence on the peak strength, peak strain, Ud, Ue, Uθ, Uf and U of rock samples. The variation trends of 

strength, strain and energy with stiffness are different. And when the stiffness ratio increases to a certain value, if the stiffness of 

the indenter continues to increase, it will have no longer effect on the rock sample. 
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perspectives. The kinetic energy release mechanism and its 

calculation method are obtained, which makes an important 

contribution to the prediction and prevention of rock burst. 

In fact, when rock burst occurs, the kinetic energy in 

coal and rock mass includes not only the elastic strain 

energy contained in coal and rock mass itself, but also the 

energy released when the roof and floor rocks are damaged. 
At this time, the entire surrounding rock is equivalent to a 

large loading test machine (Xu and Cai 2017, Salamon 

1970, 1984, Hudson et al. 1972, Vardar et al. 2017, Que et 

al. 2022). When multiple coal seams are mined, a large 

number of coal pillars are left. The roof and floor types 

upper or under coal pillars are different. When other 

conditions are the same, surrounding rocks of different 

properties can be regarded as test machines with different 

stiffness for loading (Xu and Cai 2017, Salamon 1970, 

1984, Hudson et al. 1972, Vardar et al. 2017). But the 

existing test equipment is mostly rigid test machine. Due to 

the fixed loading rigidity of the testing machine, which does 

not match the actual loading conditions of the site project, 

the experimental results obtained are quite different from 

the actual site project. Different stiffness directly affects the 

kinetic energy when coal and rock mass are destroyed (Xu 

and Cai 2017, Wang and Kaunda 2019). Depending on the 

stiffness of the roof and floor rock, how much energy is 

provided for the failure and instability of coal and rock 

masses, and what is the kinetic energy provided by the 

remaining energy transformation. Although great progress 

has been made in studying the energy mechanisms of rock 

failure, the details of kinetic energy of the rock mass, the 

surface energy of crack cracking and the frictional energy 

consumption when the indenter has different stiffness has 

not been fully explained. 

This article first analyzes the energy in the process of 

rock deformation and failure during uniaxial compression. 
Then, the numerical simulation method is used to analyze 

the changes of various energy during the failure process of 

the rock sample under uniaxial compression. And the 

proportion of all kinds of energy in the total energy under 

different roof and floor stiffness environment is obtained. 

 
 
2. Engineering background 

 
Coal pillars can be defined as coal bodies that are mined 

out on two or more sides in underground mining (Sun et al. 
2017, Kias and Ozbay 2013, Bertuzzi et al. 2016, 
Esterhuizen et al. 2011, Guy et al. 2017, Ma et al. 2021). In 
various coal mining methods, a large number of coal pillars 
are required to be used for controlling ground subsidence, 
supporting roofs, protecting roadways, isolating water and 
sand and other possible disasters. It mainly includes ground 
buildings protective coal pillar, isolated coal pillar, 
waterproof coal pillar and roadway coal pillar, etc. (Sun et 
al. 2017, Kias and Ozbay 2013, Bertuzzi et al. 2016, 
Esterhuizen et al. 2011). After coal mining, the remaining 
coal pillars are prone to local stress concentration. As time 
goes by, the coal pillars will weather, creep, and rupture 
naturally, which may cause coal pillar-stratum linkage 
instability and damage (Yu et al. 2014, Zhao 2018). There 
are more coal pillars left when mining in multiple coal  
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Fig. 1 Energy change during rock deformation and failure 

(Zhang et al. 2013) 

 

 

seams, and more disasters will be generated accordingly. In 

recent years, many old mines in China, such as Datong, 

Beijing, Yanzhou, Xinwen, Jining coal field, etc., have lost 

stability due to a large number of residual coal pillars 

during early mining, causing sudden collapse of the upper 

goaf rock strata. It has strong dynamic pressure impact on 

the mining of the lower coal seam, resulting in severe 

deformation and damage of the support and mining 

roadway (Yu et al. 2014, Zhao 2018). The roof and floor 

lithologies are different when pillars are left in different 

coal seams in multi coal seam mining. When other 

conditions are the same, surrounding rocks of different 

lithologies can be regarded as loading by the testing 

machine with different stiffness (Xu and Cai 2017, Salamon 

1970, 1984, Hudson et al. 1972). Since Cook et al. (1965) 

successfully developed a rigid testing machine in 1965 and 

obtained the load-displacement curve of the rock for the 

first time, the concept of the effect of the stiffness of the 

loading body on the test results has been widely accepted. 
Experimental research is one of the most basic methods to 

reveal the disaster mechanism and energy evolution law of 

rock burst (Xu and Cai 2017, Wang and Kaunda 2019, Su et 

al. 2017). The energy evolution characteristics of rock 

samples in uniaxial compression process with different 

stiffness ratios of indenter and rock sample will be studied 

by numerical simulation tests. 

 
 
3. Energy change during rock uniaxial compression 
test 

 

According to the law of thermodynamics, the 

destruction of any substance is closely related to its energy 

change, and essentially occurs under the drive of energy 

(Solecki and Conant 2003, Xie et al. 2005, Maruvanchery et 

al. 2019, Wang and Kaunda 2019). Therefore, studying the 

occurrence process of rock burst from the energy point of 

view is a reliable way to reveal its true occurrence 

mechanism. The whole process of rock deformation and 

destruction will be accompanied by the accumulation, 

dissipation and release of energy. External energy input part 

of the energy accumulation is mainly the elastic strain 

energy accumulated in the coal and rock body, which is 

released when it is broken. The other part is transformed 

into energy dissipation such as rupture surface energy, 

electromagnetic radiation, infrared radiation, and acoustic  
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emission. When the rock is damaged, the energy released 

mainly includes acoustic wave energy, radiation energy, 

kinetic energy, frictional heat energy, etc, as shown in Fig. 1 

(Zhang et al. 2013). 

The following is a detailed analysis of the energy 

change of the rock during uniaxial compression as an 

example. The relationship between dissipated energy and 

releasable strain energy during rock uniaxial compression is 

shown in Fig. 2. 

The energy changes of rock in different stages of 

uniaxial compression can be divided into the following 

processes. (a) Fracture compaction stage: In this stage, the 

external force does work on the rock, and the internal 

fissures are continuously compacted under the action of the 

external force. (b) Elastic stage: At this stage, the rock can 

be regarded as an elastic body, which can return to the 

initial state when unloading. The work done by the external 

force will be converted into the elastic strain energy Ue of 

the rock, the elastic strain energy Us of the testing machine 

and the energy Ur consumed by the various damping of the 

testing machine. At this stage 

𝑈 = 𝑈𝑠 + 𝑈𝑒 + 𝑈𝑟                               (1) 

Generally speaking, the energy Ur consumed by the 

various damping of the testing machine is small, so it can be 

ignored. (c) Crack initiation and cracking stage: At this 

time, under the action of external force, new micro cracks 

begin to sprout and expand. At this stage, part of the 

external input energy is converted into the elastic strain 

energy of the rock and the testing machine, and the other 

part is dissipated by the nonlinear mechanism inside the 

rock. The energy dissipated mainly includes plastic 

potential energy Up and damage potential Ud. The plastic 

potential energy Up is the thermal energy T, and the damage 

potential energy Uc is mainly the surface energy 𝑈𝜃  
of 

cracks cracking. At this stage 

𝑈 = 𝑈𝑠 + 𝑈𝑒 + 𝑇 + 𝑈𝜃                             (2) 

(d) The crack propagates rapidly to the failure stage: 

Affected by the external force, the deformation continues. 

When the peak point of the rock is reached, a large number 

of micro-cracks are generated, expanded, merged, and 

finally penetrated to form a macroscopic main crack. At this 

stage, it mainly includes the surface energy 𝑈𝜃  of cracks 

cracking, the elastic strain energy Ue of the rock sample, 

and the stored elastic strain energy Us of the indenter of the 

testing machine. But at the moment of failure of the rock 

sample, the stored elastic strain energy is largely converted 

into the kinetic energy Ud when the rock is broken and 

ejected, and friction between the fragments and between the 

rock and the indenter of the testing machine will generate 

frictional heat Uf when the rock is ejected, And energy Uw 

such as sonic energy and radiation energy. At this stage 

𝑈𝑒 = 𝑈𝑑 + 𝑈𝑓 + 𝑈𝑤                                (3) 

𝑈 = 𝑈𝑠 + 𝑈𝑑 + 𝑈𝑓 + 𝑈𝑤 + 𝑈𝜃                         (4) 

The energy calculation formula of the rock is as follows 

(Zhang et al. 2013, Solecki and Conant 2003, Xie et al. 

2005, Wang and Kaunda 2019) 

𝑈 = ∫ 𝜎1𝑑𝜀1 + ∫ 𝜎2𝑑𝜀2 +
𝜀2
0

∫ 𝜎3𝑑𝜀3
𝜀3
0

𝜀1
0

              (5) 

𝑈𝑒 =
1

2𝐸̅
[𝜎1

2 + 𝜎2
2 + 𝜎3

2 − 2𝑣̅(𝜎1𝜎2 + 𝜎2𝜎3 + 𝜎1𝜎3)]    (6) 

Where: 𝐸̅  and 𝑣̅  are the average values of unloading 

elastic modulus and Poisson's ratio, respectively. 

Eq. (6) is the calculation formula that can release the 

elastic strain energy under triaxial compression. When the 

rock undergoes uniaxial compression, the Eq. (6) becomes 

𝑈𝑒 =
𝜎1
2

2𝐸̅
                                        (7) 

According to the research of Chen et al. (2010), the 

calculation formula of the surface energy 𝑈𝜃  of crack 

cracking and frictional energy Uf can be obtained as follows 

(Chen et al. 2010) 

𝑈𝜃 =
(1−𝜈2)𝜋ℎ𝜎2𝑎 cos2 𝛼 sin2 𝛼

4𝐸
                         (8) 

𝑈𝑓 =
𝑎ℎ𝜎2 tan𝜑 cos2 𝛼

𝐸 sin 𝛼
                              (9) 

Where: 𝜈  is the Poisson’s ratio, h is the height of the 

specimen, a is the bottom area of the specimen, E is the 

elastic modulus of the specimen, 𝛼 is the fracture angle of 

the rock, 𝜑 is the internal friction angle of the rock, 𝛼 =
𝜋

4
+

𝜑

2
. 

 

 
4. Numerical calculation model 

 

Fig. 3(a) is an indoor rock uniaxial compression 

experiment. In order to accurately simulate the indoor 

uniaxial compression test, a uniaxial loading finite 

difference model is established in FLAC3D, as shown in 

Fig. 3(b). The diameter of the rock sample is 50 mm and the 

height is 100 mm. Both the rock sample and the indenter 

adopt column elements. The rock sample is divided into 

160,000 elements, and the indenter is divided into 2,560 

elements. The indenter is set as a linear elastic body, and the 

rock sample adopts a strain softening model (Hoek 2000) 

(The stress-strain curve is shown in Fig. 4). In order to 

analyze the energy evolution characteristics of the rock 

sample and the indenter when the indenter has different  
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(a) Uniaxial compression photos of rock samples 

during indoor test 

 
(b) Numerical calculation model and meshing 

Fig. 3 Indoor uniaxial compression test sample loading 

diagram, calculation model, and grid division 

 

 

stiffnesses and the stiffness ratio of the indenter to the rock 

sample is assumed to be 𝛼 = 𝐸ℎ/𝐸𝑟. Where Eh and Er are 

the elastic modulus of the indenter and the rock sample, 

respectively. Under the condition that other basic 

parameters of the indenter of the testing machine remain 

unchanged, the relationship between the failure of rock 

samples and the stiffness of the indenter can be obtained by 

changing the elastic modulus of the indenter. The material 

parameters used for the indenter and the rock sample are 

shown in Table 1. 

   
 
5. Energy analysis during the test 
 

Since this article focuses on the impact of indenter 

stiffness on the energy evolution during the failure process 

of rock samples, detailed analysis of the uniaxial and 

triaxial compressive stress-strain test curves of rock 

samples with different stiffness will not be carried out. Only 

the stress-strain curves of rock samples under uniaxial 

compression and triaxial compression when the stiffness 

ratio is 1 are listed, as shown in Fig. 5. Table 2 shows the 

mechanical parameters of rock samples with different 

stiffness ratios. It can be seen from Fig. 5 and Table 2 that  
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Fig. 4 Stress-strain curve (Hoek 2000, Saticia et al. 2020, 

Gkikas et al. 2020, Huismans 2002) 
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(a) Uniaxial compression stress-strain curve 
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(b) Triaxial compression stress-strain curve when 

stiffness ratio α=1 

Fig. 5 The uniaxial compressive stress-strain curve of rock 

samples with different stiffness ratios and the triaxial 

compressive stress-strain curve when stiffness ratio α=1 

 

 

as the stiffness ratio increases, the peak strength of the rock 

sample in uniaxial compression first increases and then 

decreases. When the stiffness ratio α increases from 0.1 to 

1, the uniaxial compressive strength increases from 25.0 

MPa to 38.2 MPa, an increase of 52.8%. As the stiffness 

ratio α increases to 1000, the uniaxial compressive strength 

decreases from 38.2 MPa to 21.4 MPa, which is a 44.0% 

reduction. When the stiffness ratio α is increased to 10,000  

 

 

Table 1 Material parameter table for numerical calculation of indenter and rock sample 

Material Elastic modulus/GPa 
Poission’s 

ratio  
Cohesion/MPa 

Internal friction 

angle /° 

Tensile strength 

/MPa 

Indenter 0.15/1.5/15/150/1500/15000/150000 0.2 / / / 

Rock sample 1.5 0.272 2.5 40 0.5 
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Table 2 Mechanical parameters of rock samples with 

different stiffness ratios 

Stiffness 

ratios 

Cohesion 

/MPa 

Internal friction 

angle /° 

Peak strength 

/MPa 

Peak 

strain/% 

10-1 8.1 54.59 25.0 0.24 

100 12 56.16 38.2 0.09 

101 8.8 57.41 32.2 0.11 

102 7 54.43 24.3 0.06 

103 5.2 54.87 21.4 0.03 

104 4.5 55.86 21.3 0.03 

 

 

and 100,000, the stress-strain and peak strength of the rock 

sample in uniaxial compression no longer change 

significantly. That is, when the indenter stiffness of the 

testing machine is large enough relative to the sample, the 

indenter stiffness continues to increase and will no longer 

affect the deformation and failure of the sample. The peak  

 

 

strain in uniaxial compression shows a decreasing trend as 

the stiffness ratio increases. When the stiffness ratio α is 

increased from 0.1 to 10000, the peak strain decreases from 

0.24% to 0.03%, which is a decrease of 87.5%. 

When the indenter and the rock sample have different 

stiffness ratios, the kinetic energy Ud, elastic strain energy 

Ue, frictional energy Uf, total input energy U and the surface 

energy 𝑈𝜃  
of crack cracking with strain during uniaxial 

compression of the rock sample are shown in Fig. 6. It can 

be seen from Fig. 6 that the kinetic energy Ud and frictional 

energy Uf of the rock sample show a decreasing trend with 

the increase of the stiffness ratio. When the rock sample is 

broken, the energy is released at the moment, the value of 

kinetic energy and frictional energy consumption is the 

largest. Then the kinetic energy gradually decreases as the 

strain increases. At the same strain, as the stiffness ratio 

increases, the total input energy U increases first and then 

decreases as the stiffness ratio increases. At the same 

stiffness ratio, the total input energy shows an increasing  
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 (c) Frictional energy Uf (d) Total input energy U  

0.00 0.05 0.10 0.15 0.20 0.25
0

10

20

30

40

50

60

 

Axial strain/%

α=10
-1

α=10
0
α=10

1

α=10
2α=10
3α=10
4

3
/

U
J

m
−




 
(e) Surface energy of cracks cracking
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Fig. 6 Variations of various energy with strain at different stiffness ratios 
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Fig. 7 The change of energy at peak strength at different 

stiffness ratios 

 

 

trend with the increase of strain. The surface energy of 

crack cracking shows a decreasing trend as the stiffness 

ratio increases at the same strain. At the same stiffness ratio, 

it shows an increasing trend with the increase of strain. 

Fig. 7 shows the 𝑈𝑒, 𝑈𝑓, and 𝑈𝑑 at the peak strength at 

different stiffness ratios. The three of them all show a non-

linear decreasing trend with the increase of stiffness ratio. 

Fitting with Allometric function can well represent its trend 

of change. The change trend of the elastic strain energy Ue 

at the peak strength as the stiffness ratio increases can be 

expressed by the function 𝑈𝑒 = 29.6909𝑥−0.2531 , where 

R2=0.9448. The fitting function of the trend of frictional 

energy consumption Uf with increasing stiffness ratio is 

𝑈𝑓 = 69.0806𝑥−0.2349 , where R2=0.9445. The fitting 

function of the trend of kinetic energy Ud with increasing 

stiffness ratio is, where R2=0.9452. 

In order to better analyze the effect of stiffness ratio on 

the energy evolution of rock samples under uniaxial 

compression, the surface energy of cracks cracking Uθ, 

frictional energy Uf and kinetic energy Ud proportions of 

rock sample cracks at different stiffness ratios are drawn, as 

shown in Fig. 8. The proportion of the three is increasing 

with the increase of the stiffness ratio. When the stiffness 

ratio is the same, the kinetic energy Ud accounts for the 

largest proportion, the frictional energy consumption Uf 

takes the second place, and the surface energy of cracks 

cracking Uθ accounts for the smallest proportion. 

 
 
6. Conclusions 
 

With the stiffness ratio increases, the peak strength of 

the rock sample in uniaxial compression increases first and 

then decreases. When the stiffness ratio increases to 10000 

and 100000, the stress-strain curve and peak strength of 

rock samples do not change significantly. The peak strain 

shows a decreasing trend as the stiffness ratio increases. 
When the stiffness ratio is increased from 0.1 to 10000, the 

peak strain decreases from 0.24% to 0.03%, which is a 

decrease of 87.5%. 

The kinetic energy Ud and frictional energy Uf of the 

rock sample show a decreasing trend with the increase of 

stiffness ratio. The peak value of elastic strain energy Ue 

shows a decreasing trend as the stiffness ratio increases. 
The total input energy U increases first and then decreases 
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Fig. 8 The proportion of various energies when the rock 

sample fails at different stiffness ratios 

 

 

as the stiffness ratio increases. The surface energy Uθ of 

crack cracking shows a decreasing trend with the increase 

of the stiffness ratio. 

The elastic strain energy Ue, frictional energy Uf and 

kinetic energy Ud at the peak strength all show a nonlinear 

decreasing trend with the increase of stiffness ratio. The 

ratio of surface energy Uθ, frictional energy Uf and kinetic 

energy Ud to the total energy of crack cracking increases 

with the increase of stiffness ratio. When the stiffness ratio 

is the same, the kinetic energy Ud accounts for the largest 

proportion, the frictional energy consumption Uf takes the 

second place, and the cracking surface energy Uθ accounts 

for the smallest proportion. 

The effect of the stiffness on the test results should be 

considered when testing the mechanical properties of the 

rock sample. Since the testing machine cannot be an ideal 

rigid body, the work done by the external load is not 

completely converted into the energy absorbed by the 

deformation and failure of the rock sample. But when the 

stiffness of the indenter is large enough relative to the 

stiffness of the rock sample, the stiffness of the indenter will 

have no longer effect on the rock sample. 
However, there are still many issues needs to be further 

studied: (1) the next step should be combined with indoor 

experiments to conduct research to better guide engineering 

practice; (2) the influences of, loading rate, rock sample 

size, rock heterogeneity and so on; (3) when the stiffness of 

the upper and lower indenters is different, what will happen 

to the rock sample. 
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