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Abstract In order to explore the influence of creep

pre-damage on bursting liability of coal and rock, the

creep pre-damage treatment of coal with different

stress levels (0%, 30%, 45%, and 60%) was carried

out, and the bursting liability index test was carried

out. The variation rules of uniaxial compressive

strength, impact energy index, elastic energy index,

and dynamic failure time with different degrees of

creep pre-damage was analyzed. The bursting liability

of coal is evaluated comprehensively. The results

show that with the increase of creep pre-damage

degree, the uniaxial compressive strength, elastic

energy index, and impact energy index of coal sample

first increase and then decrease, and the dynamic

failure time first decreases and then increases. The

comprehensive evaluation result of coal sample

bursting liability changes from weak impact to strong

impact, then to weak impact, and finally to no impact.

This paper provides a reference for the study of rock

burst of coal under the influence of creep.

Keywords Creep pre-damage � Bursting liability �
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1 Introduction

With the development of China’s coal industry, most

of the shallow coal seams have been mined, and coal

mines gradually turn into deep mining. For the safety

of deep mining, rock burst is one of the problems that

cannot be ignored (Zuo et al. 2020; Xu et al. 2019; Zhu

et al. 2016, 2019a; Guo et al. 2019). Rock burst is a

kind of dynamic disaster phenomenon caused by the

instantaneous release of elastic energy accumulated in

coal and rock mass, which has the characteristics of

sudden and violent (He et al. 2019; Yang et al. 2020;

Liu et al. 2018; Gao et al. 2020; Li et al. 2017b). With

the increase of coal mining depth, the underground

faces the complex mining conditions of high stress,

high permeability, high ground temperature and strong

mining disturbance, which makes the conditions and

forms of dynamic disasters have changed signifi-

cantly, and increases the frequency of dynamic

disasters such as rock burst, coal and gas outburst in

deep mines (Mark 2018; Zhang et al. 2020a; Cao et al.

2016; Chen et al. 2017).

The physical and mechanical properties of coal are

related to the impact propensity of coal. Due to the

complex geological environment of coal formation,
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the complex internal structure of coal, the huge

differences in mineral composition and water content,

these differences will affect the impact propensity of

coal and rock mass. In addition, the environment and

stress state of coal and rock mass, as well as the

temperature and humidity of surrounding environment

and the thickness ratio of coal to rock will have a

greater impact on the impact propensity (Mo et al.

2020; Du et al. 2020; Yang et al. 2021). Many scholars

have done a lot of research in this area. Gao et al.

(2018a, b) studied the bursting liability of coal

samples by gas pressure based on the research

background of complex dynamic disasters in deep

high gas mine. It was found that the comprehensive

evaluation results of coal samples with the increase of

gas pressure were the decrease of bursting liability.

Mao et al. (2001) systematically measured the rela-

tionship between coal seam bursting liability and coal

seam water content, coal seam water content and coal

seam porosity by using an experimental analysis

method. The results show that the bursting liability of

coal seam is inversely proportional to the water

content of coal seam, and is most sensitive to the

increase of water content in the original water content

state, and the saturated water content of coal seam is

directly proportional to the porosity of coal seam. The

‘‘creep type’’ impact is also an impact phenomenon

that cannot be ignored.

In addition, when mining underground, with the

increase of mining time, the coal pillar will creep

under the action of surrounding rock pressure (Danesh

et al. 2017; Kang et al. 2015; Zhang et al. 2020b).

Many scholars have done a lot of research on the creep

characteristics of coal. Huang et al. (2021) studied the

effect of initial damage on the deformation of coal

samples by triaxial compression creep test under

multistage loading. It is found that the total creep time,

the deviatoric stress of creep failure, the stress

threshold of accelerated creep and the start time of

volume expansion decrease with the increase of initial

damage. Li et al. (2017a) studied the creep behavior of

coal filled with different amounts of gas, and discussed

the creep constitutive model which is more suitable to

reflect the test process. Yang et al. (2015) tested the

short-term creep characteristics of coal under different

confining pressures under triaxial compression, pro-

posed a new damage evolution equation of coal,

established a new short-term damage model of coal,

and proposed a new nonlinear creep damage model of

coal.

Generally, the comprehensive evaluation of coal

bursting liability grade needs to be comprehensively

measured according to the uniaxial compressive

strength, elastic energy index, impact energy index

and dynamic failure time. At present, scholars have

discussed the correlation mechanism between creep

and rock burst of rock and coal (Wang et al. 2020;

Jiang et al. 2015,2018; Song et al. 2018; Chen et al.

2020; Zhu et al. 2019b; Yin et al. 2016), but no further

study has been conducted on the change of bursting

liability of coal affected by creep characteristics.

Therefore, it is of great significance to carry out the

test research on bursting liability index of coal under

creep characteristics to evaluate the grade of bursting

liability of coal under creep influence and prevent the

occurrence of creep rock burst accidents. In this paper,

coal is taken as the research object, the creep pre-

damage of coal samples at different stress levels (0%,

30%, 45%, and 60%) is carried out, and then the

bursting liability index test of all coal samples is

carried out to analyze the influence of different

degrees of creep pre-damage of coal samples on the

bursting liability, so as to provide reference for the

theoretical study of rock burst.

2 Test method and sample preparation

2.1 Test equipment

In this test, SAW-2000 microcomputer controlled

electro-hydraulic servo triaxial rock testing machine is

used, which can complete conventional uniaxial

compression, triaxial compression, creep test and

loading and unloading test.

2.2 Sample preparation

The test samples are all taken from the samemine. Due

to the heterogeneity of coal and the development of

more pores, in order to ensure that the collected coal

samples have good contrast and less dispersion, the

sampling process should be strictly in accordance with

the standard ‘‘Methods for determining the physical

and mechanical properties of coal and rock-Part 1:

General requirements for sampling (GB/T 23,561.1

2009)’’. The collected coal body is processed with a
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core drilling machine and cutting machine to the size

ofU 50 mm 9 100 mm (as shown in Fig. 1), and then

wrap it with plastic wrap for storage.

2.3 Test scheme

(1) The prepared samples were divided into groups

A, B, C, and D. Group A was the control group.

The uniaxial compressive strength, impact

energy index, elastic energy index and dynamic

failure time of coal samples were tested. The

loading mode of uniaxial compression test is

displacement control, and the loading rate is

0.05 mm/min until the coal sample is destroyed.

(2) The gradient of creep pre-damage was deter-

mined by the uniaxial compressive strength of

group A. 30%, 45%, and 60% of the uniaxial

compressive strength of group coal samples

were taken for 2 h creep pre-damage treatment,

numbered as group B, C, and D. the loading

mode of creep pre-treatment was also controlled

by displacement, and the loading rate was the

same as 0.05 min/min, and finally unloaded to

0.5 MPa at the same rate.

(3) After creep pretreatment, B, C, and D three

groups of coal samples also adopt the axial

displacement control loading, the rate is

0.05 mm/min for uniaxial compression test,

until the rock sample is damaged, and then

calculate the impact propensity index, finally

carry out the comprehensive evaluation of coal

and rock impact propensity. The test steps are

shown in Fig. 2.

In this test, the impact energy index, elastic energy

index and dynamic failure time of coal samples are

calculated in strict accordance with the provisions of

the standard ‘‘ Methods for test, monitoring and

prevention of rock burst-Part 2: Classification and

laboratory test method on bursting liability of coal

(GB/T 25,217.2 2010)’’. There were 3 parallel samples

in each group.

3 Results and discussion

3.1 Analysis of creep variables under creep pre-

damage at different stress levels

Through the creep pre-damage test, the strain time

curves of coal samples under creep action of different

stress levels are obtained, as shown in Fig. 3. It can be

seen from the strain time diagram of coal samples in

Fig. 3 that the creep variables of group B coal samples

after creep pre-damage treatment at 30% stress level

are 0.27%, that of group C coal samples after creep

treatment at 45% stress level is 0.42%, and that of

group D coal samples after creep pre-damage treat-

ment at 60% stress level is 0.64%.

In the creep pre-damage test of coal samples at

different stress levels, the creep deformation will

occur with the increase of axial load, and the

instantaneous strain is relatively large. The instanta-

neous strain of coal samples in the loading process will

show a linear law. When the load reaches a dead load

with the increase of time, the deformation of coal

samples decreases sharply, and the total deformation

tends to be stable with the increase of time. Coal

samples in different stress levels of creep test

compression stage will experience decay creep stage

and steady-state creep stage. In the creep pre-damage

test of coal samples at different stress levels, the total

amount of strain changes increases with the gradual

increase of stress levels, and the instantaneous strain of

coal samples is also larger.

3.2 Effect of creep pre-damage on the bursting

liability index of coal sample

3.2.1 Effect of creep pre-damage on uniaxial

compressive strength of coal sample

Under the condition of uniaxial compression, the

internal stress of coal sample will be generated, which

will increase with the increase of external load. When

the internal bearing capacity of coal sample is less thanFig. 1 Some coal samples
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the external load, the coal sample will be destroyed.

The compressive strength of coal sample after creep

pre-damage at different stress levels is shown in

Fig. 4.

It can be seen from the Fig. 4 that the uniaxial

compressive strength of coal sample decreases after

creep pre-damage treatment at different stress levels.

The uniaxial compressive strength of group A coal

samples without any pretreatment is 25.75 MPa. After

creep pre-damage treatment at 30% stress level, the

uniaxial compressive strength of group B is 28.3 MPa,

which is 9.9% higher than that of group A. After creep

pre-damage treatment at 45% stress level, the uniaxial

compressive strength of group C is 21.25 MPa, which

is 17.48% lower than that of group A. After 60% stress

level creep pre-damage treatment, the uniaxial com-

pressive strength of group D is 19 MPa, which is

26.21% lower than that of group A.

Fig. 2 Test steps
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Fig. 3 Strain and time of coal sample under creep action of

different stress levels
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Fig. 4 Relationship between uniaxial compressive strength and

creep pre-damage degree
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This is because coal is a kind of structural medium

containing various original pores and fractures. After

30% stress level creep pre-damage treatment, the

internal pores of the coal sample are closed, and the

internal soft minerals further fill the pores. Under the

effect of redistribution, the compactness of the coal

sample increases, and the compressive strength of the

coal sample is enhanced. After the 45% stress level

creep pre-damage treatment, the coal sample also

experienced the pore closure stage in the process of

producing instantaneous strain. However, under the

45% stress level creep pre-damage, some tiny cracks

will appear in the coal sample, which is irreversible

and leads to the deterioration of the coal sample, As a

result, the uniaxial compressive strength of coal

sample is lower than that of untreated coal sample.

After 60% stress level creep pre-damage treatment, the

micro cracks inside the coal sample are further

developed and expanded. This process is also irre-

versible. The deterioration effect of the coal sample is

strengthened, resulting in the significant reduction of

the uniaxial compressive strength of the coal sample

and the untreated coal sample.

3.2.2 Effect of creep pre-damage on impact energy

index of coal sample

The larger the impact energy index is, the more energy

accumulated before the failure is than that consumed

during the failure. The excess energy will be converted

into the kinetic energy and radiation energy of the

broken coal sample, and the broken coal will be

thrown into the roadway to produce rock burst and

cause damage. The calculation diagram of the impact

energy index is shown in Fig. 5. The impact energy

index is calculated according to Eq. (1),

KE ¼ AS

AX
ð1Þ

where AS is the deformation energy accumulated

before the peak value. AX is the post peak deformation

energy. KE is the impact energy index. The value of AS

is equal to the area under the OC curve, and the value

of AX is equal to the area under the CD curve. D is the

initial point of residual strength.

The change trend of impact energy index of coal

samples after creep pre-damage at different stress

levels is shown in Fig. 6. The impact energy index of

group coal without any pretreatment is 2.16. After

creep pre-damage at 30% stress level, the impact

energy index of group B is 3.92, which is significantly

higher than that of group A by 81.48%, and the index

value is close to the strong bursting liability. After

creep pre-damage at 45% stress level, the impact

energy index of group C is 1.86, which is 13.89%

lower than that of group A. After 60% stress level

creep pre-damage, the impact energy index of group D

is 1.33, which is significantly lower than that of group

A by 38.43%.

It shows that after the creep pre-damage of 30%

stress level, the energy accumulated by the external

load of the coal sample is consumed less in the failure

process, and most of the energy is stored in the coal
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Fig. 5 Calculation diagram of impact energy index
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sample and released suddenly in the form of kinetic

energy. After creep pre-damage at 45% and 60% stress

levels, more and more energy is consumed during

uniaxial compression, which further leads to the

decrease of impact energy index.

3.2.3 Effect of creep pre-damage on elastic energy

index of coal sample

After different degrees of creep pre-damage, as shown

in Fig. 7, the elastic energy index is calculated

according to Eq. (2) and Eq. (3) through loading and

unloading experiments.

WET ¼ /SE

/SP

ð2Þ

/SP ¼ /C � /SE ð3Þ

where WET is the elastic energy index. USE is the

elastic strain energy, and its value is the area under the

unloading curve, as shown in the shaded part of Fig. 7.

UC is the total strain energy, and its value is the area

under the loading curve. USP is plastic strain energy,

and its value is the area enveloped by loading curve

and unloading curve.

The change trend of elastic energy index of coal

samples after creep pre-damage at different stress

levels is shown in Fig. 8. It can be seen from the Fig. 8

that the elastic energy index of group A coal sample

without any pretreatment is 4.24. The results show that

the energy consumed by the damage and plastic

deformation of the coal sample without any treatment

during loading and unloading is less, and the work

done by the servo testing machine on the coal sample

is mostly stored in the form of elastic performance.

The elastic energy index of group B coal sample

after 30% stress level creep pre-damage is 5.15, which

is significantly increased by 21.46% than that of group

a coal sample, indicating that the internal structure of

coal sample becomes more compact after 30% stress

level creep pre-damage, which increases the compres-

sive strength of coal sample and stores more elastic

strain energy.

After creep pre-damage at 45% stress level, the

elastic energy index of group C is 2.22, which is

47.64% lower than that of group A. This shows that

after the coal sample is treated by 45% stress level

creep pre-damage, the creep action makes the coal

sample germinate some new cracks, increases the

energy dissipation in the plastic deformation of the

coal sample in the loading and unloading test, and

reduces the storage of elastic strain energy in the coal

sample.

After 60% stress level creep pre-damage, the elastic

energy index of coal sample is 1.1, which is 74.06%

lower than that of group A. It shows that after 60%

stress level creep pre-damage treatment, the creep

effect makes the internal pores and cracks of the coal

sample further develop and expand, the energy

consumed by plastic deformation further increases,

and finally leads to the decrease of the elastic energy

index of the coal sample.
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Fig. 7 Calculation diagram of elastic energy index
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With the increase of creep pre-damage degree, the

elastic energy index of coal sample first increases and

then decreases. The reason for this phenomenon is that

with the increase of creep pre-damage degree, the

strength of coal sample first increases and then

decreases. After creep pre-damage at low stress level,

the uniaxial compressive strength of the coal sample

increases, the internal pores of the coal sample close,

and the result is compacted. During the loading

process, the elastic energy stored in the coal sample

increases, so the elastic energy index increases. The

uniaxial compressive strength of coal sample

decreases after creep pre-damage at medium and high

stress levels, and the internal cracks of coal sample

develop faster during loading, which makes the plastic

deformation of coal sample larger, the damage devel-

opment larger, the irreversible deformation and the

energy consumed by damage more, so the elastic

energy index becomes smaller.

3.2.4 Effect of creep pre-damage on dynamic failure

time of coal sample

The dynamic failure time of coal is determined by the

dynamic failure time curve, as shown in Fig. 9. In the

figure, ED is the failure time, CD is the failure process,

OC is the loading process.

The change trend of dynamic failure time of coal

samples after creep pre-damage at different stress

levels is shown in Fig. 10. It can be seen from the

Fig. 10 that with the increase of creep pre-damage

degree of coal sample, the dynamic failure time of coal

sample first decreases and then increases. It shows that

the time from ultimate strength to complete failure is

longer and longer.

The dynamic failure time of group a coal without

any pretreatment is 169 ms. After 30% stress level

creep pre-damage treatment, the dynamic failure time

of group B coal sample is 49 ms, which is 71% less

than that of group a coal sample. The reason is that

after 30% stress level creep pre-damage treatment, the

micro pores and cracks in the coal sample are closed,

and the internal structure of the coal sample is re

adjusted and becomes dense. Macroscopically, the

uniaxial compressive strength of coal sample

increases, the stress–strain curve of coal sample enters

the elastic stage earlier, and the coal sample tends to be

brittle. With the increase of uniaxial compressive

strength of coal sample, the elastic energy accumu-

lated in coal sample increases. The greater the

brittleness of coal sample, the higher the conversion

efficiency of elastic energy released by coal sample

into kinetic energy. Finally, the fracture time of coal

sample is accelerated and the dynamic failure time is

reduced.

After 45% stress level creep pre-damage treatment,

the dynamic failure time of group C coal sample is

377 ms, which is 123.08% higher than that of group a

coal sample. It shows that after 45% stress level creep

pre-damage treatment, group C coal sample is dam-

aged, new cracks sprout in the coal sample, the elastic

energy accumulated in the coal sample is transformed

into plastic deformation energy, the released elastic

energy is reduced, and the efficiency of elastic energy
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converted into kinetic energy is reduced. Finally, the

fracture velocity of coal sample is small, the time from

ultimate strength to complete instability is long, and

the dynamic failure time of coal sample is increased.

The dynamic failure time of group D coal sample

after 60% stress level creep pre-damage treatment is

841 ms, which is 397.63% higher than that of coal

sample without creep treatment. The results show that

after 60% stress level creep pre-damage treatment, the

internal damage degree of group D coal sample is

further increased, the uniaxial compressive strength of

coal sample is reduced, the internal accumulated

elastic energy is reduced, and the releasable elastic

energy is also reduced. Finally, the failure rate of coal

sample is further reduced and the dynamic failure time

of coal sample is further increased.

4 Effect of creep pre-damage on bursting liability

of coal sample

The bursting liability of coal is generally evaluated

according to the uniaxial compressive strength, impact

energy index, elastic energy index and dynamic failure

time. The classification standard of coal bursting

liability is shown in Table 1.

The evaluation results of bursting liability of coal

samples under creep pre-damage of different stress

levels are shown in Table 2. It can be seen from

Table 2 that with the increase of creep pre-damage

degree, the bursting liability of coal changes from

weak impact to strong impact, then to weak impact,

and finally to no impact.

The impact propensity of group B coal samples

after creep pre-damage treatment at 30% stress level is

stronger than that of group A coal samples. This is

because the impact propensity classification of elastic

energy index and dynamic failure time of group B coal

samples after creep pre-damage treatment at 30%

stress level changes from type II to type III, The

impact propensity classification of uniaxial compres-

sive strength and impact energy index does not

change, but increases in numerical value, so the

impact propensity of coal sample increases after creep

pre-damage treatment at 30% stress level.

After 45% stress level creep pre-damage treatment,

the evaluation results of bursting liability of group C

coal samples are the same as that of group A coal

samples, but there are some differences in numerical

value. The uniaxial compressive strength, impact

energy index and elastic energy index of group C

coal samples after 45% stress level creep pre-damage

treatment are reduced to varying degrees, and the

dynamic failure time is prolonged.

After 60% stress level creep pre-damage treatment,

except for uniaxial compressive strength, the bursting

liability of other impact propensity indexes of group D

coal samples changed to type I, resulting in the

comprehensive evaluation result of impact propensity

of coal samples as no impact.

5 Conclusion

1. In different degrees of creep pre-damage test, the

total amount of creep change increases with the

increase of the degree of creep pre-damage, and

the instantaneous strain of coal sample also

increases with the increase of the degree of creep

pre-damage.

2. With the increase of creep pre-damage degree, the

uniaxial compressive strength, elastic energy

index and impact energy index of coal samples

first increase and then decrease. The dynamic

failure time first decreases and then increases.

3. With the increase of creep pre-damage degree, the

comprehensive evaluation result of bursting lia-

bility of coal samples changes from type II to type

III, then to type II, and finally to type I.

Table 1 Classification of

bursting liability of coal
Category I II III

Bursting liability Nothing Weak Strengthen

Dynamic failure time (ms) DT[ 500 50\DT B 500 DT B 50

Elastic energy index WET\ 2 2 B WET\ 5 WET C 5

Bursting energy index KE\ 1.5 1.5 B KE\ 5 KE C 5

Axial compressive strength (MPa) Rc\ 7 7 B Rc\ 14 Rc C 14
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