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Experimental investigation of accelerated failure of creep rock induced by 
impact disturbance 
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Abstract: Rockmass may be in a creep state for a long time during underground mining. The failure progress of surrounding rock mass 
may be accelerated due to the mining disturbance. The rockmass failure is usually later than the mining activities and shows an obvious 
time lag effect, which brings difficulty in predicting the occurrence of engineering disaster. Given this problem, impact-creep tests of 
rock specimens were conducted under multi-cycle drop weight using a rock rheology-impact test machine. The changing law of axial 
strain of sandstone specimens was analyzed. The influence of creep state, impact times of drop weight, and impact energy on the 
deformation and failure characteristics of creep rock were discussed. In terms of energy point of view, the failure rule of creep rock was 
explained under impact disturbance. The test results show that under the same rock creep state, the internal rock damage increases 
gradually with the increase of impact energy and impact times. The formation process of the damage zone was accelerated and the 
energy utilization rate was increased, which leads to the accelerated creep failure of rock samples. The impact disturbance causes the 
accumulated elastic strain energy within rock specimen to be released directionally along the damage zone and damage occurs. The 
research results provide a theoretical basis for the prediction of delayed rockburst disasters. 
Keywords: mining disturbance; time-dependent effect; creep-damage; impact energy 
 
1  Introduction 

Rockburst is one of the major disasters in mining operations 
due to its strong destructive and the rockburst has always been a 
research challenge in rock mechanics and mine disaster 
prevention. As of the end of the year 2014, according to a statistic, 
there have been 147 mines that subject rockburst in China[1]. 
Thousands of casualties were recorded resulting from rockburst 
disaster during the year 2004–2014 alone[2]. The intensity and 
frequency of rockburst increase gradually as the increase of 
mining depth and in-situ stress. 

It has been known that the mechanism of rockburst is 
extremely complicated. To illuminate the mechanism, different 
theories have been developed from different viewpoints by 
scholars from various countries[3−4]. In general, a widely accepted 
view is that the occurrence of rockburst is a process in which the 
concentrated high stress has reached the strength of coal rock 
mass. A necessary condition for the rockburst occurrence is the 
large amount of strain energy stored in the coal rock mass. The 
degradation of coal rock mass and thus the reduction of rock mass 
strength is a key factor for the rockburst due to the mining 
disturbances. It has been widely accepted that the combination 
effect of static and dynamic loading can induce rockburst[5]. 
Based on more and more in-filed observations and on-site 
engineering practices, however, rockburst often occurs only after 
a period of mining actives and shows an evident time lagging[6−8]. 
The time-lagging brings huge uncertainties and difficulties in 

accurate prediction and early warning of potential rockburst. 
Jiang et al[9] pointed out that the mining disturbance caused a 
‘creep type’ rockburst in lieu of causing an ‘instant type’ 
rockburst directly. The rockburst, whether triggered directly by 
mining disturbance or induced behind the mining activities, must 
be closely related to the stress wave propagation and degradation 
of the coal rock masses due to the mining disturbance[10]. It is 
hence of great significance to understand rockburst mechanism 
by researching of mining disturbance with time lag effect.               

Since Griggs (1939)[11] commenced the creep tests on 
limestone, shale, sandstone, etc., domestic and foreign scholars 
have been conducted a wide range of studies on the creep 
characteristics of rocks both in laboratory experiments and 
theories, and remarkable achievements have been obtained[12−14]. 
Through the rock creep test, different empirical creep equations 
are obtained, and a related creep theoretical model is then 
proposed, which is a common approach to study the rock creep 
behavior[15−16]. However, rock rheology is the concerned core of 
these experiential studies and the influence of dynamic 
disturbance on the rheological process is not considered. In recent 
years, some scholars have begun to pay attention to the issue of 
the time-lagging effect of the rockburst by mining disturbance. 
Xu et al[17] discussed the occurrence condition and lag time of ore 
pillar rockburst under the rheological rock strata. They proposed 
a theoretical explanation for the time lag phenomenon of 
rockburst and derived an equation of the rockburst lag time. Xu 
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et al.[7] established a simple mechanical model and provided a 
criterion for the time lag type rockburst in terms of coal pillar 
rheology. A test facility was developed by Gao’s research 
group[18−20] for studying the disturbance effect on rock 
rheological. The developed tester was used to conduct 
rheological tests on the coal and rock specimens under 
disturbance loading. Based on the test results, they proposed a 
series of concepts such as the ultimate rock strength and 
disturbance effect of rock rheological. Referring to the time lag 
issue of coal pillar rockburst, Yin et al[8] established a coal-roof 
deformation mechanical model and systematically studied the lag 
time issue of the isolated coal pillar rockburst. The stress waves, 
caused by the mining disturbance, propagate in a short period 
within rock masses. However, the creep damage of rock mass is 
in a long-time period. Although the time effect should be 
considered for both mining disturbance and rock creep, the time 
scales have a large difference between the creep and mining 
disturbance, which are the mechanical response of rock mass 
under two strain rates. It is therefore difficult to study the mining 
disturbance and rock creep within the same theoretical 
framework[21]. 

As discussed above, this study conducted a drop weight 
impact-creep test on rock specimens using a rock rheology-
impact test machine. The influence of impact disturbance on the 
rock creep damage was studied and damage characteristics of 
rock specimens were analyzed. The mechanism of time lag effect 
was then revealed for the rockburst caused by mining disturbance, 
which could provide a theoretical basis for the prevention and 
control of time lag type rockburst induced by mining disturbance.  

2  Impact-creep test 

In this study, the green sandstone specimens were subjected 
to multiple cycles of dynamic impact using a rock rheology 
impact testing machine to obtain a deeper understanding of the 
deformation and failure rules of the rock creep under dynamic 
impact loading.  
2.1  Specimen preparation 

In general, the roof rock types of the coal seam is mostly 
sandstones and green sandstone is used as the test material in this 
study. To identify its mineral composition, composition analysis 
of rock specimens was conducted, and details can be found in 
Wang et al[22]. To eliminate the influence of sample discreteness 
on test results, the rock specimens were drilled out from the same 
large rock block. The dimension of the cylinder specimen was  
50 mm (diameter) by 100 mm (height). The acoustic wave 
detection and screening tests were performed on the specimens 
after the processing procedure. Specimens with similar acoustic 
wave speed were selected for testing. Besides, the prepared 
specimens were stored in the laboratory without any external 
vibrations and ensured in a natural water-containing environment. 

Through laboratory tests of the green sandstone, basic physical 
and mechanical properties of the green sandstone specimens were 
determined, as shown in Table 1. 

 
Table 1  Physical and -mechanical properties of green 
sandstone 

UCS 
/MPa 

σT 
/MPa 

E 
/GPa υ C 

/MPa 
ρ 

/(g·cm−3)

29.8 2.4 8.4 0.29 6.2 2.17 

 
2.2  Test device 

The impact-creep tests of the green sandstone were conducted 
using a rock rheology-impact test machine. The test device was 
described in detail in Wang et al[12] and there is no intent to go 
into detail herein. To sum, the test device consists of several 
systems such as an axial constant loading system, a temperature 
control system, a disturbance load application system, and a 
measurement system of deformation and load. A gravity loading 
method is adopted to keep a constant loading force for a long 
period. Six different drop weights were designed and processed, 
and different dynamic impact energy could be realized based on 
a different combination of the six drop weights. In addition, the 
strain and load measurement system are composed of a 
TST3827E static and dynamic signal tester, strain gauges 
attached to the rock surface, pressure sensor, laser displacement 
sensor, and computer. 

To increase the loading force, a combination of pulley block 
and hydraulic cylinder with a various cross-sectional area is used 
in the test device system. Through a two-stage load increasing, 
the loading force should be increased by 80 times in theory. 
However, the actual increase extent of the load is smaller than 
that forms the theoretical value due to the friction effect. Based 
on the actual measurements, it is found that the multiple of the 
force increasing fluctuates in the range of 63–67 under different 
loading weights. The creep test requires higher long-term 
stability of the loading. To verify the stability of its loading 
system, a long-term stability test was conducted for the test 
device. For 98 hours testing period, the stress value fluctuated 
around 51.0 MPa with a load variation less than or equal to 0.3%, 
which should meet the requirements of the rock creep tests.        
2.3  Test scheme 

Like the one-dimensional coupled static–dynamic loading, 
the loading model of impact loading during rock creep can be 
represented in Fig.1. In Figure 1, Pc is the total loading, Pas is the 
axial creep static loading, Pd is the axial impact loading. The 
impact load of rock creep-impact test is applied when the rock 
creep test reached to a certain time. During the weight impact, the 
rock creep state Cs, the creep static load Pas, and the impact 
energy Q all have an influence on the behavior of the rock 
specimen. The rock creep state Cs during the impact is 
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determined by both the creep static load Pas and the duration time 
t of the creeping stage. Same Pas and various t and different Pas 
and same t could lead to the same rock creep value Cs under the 
same impact, but the latter combination of Pas and t cannot be 
accurately controlled during the test and it is not considered in 
this study. To facilitate the analysis, only one variable is changed 
(i.e., Case 1 and Case 2) during the tests, as shown in Fig.2. 
Although only Pas is different when at loading, for Case 3, the Cs 
will not be the same within the same period during the impact 
loading. In this consideration, only Case 1 and Case 2 were 
selected to perform tests. According to Wang et al[22], the green 
sandstone specimens were not failed after 120 hours under a 
static creep loading of 20 MPa. Again, Case 1 and Case 2 were 
selected to conduct the tests.        

 
(a) Rock loading        (b) Stress-time curve 

Fig.1  Schematic diagram of the coupled creep rock  
dynamic impact disturbance loading 

 

Fig.2  Loading conditions of creep-impact test 
 
Case 1: Same Pas, different t, same Q. 
Under Case 1, the Cs is different while the Pas and Q are the 

same under the impact loading. Under the static creep load of  
20 MPa, the green sandstones were firstly subjected to the creep 
tests of 12, 24, and 60 hours, and then the drop weight impacting 
was conducted to the specimens. The static creep load was kept 
constant during the impact loading with a drop weight of 10 kg. 
During the multiple cyclic impacts, the drop weight was released 
freely from a height of 20 cm, which corresponding to impact 
energy of 20 J. The impact loading was repeated until the green 
sandstone was failed if the specimen did not fail at the previous 
impacting. The time interval between the two adjacent impacts 
was set as 60 s. 

Case 2: Same Pas, same t, different Q. 
Under Case 2, the Q is different while the Cs and Pas are the 

same under the impact loading. Under the static creep load of  
20 MPa, the green sandstones were firstly subjected to the creep 
tests of 12 hours, and then the impacting was conducted to the 
specimens. The Pas was kept constant during the impact loading 
and the drop weight is still 10 kg. During the multiple cyclic 
impacts, the drop weight was released freely from heights of 10, 
20, 30 cm, which corresponding to impact energy of 10, 20, 30 J. 
Like the Case 1, the impact loading was repeated until the 
sandstone was failed if the specimen did not fail at the previous 
impacting. The time interval between two adjacent impacts was 
60 s.   

3  Test result analysis 

Figure 3 shows the multiple cycle impact test results of green 
sandstone under Case 1 and Case 2. Based on the test curves of 
the creeping rock under drop weight impacting tests, the 
changing law between the axial and lateral cumulative strains and 
the impact numbers are analyzed. The relations between the 
impact number and the strain and energy prior to the impact are 
also explored in the following.     
3.1  Strain change 

Figure 3(a) presents the strain–time curves of green sandstone 
subjected to multiple impacts of 20 J with different creep times 
(12, 24, 60 hours) under initial creep stress of 20 MPa. It is seen 
from Fig.3(a) that under the same creep static load, different 
creep strains of rock specimen are observed at different creep 
times. When the initial creep times are 12, 24, and 60 hours, the 
axial/lateral strains of the green sandstone are 
3.325×10−3/1.680×10−3, 3.450×10−3/1.900×10−3, and 
3.550×10−3/2.200×10−3, respectively. Compared with the axial 
strain changes, the lateral strain shows a relatively high value and 
is more sensitive to the stress. The impact disturbance has a 
profound influence on the rock damage. The impact load 
accelerates the creeping damage of the rock, which accelerates 
the creep stage of the rock specimen from constant velocity creep 
stage to the accelerate creep stage. This change will induce the 

P 
Pc 

Pas 

o t

P d
 

Pc = Pas + Pd 

(a) Case 1 

Same creep static load Pas 

Different creep time t 

Same impact energy Q 

Same creep static load Pas

Different creep value Cs 

Same impact energy Q 

(b) Case 2 

Same creep static load Pas 

Same creep time t 

Different impact energy Q 

Same creep static load Pas

Same creep value Cs 

Different impact energy Q

(c) Case 3 

Different creep static load Pas 

Same creep time t 

Same impact energy 

Different creep static load Pas

Different creep value Cs 

Same impact energy 
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rock damage. Under the same creep static load and same creep 
time, as shown in Fig.3(b), it is seen that the lateral and axial 
strains are basically the same between different rock specimens. 

A similar creep effect is observed for both rock specimens. In this 
case, the green sandstone specimens subject different cumulative 
strains under different impact energies.  

        
(a) Case 1: strain-time curves under different creep times 

        
(b) Case 2: strain-time curves under different impact energies 

Fig.3  Strain-time curves of creep-impact test 
 

Figure 4 shows the relationships between the cumulative 
axial and lateral strains and the impact numbers under Case 1 and 
Case 2. It is seen from Fig.4 that the axial and lateral strains 
increase gradually as the increase of the impact numbers. The 
increasing extent reaches the maximum prior to the rock failure. 
The trends are different between the axial and lateral 
deformations under the impact disturbances. The variations of 
axial strain do not show an obvious change after being impacted. 
With the increase of the impact numbers, a rapid increase of axial 
strain is observed before the rock failure. For the lateral strain 
change, a relatively stable increasing rate is observed after being 
impacted, and the response to the impact loading is more 
pronounced than that of the axial strain.        

After 12 hours of creep time and then subjected to impact 
energy of 20 J, Figure 5 presents the transient axial strain 
fluctuation curves at different impact times under a stress level 
of 20 MPa. It is seen from Fig.5 that the green sandstone 
specimen failed after 20 impacts under this condition. It can also 
be seen from the figure that the strain of the selected four impacts 

experienced an instantaneous increase and then decreased 
rapidly, and then increased slowly as the time increases. 
Corresponding to the four impact times, the instantaneous 
increasing strains are 4.8×10−5, 5.7×10−5, 6.5×10−5, and 8.7×10−5, 
respectively. The increased extent of the strain shows a small 
change. When compared the strain increasing extent of the four 
impact moments, it is observed that the magnitude of the sudden 
decrease in strain followed by the impact becomes smaller as the 
impact number increases. This observation is because, at the 
beginning of the impact, there are only a few areas within the 
rock that show damage due to short creep time and low stress 
levels. At this stage, the rock specimen can be viewed as an 
elastic body. Once the drop weight impacted the specimen, an 
instantaneous strain increase occurs and the strain is then 
returned to the original strain level, which is resulted from the 
elastic rebound effect. As the increase of the impact numbers, the 
accumulation of damage within the rock becomes large and the 
rock cannot be considered as an elastic body anymore, which 
results in the partial recovery of the instantaneous strain after the 
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drop weight impact on the rock. Between two adjacent impacts, 
the strength of rock reduces due to the impact that causes damage 
to the rock and thus changes the mechanical properties of the 

rock. Under the same creep stress condition, the creep strain 
formed between two adjacent impacts becomes larger and larger 
as the impact time increases.            

        
(a) Case 1: strain vs impact number curves under different creep times 

        

(b) Case 2: strain vs impact number curves under different impact energies 

Fig.4  Curves of impact number and accumulation strain 
 

 
Fig.5  Axial strain change under different impact times 

 
3.2  Impact numbers 

As shown in Fig.4(a), with the increase of the strain before 
the impact, the required impact numbers of rock failure decrease. 
For instance, the impact numbers are 20, 17, and 10 times 
corresponding to the 12, 24, and 60 hours of initial creep time. 
Before the impact, the development of initial creep deformation 

changes the rock mechanical properties, which is manifested as 
a hardening in the axial direction and softening degradation in 
the lateral direction. The larger the strain of rock specimen before 
impact, the more damage is generated inside the rock, and the 
lower resistance capacity to damage when the rock is subjected 
to an impact loading. The impact numbers decrease with the 
increase of the strain before the impact when the rock specimen 
is subjected to an impact loading.      

Figure 6 gives the impact numbers for failing the green 

sandstone specimens at various impact energies under the Case 

2 scenario. From Fig.4(b), it is seen that the green sandstone 

specimen did not fail after 60 impacts when the impact energy is 

10 J. When the impact energy is increased to 20 and 30 J, the 

required impact times reduced to 20 and 8 times to fail the rock 

specimen, respectively. In general, the greater the impact energy, 

the fewer the impact numbers that required to fail the rock 

specimen. This relation can be expressed by the following 

equation: 
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di= e bUN a -                                       (1) 

where N is the impact number when the rock specimen fails; Udi 

is the single impact energy of the drop weight; a and b are the 
constants related to the impact energy.    

When the rock specimen is subjected to an impact load, the 
impact numbers decrease exponentially as the impact energy 
increases. If the impact energy is not high enough, which may 
not have an obvious influence on the rock specimen. Only when 
the impact energy reaches to a certain value, the residual strain 
of rock specimen will be caused due to the impact loading. In 
such a case, the rock specimen can be failed after a certain 
number of impacts. When the impact energy is 10 J and the green 
sandstone is subjected to 60 impacts, the axial strain of the rock 
specimen is only 3.0×10−4 and without failure.  

Equation (2) can be used to uniformly express the 
relationship between the impact numbers and the impact energy 
and strain prior to the impact when the rock specimen failed:  

( )0 di,N f Uε=                                     (2) 

where 0ε is the strain value prior to impact. When the impact 
energy is constant, a function relation can be derived between the 
impact number and strain before the impact. The impact number 
required for rock failure decreases rapidly as the increase of the 
strain prior to the impact. At the same time, the strain prior to the 
impact is affected by loading stress and creep time. Under the 
same loading stress and creep time, the impact number required 
for rock failure decreases rapidly as the impact energy increases.   

 

Fig.6  Relationship between impact number and impact 
energy 

 
3.3  Energy analysis 

The rock deformation and failure process are an irreversible 
process of energy dissipation. Based on the law of 
thermodynamics, energy conversion is an essential feature of the 
matter physical process. The influence of the external load on the 
rock is not only in the changes of the stress-strain state, but also 
partially consumed within the rock, which leads to the changes 

of rock damage state. Considering the rock deformation under 
the external force and assuming no heat exchange between the 
physical process and the outside, and the total input energy 
generated by the external force work is U, according to the first 
law of thermodynamics, it can be obtained as[24]       

d e=U U U+                                       (3) 

where Ud is unit dissipation energy; Ue is the unit release elastic 
strain energy.  

During the rock creep process under drop weight impact, 
there are two parts of the external force (creep stress and impact 
disturbance) that work on the rock specimen. Suppose the work 
done by the two forces are Uc and Udy. When the work done by 
the two parts on the rock exceeds the work U that required for 
the rock uniaxial compression failure, the rock specimen is then 
destabilized and failed.  

c dyU U U+ ≥                                     (4) 

Uc can be obtained according to the integral of the load and 
creep deformation curve during the creeping stage:  

c = d
L

U F L                                        (5) 

where F is the load; L is the rock deformation.  
Udy can be expressed as follows: 

dy di i

N

i
U U η=                                     (6) 

where ηi is the effective utilization rate of each impact energy, 
which denotes the ratio of rock absorbed energy used to damage 
rock to the incident energy during the impact process. 

According to Xie et al[25], as the incident energy increases, 
the total energy of the transmission and reflection increases. 
However, the total energy of the transmission and reflection tend 
to a stable value as the incident energy increases continually. 
When the incident energy reaches a very high level, the extent of 
energy absorbed increases gradually and it increases rapidly after 
reaching a certain level. The absorbed energy is the source to 
damage the rock specimen. The greater the impact energy, the 
higher the effective utilization rate ηi of the impact energy. Under 
the same impact energy, the effective utilization rate ηi of impact 
energy also increases gradually as the increase of the impact 
numbers.         

To facilitate the test and measurement, equation (6) can be 
re-written as follows: 

dy diU U N η= × ×                                   (7) 

where η is defined as the average utilization rate of the impact 
energy. 

Based on the equation (7), the average utilization rate of 
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impact energy is calculated under the conditions of Case 1 and 
Case 2, as shown in Table 2. It can be seen from Table 2 that for 
Case 1 scenario, as the creep deformation of the initial creep 
stage increases, the average utilization rate of impact energy 
increases from 1.48% to 2.55% under the same impact energy. 
For Case 2 scenario, under the same initial creep state, the 
average utilization rate of impact energy increases from 1.48% 
to 2.47% under the same increasing extent of the impact energy. 
The average utilization of impact energy increases, which 
indicates the internal damage of rock specimen increases as the 
increase of the impact numbers and eventually leads to the failure 
of the rock specimen. 

 
Table 2  Average utilization of impact energy 

 Working 
condition

Creep 
stress 
/ MPa 

Creep 
time 
/ h 

Creep 
energy 

/ J 

Impact 
energy 

/ J 

Impact 
number 

N 

Average energy 
utilization 

η /% 

 

Case 1 

20.0 11.8 6.63 19.60 20 1.48 

 20.0 23.1 7.07 19.60 16 1.72 

 19.6 57.8 7.45 19.60 10 2.55 

 

Case 2 

19.8 11.9 6.59  9.80 60 ― 

 20.0 11.8 6.63 19.60 20 1.48 

 19.9 12.2 6.65 29.40 8 2.47 

 
Figure 7 presents the failure modes of the impact creep for 

green sandstone specimens under Case 1 and Case 2. It is seen 
that, in general, the shear failure mode is the main failure mode 
for the green sandstone specimen. The fragmentation degree 
shows somewhat different when the creep time and impact 
energy are different. According to equation (3), the work done by 
the external force on the rock specimen will be converted into 
the dissipative energy and the releasable elastic strain energy of 
the rock unit. Under the effect of external load, the rock unit 
damage is increased and thus the rock strength is reduced. When 
the releasable strain energy of the rock unit reaches to the energy 
required for rock unit failure, the rock unit is failed. In such a 
manner, the rock specimen is totally failed when a certain 
number of the load-bearing rock units failed instantaneously. 
Under the effect of impact load, a large amount of elastic strain 
energy is stored in a short time. When the stored strain energy 
exceeds the rock unit’s surface energy, it will cause the 
instantaneous failure of the rock unit and will lead to the rock 
fragmentation phenomenon. When the impact load is relatively 
small or without being impacted, relatively lower releasable 
elastic strain energy is stored in the rock unit. As the increasing 
of the loading time, the number of failed rock units increases 
gradually, and thus the rock strength decreases. When the 
relatively less releasable stored elastic strain energy exceeds the 
rock unit’s surface energy and because of the less releasable 

stored elastic strain energy, an approximate static failure is found 
for the rock specimen, which breaks into several large pieces of 
rock block. 

 
(a) Case 1 

 

(b) Case 2 

Fig.7  Failure modes of impact creep for green sandstone 
specimens under two test conditions 

4  Conclusions 

The number of impacts required for rock failure is related to 

the impact energy and the strain value before the impact. The 

impact number decreases exponentially with the impact energy 

increase. As the increase of the strain prior to the impact, the 

impact number of rock failure decreases rapidly.  

The impact disturbance accelerates the creep damage of the 

rock, which accelerates the creeping stage of the rock specimen 

from constant velocity creep to the accelerated creep stage. This 

change will cause the rock failure. The research results provide a 

theoretical basis for the time lag of mining-induced rockburst. 
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