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Abstract

Rock burst mostly happens in deep rock engineering, which obviously performs obvious time-dependent destruction and releases 

huge energy. Thus, the uniaxial compressive time-dependent deformation failure tests of sandstone under different axial stress 

are conducted and the optimized Parallel-bonded stress corrosion (PSC) model is established based on PFC method. The results 

show that tension micro-cracks are the direct reason of rock bearing capacity reduction during the whole failure process. The time-

dependent deformation stage is composed of the initial strain stage, the steady-state strain stage and the accelerated strain stage. 

As the axial stress increases, rock mass enters into the accelerated strain stage more quickly and the strain amount of time-dependent 

deformation stage decreases. From the comparison of energy conversion between PFC simulation and experiments, the higher elastic 

strain energy will be accumulated and the less dissipation energy will be produced while the axial stress increases when reaching 

the failure point. After the failure point, the elastic strain energy has a small increase because the strain rate changes faster than the 

failure relaxation rate. Based on the calculation results of residual elastic energy index (AEF), the rock burst shows a tendency that from 

weakness to moderation as the axial stress increases. The research results will provide a certain reference in predicting the rock burst.
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1 Introduction
Rock burst is a kind of geological hazard that rock mass 
suddenly destroys and quickly releases a large amount of 
energy, which mostly occurs in the hard brittle rock cave 
with high ground stress and no groundwater [1]. Time-
dependent rock burst is extremely common in deep rock 
engineering [2]. In many large hydropower station con-
structions, such as Tianshengqiao, Taipingyi and Ertan, 
rock burst happens within a certain period of time after 
blasting and excavation [3]. Taking Jinping II hydropower 
station as example, the rock burst takes place after 6–15 h 
of excavation, showing an obvious time-dependent effect, 
which is mainly due to the sustainable development of 
rock fracture damage under high ground stress condi-
tion [4–5]. In order to clarify the time-dependent deforma-
tion failure properties of rock burst, many scholars have 
done a large number of studies, including laboratory test, 

theoretical analysis and numerical simulation. According 
to the rock burst phenomenon in Jinping II Hydropower 
Station, Chen  et  al.  [6] proposed that the occurrence of 
rock burst mainly depends on the time that the energy of 
the rock mass accumulates to the critical state. Especially 
in PFC simulation, Cui et al. [5] and Liu et al. [7] used the 
stress corrosion model (PSC), including the scale effect 
and time effect, to predict the long-term stability of the 
water diversion tunnel. Sun et al.  [8] and Jiang et al.  [9] 
established the numerical model of rock which can reflect 
its short-term and long-term strength characteristics, pre-
dicting the time-dependent deformation of rock.

Not only that, the time-dependent deformation failure is 
often accompanied by energy release. Energy drive is the 
inducement of rock failure, while rock failure is the result 
of accumulated damage [8]. For example, nearly a hundred 
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rock bursts occurred in Erlang Mountain Tunnel, which 
directly threatened the safety of construction works and 
equipment, and seriously affected the progress of the proj-
ect  [3]. An extremely strong rock burst occurred in the 
Jinping II Hydropower Station, and the total collapse 
amounted to more than 400 m3, which caused the perma-
nent burial of the large equipment and many casualties 
of construction works [10]. In order to clarify the energy 
conversion mechanism of rock burst. Xie et al. [11] stud-
ied the law of energy accumulation and release based on 
elastic theory; Liu  et  al.  [12] analyzed the energy evo-
lution law by the elastic energy of each unloading point 
during the uniaxial graded loading and unloading process. 
Zhang et al.  [13] and Liu et al.  [14] used PFC numerical 
simulation to study the energy evolution law from micro-
crack propagation and acoustic emission characteristics. 

The research on the mechanism of rock burst mainly 
focused on the establishment of the time-dependent defor-
mation failure model for prediction according to the anal-
ysis of tests and actual rock burst cases [8–10]. There are 
few time-dependent failure tests of rock mass, and the 
energy conversion mechanism of rock burst is rarely dis-
cussed from the microscopic perspective. Therefore, the 
uniaxial compressive time-dependent deformation fail-
ure tests were conducted, and corresponding PFC model 
was established by introducing optimized PSC model for 
a more profound understanding of the microscopic dam-
age development, including time-dependent deforma-
tion, micro-cracks extension and failure characteristics 
of sandstone under different axial stress. The rationality 
of the model was proved by comparing with the experi-
mental results. Then, the energy conversion law was ana-
lyzed based on the results of PFC numerical simulation 
and theoretical calculation. Based on this, the residual 
elastic energy index was cited to evaluate the rock burst 
tendency, which can provide some reference for relative 
research about energy mechanism of rock burst.

2 Analysis of uniaxial compressive failure test results
2.1 Test scheme
After excavation and unloading of underground caverns, 
the surrounding rock is often in a one-dimensional or 
two-dimensional state approximately, so it can be regarded 
as in the stress state of uniaxial compression [2]. Therefore, 
the uniaxial compressive time-dependent deformation 
failure test was conducted to simulate the stress state of 
surrounding rock. According to the reference  [15], the 
probability of rock burst is higher when the normalized 

deviatoric stress level is greater than 0.7, which is shown 
in Table  1. Therefore, the uniaxial compressive time-de-
pendent failure test of sandstone was conducted under the 
axial stress of 0.85–0.95 σp.

In this experiment, sandstone was taken from Three 
Gorges Reservoir Area as the test sample, which was con-
sistent with the literature [16]. As a sericite medium grain 
quartz sandstone with porous calcareous cementation 
structure, which was composed of quartz, feldspar, debris, 
mica etc.al. Among them, quartz accounts for 80%, whose 
particle size was between 0.3–0.5 mm. The dimension of 
cylindrical samples was set as 50 mm × 100 mm, which 
followed the suggestion of the International Society for 
Rock Mechanics (IRSM) [17]. Macroscopically, the rock 
samples had a uniform particle size and good cementation 
with an average longitudinal wave velocity of 2200  m/s 
and an average density of 2600 g/m3. The prepared rock 
samples were conducted under different axial stress, and 
the test scheme was divided into two groups:

1.	 Uniaxial compressive failure test: The axial stress 
(σ1) was increased at the loading rate of 0.1 kN/s until 
the rock sample failed to get uniaxial compressive 
strength (σp).

2.	Uniaxial compressive time-dependent failure test: 
The axial stress (σ1) was increased at the same rate 
above and maintained at the planned value (0.85 σp, 
0.90 σp and 0.95 σp), until the specimen failed.

2.2 Stress-strain curve and mechanical parameters
Fig. 1 shows the stress-strain curves of sandstone under dif-
ferent axial stress (σ1) and the basic mechanical parameters 
of these tests are listed in Table 2 and Table 3. As can be 
observed, when the axial stress (σ1) is 1.00 σp, the specimen 
fails rapidly and the duration of damage is much shorter, 
and it can be regarded as a special time-dependent defor-
mation progress. While the axial stress is 0.85–0.95  σp, 
there is an obvious 'stable deformation expansion section' in 
which the axial strain continues to increase with time until 
the specimen fails.

Table 1 Possibility of rock burst associated with normalized deviatoric 
stress level [15]

(σ1–σ3)/σp Rock mass damage Possibility of rockburst

< 0.35 no-low no

0.35–0.45 low no

0.45–0.60 medium low

0.60–0.70 medium-high medium

> 0.70 high high
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The method for determining the failure point C is 
through the variation law of volumetric strain. Taking the 
axial stress of 0.95 σp as example, which is shown in Fig. 2. 
When reaching the point B, the stress-strain curve appears 
to fluctuate and the volume strain drops slightly. After the 
point C, the stress-strain curve shows a significant step-
down, but the volumetric strain shows an obvious turning 
point and decreases significantly. Therefore, the failure 
point C can be determined by the turning point of volu-
metric strain. In summary, when the axial stress (σ1) is 
0.85–1.00 σp, it can be seen as follows by analyzing the 
characteristics of the curve:

1.	 In the initial compaction stage and the elastic stage 
(OB), the stress-strain curves of different axial stress 
(σ1) are basically coincident, indicating that the 
selected specimens have less discreteness. In the 

time-dependent deformation stage (BC), the axial 
strain at the failure point (C) decreases with the axial 
stress (σ1) increases, which means that the rock mass 
undergone too much damage under the lower axial 
stress and cost longer time.

2.	 In the time-dependent deformation stage (BC), when 
the stress exceeds the long-term strength of the rock 
mass, the damage will continue to develop even if 
the axial stress is maintained at a stable constant 
value [2]. Due to the stress concentration effect, when 
the accumulation reaches the critical value, the rock 
mass will generate serious deformation and failure 
in a short time. Moreover, the curves show a signif-
icant drop after failure point (C), which means the 
transformation from the time-dependent deformation 
stage to the failure stage.

Fig. 1 Stress-strain curves under different axial stress 

Table 2 Mechanical parameters of uniaxial compressive failure test

Sample Uniaxial compressive 
strength σp/MPa

Elastic modulus
E/GPa

Poisson's 
ratio μ

1 78.76 13.00 0.23

36 79.76 13.18 0.20

Average 79.26 13.09 0.22

Table 3 Mechanical parameters of uniaxial compressive time-
dependent deformation failure test

Sample Axial stress 
σ1/MPa

Elastic modulus 
E/GPa

Poisson's 
ratio μ

2 0.95 σp (75.53) 13.24 0.23

3 0.90 σp (73.67) 12.35 0.20

4 0.85 σp (67.50) 12.75 0.21
Fig. 2 Determination of failure point C (σ1 = 0.95 σp)



1172|Wang and Liu
Period. Polytech. Civ. Eng., 66(4), pp. 1169–1182, 2022

3 PFC Simulation of the uniaxial compressive time-
dependent deformation failure test
3.1 Establishment of PFC numerical model
Particle Flow Code is a discrete element program, which 
is commonly used to simulate the macroscopic mechani-
cal response of materials by the bonded properties of the 
particles inside the grains and at the grain boundaries. 
In the existing bonding models, the contact-bonded model 
(CBM) and parallel-bonded model (PBM) are the most 
classical  [18]. In view of PBM transferring interparticle 
contact bending moments besides contact forces  [19–21], 
it is chosen to simulate sandstone, which is composed of 
mineral particles and interparticle cement, to make the cal-
culation results closer to the real situation.

Firstly, the wall of rectangular geometric model is 
established, whose dimension is set as 50 mm × 100 mm. 
Secondly, considering the failure mode of rock samples, 
the particle radius should be set to less than 0.60 mm [22], 
and the particle radius ratio of maximum-minimum par-
ticle is 1.66, which conforms to the basic properties of the 
rock sample [18]. Therefore, combined with actual parti-
cle size of sandstone, the particle radius of model is set 
to 0.3–0.5 mm. Thirdly, the particles are generated with 
large overlap in the wall- enclosed area and make the par-
ticle system uniform by the servo mechanism. Finally, the 
contact is added to the particles and clear the model state 
(including particle velocity, displacement, etc.). The built 
numerical model is shown in Fig. 3.

3.2 Parameters calibration
At present, a great number of numerical investigations 
have been conducted to study the calibration between 
macro-parameters and micro-parameters in details [23] 
and the macro-parameters of the model are affected by 
multiple micro-parameters. To ensure that the macro-
scopic mechanical response of PFC simulation is consis-
tent with experiments under uniaxial compressive test, 
the micro-parameters of Table 4 are calibrated so that the 
basic mechanical parameters (σp, E, μ) of sandstone corre-
sponding to the numerical simulation calculation results. 
When selecting the optimal micro-parameters, the trial 
and error method is adapted to adjust a certain param-
eter continuously in each numerical simulation test until 
the macro-parameters (σp, E, μ) are consistent with exper-
iments. The calibration process is as follows:

In the whole process, the ratio of Ec and E̅c is set to 1.0, 
the particle stiffness ratio (Kn /Ks) and the PBM stiffness 
ratio (K̅n /K̅s) are set to the same. Firstly, the micro elastic 

modulus (including Ec and E̅c) are calibrated, which have 
certain algebraic relationships with the macro elastic mod-
ulus E. The Ec increases with E increases. By adjusting the 
values of Ec constantly in each numerical experiment until 
the result of mechanical parameters (E) is suitable, then 
determine the value of Ec and E̅c. Then Poisson's ratio (μ) 
and peak strength (σp) are calibrated and the calibration 
process is similar. It should be noted that the particle stiff-
ness ratio (Kn /Ks) mainly affects the Poisson's ratio μ. As 
the stiffness ratio (Kn /Ks) is increased, the μ also increases. 
There is a polynomial relationship between PBM tensile 
strength σ̅c and the peak strength σp. The σp increases with 
σ̅c increases. The ratio between PBM tensile strength (σ̅c ) 
and PBM cohesion strength (C̅ ) of particles is the main 
reason which affects the failure mode of rock samples. 
And with the increase of the ratio, the failure mode shows 

Fig. 3 PFC model of rock sample: (a) whole model of sample, 
(b) local model of sample

Table 4 Microscopic mechanical parameters

Parameter type Microscopic parameters Value

Basic particle 
parameters

Particle density ρ/Kg·m–3 2600

Particle radius ratio Rmax /Rmin 1.66

Particle minimum radius Rmin/mm 0.3

Particle elastic modulus Ec/GPa 10.5

Particle stiffness ratio Kn /Ks 1.3

Particle friction coefficient μ 0.5

PBM parameters

PBM contribution factor λ̅ 1.0

PBM elastic modulus E̅c/GPa 10.5

PBM stiffness ratio K̅ n /K̅ s 1.3

PBM tensile strength σ̅c/MPa 64

PBM cohesion strength C̅ /MPa 71

PBM friction angle φ/° 32

Notes: Rmax is the maximum radius of particles, Kn is the particle normal 
stiffness, Ks is the particle tangential stiffness. K̅ n is the PBM normal 
stiffness, K̅ s is the PBM tangential stiffness
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a transition from tensile failure to shear failure. After 
a series of sensitivity analysis, the calibrated parameters 
are listed in the Table 4.

3.3 Macro-micro parameters and failure mode 
comparison
In order to prove the rationality of the calibrated micro-
scopic parameters, the simulation calculation and test 
results are compared under the axial stress of 1.00 σp. 
Fig. 4 shows that numerical results are in good agreement 
with experiments discussed previously. In terms of failure 
mode, the main crack is caused by tensile failure inside the 
rock at the upper and lower ends, which reflects the tensile 
failure characteristics of sandstone under uniaxial com-
pression condition.

3.4 Optimized PSC model
3.4.1 PSC model principle
According to the fracture mechanics, a micro-crack initi-
ation threshold (σa) exists during the fracture propagation 
process [24]. When the axial stress (σ1) is more than this 
threshold, the micro-cracks will continue to initiate, prop-
agate and coalesce, until they form macro-cracks, result-
ing in the specimen failure. This phenomenon of rock 
mass persistent deterioration under constant axial stress is 
defined as the stress corrosion. In order to truly simulate 
the stress corrosion process, the stress corrosion model 
(PSC) [25] is put forward and shown in Fig. 5. Where the 
microscopic aging damage degree of rock mass is repre-
sented by continuing to reduce the bonding radius R̅ of 
PBM, which can be expressed as follows (Eq. (1)):
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where R̅0 and R̅ is the bonding radius of PBM before and 
after the stress corrosion, t is the stress corrosion time, β1, 
β2 are the constants of rock mass, which only vary with the 
temperature and chemical environments. σa is the micro-
crack initiation threshold of PBM, σc is the normal tensile 
strength of PBM.

According to Eq. (1), when σa < σ < σc, the bonding radius 
R̅ will decrease exponentially, which means the normal ten-
sile force, the tangential shear force and bending moments 
on PBM will be updated. In addition, the bonding radius 

R̅ of PBM between particles will not change when σ < σa, 
and the bonding radius R̅ of PBM will disappear instanta-
neously when σ > σc. 

Fig. 4 Stress-strain curves of uniaxial compression test and PFC 
simulation

(a)

(b)
Fig. 5 Schematic of PSC model: (a) micro schematic diagram of PSC 

model, (b) stress corrosion rate curve
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Generally speaking, the PSC model starts from the result 
of rock strength attenuation, and the stress state is regarded 
as a controlling parameter to simulate internal micro-cracks 
propagation. Moreover, Manouchehrian and Cai [26] and 
Wu et al. [27] found that the development and propagation 
of micro-cracks not only lead to rock strength deteriora-
tion, but also a decrease of rock stiffness. As the internal 
damage of the rock sample increases, micro-cracks propa-
gate to form macroscopic cracks, resulting in reducing rock 
strength and stiffness. At the meantime, the particle normal 
stiffness mainly influences the macroscopic elastic modu-
lus, which is the scale of describing the resistance to elastic 
deformation of rock mass [24]. Therefore, the rock stiffness 
attenuation also reflects the process of the rock mass elastic 
deformation ability reduction. In order to better simulate 
the variation law of rock mass deformation with time, the 
particle normal stiffness is considered to reflect the defor-
mation characteristics of the rock mass with time, and the 
law of stiffness change is as follows (Eq. (2)):
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where G0 and G is the particle normal stiffness before and 
after the stress corrosion, α1 is the constants of materials. 
The detailed implementation procedure is as follows: 

1.	 The axial stress is loaded to the planned value 
(0.85 σp, 0.90 σp, 0.95 σp) with a certain loading rate 
respectively, then keep the particle system balanced 
by the servo system of PFC.

2.	 The PSC model is activated and the axial stress (σ1) 
is maintained at the planned value by the servo sys-
tem of PFC. At the same time, the data (including test 
time, strain, the number of micro-cracks, etc.) can be 
obtained.

3.	 The test is completed when one of the following two 
conditions is satisfied: (1) The mechanical calcula-
tion in each time step is not balanced, which cor-
responds to the phenomenon that the specimen has 
undergone too much damage and cannot continue to 
bear load. (2) The axial strain reaches a certain value, 
which corresponds to the large enough deformation 
of the sample.

3.4.2 Numerical calculation process based on PSC model
The trial and error method is adapted in our study, and the 
calibration results of PSC microscopic mechanical param-
eters are based on the failure time (tf) during the time-de-
pendent deformation stage. Obviously, the main control 
parameters of the PSC model are α1, β1, β2, σa in Eqs. (1) 
and (2). Fig. 6 shows parameter sensitivity analysis of α1, 
β1, β2 and σa under the axial stress of 0.95 σp. Firstly, β1 and 
β2 are adjusted to ensure that tf is in the range of 102–103 s. 

Fig. 6 Sensitivity analysis of microscopic mechanical parameters: (a)the variation of tf with β1, (b) the variation of tf with β2, (c) the variation of tf with 
σa and (d) the variation of tf with α1

(a) (b)

(c) (d)



Wang and Liu
Period. Polytech. Civ. Eng., 66(4), pp. 1169–1182, 2022|1175

Then, σa and α1 are adjusted until tf obtained by numerical 
test is consistent with the laboratory test basically. The cal-
ibrated results are shown in Table 5.

3.4.3 Comparative analysis of PFC simulation and 
experimental results 
Fig. 7 shows the comparative results of stress-strain curves 
under different axial stress, and it is found that the curve 
variation law of PFC model calculation is basically consis-
tent with tests during the whole process. The stress drop 
point (Point C and C' in Fig. 7) is defined as the failure 
point of the sample, and the time-dependent deformation 
stage is from point B (B') to point C (C'). It can be seen 
from the Table 6 that the axial strain is basically between 
0.62% and 0.66% at point C in the PFC model, and with 
the axial stress decreases, the strain amount increases 
during BC stage, which is consistent with the experimen-
tal results. Therefore, the PSC model can well capture the 
time-dependent deformation characteristics.

4 Research on energy conversion and failure mode
4.1 Energy conversion analysis of PFC simulation 
During the process of PFC numerical simulation calcu-
lation, the energy is obtained such as boundary energy, 
elastic strain energy, friction energy and dissipated 
energy. Specifically, the accumulated elastic strain energy 
(Ue) is composed of the particle strain energy and the par-
allel bond strain energy, and the boundary energy (U) is 
the total input energy of the system. The Uf is a part of Ud, 
which has the same law with Ud. and the friction energy 
(Uf) is related to the generation of micro-cracks and slid-
ing displacement of particle, which is expressed as:

U F Uf
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slip
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where Nc is the total number of contacts, Fi
S  is the aver-

age shear force between particles, (∆Ui
s)slip is the sliding 

displacement increments of particles.
The stress-strain curve can be divided into four stages 

combined with the energy conversion (shown in Fig. 8).
1.	Initial compaction stage (OA): Because no micro-

cracks appear during this stage, so the energy input is 
almost all converted to Ue, Ud and the Ufare 0 basically.

Table 5 Microscopic mechanical parameters of PSC model

α1 β1 β2 σa /MPa σc / MPa

0.3 × 10–16 0.2 × 10–16 17 39 64

Table 6 Strain of point B(B') and C(C')

Axial stress /
MPa 0.85 σp 0.90 σp 0.95 σp

Strain of point 
B(B')/% 0.509 (0.510) 0.541 (0.539) 0.573 (0.545)

Strain of point 
C(C')/% 0.622 (0.706) 0.642 (0.681) 0.656 (0.679)

(a)

(b)

(c)
Fig. 7 Comparison of stress-strain curves between test results and PFC 

simulation: (a) 0.85 σp, (b) 0.90 σp and (c) 0.95 σp
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2.	Linear elastic and initial micro-crack development 
stage (AB): The micro-cracks began to grow slowly 
after point A as the input energy increases, which 
shows the bonds between particles started to break. 
And the initiation of micro-cracks extends at a small 
rate, which causes the slow increase of Uf and Ud.

3.	 Time-dependent deformation stage (BC): The micro- 
cracks unstably propagate under the constant axial 
stress (σ1), resulting in the growth rate of particle fric-
tion energy and particle surface dissipation energy 
increasing quickly. Therefore, the Uf and Ud increase 
rapidly.

4.	 Failure stage (CD): As the micro-cracks continue to 
expand until the rock mass finally fails, the Ue begins 
to decrease with the continuous increase of Uf and Ud.

4.2 Micro-crack propagation and failure mode analysis 
4.2.1 Micro-crack propagation characteristics
The essence of macroscopic fracture is the continuous 
development of internal microscopic damage. It is obvious 
from Fig. 8 that the micro-cracks propagate rapidly in the 
time-dependent deformation stage (BC). In order to clarify 
the inherent law and essential characteristics of time-de-
pendent failure, the micro-crack development and strain 
variation of BC stage are studied, which is shown in Fig. 9.

Table 7 lists the micro-crack number of failure point C 
and the duration of BC stage, it is found that the num-
ber of micro-cracks decreases as the axial stress (σ1) 

increases, which means the development of micro-cracks 
is insuff  cient during shorter time under higher axial 
stress (σ1). In addition, noted that in Fig. 9, the variation 
law of the number of micro-cracks with time is basically 
the same as the law of axial strain, which reflects the char-
acteristics of the three stages: the initial strain stage, the 
steady-state strain stage and the accelerated strain stage. 
Moreover, the initial strain stage becomes shorter and the 
specimen enters the accelerated strain stage rapidly as the 
axial stress (σ1) increases.

4.2.2 Failure mode
In order to deeply understand the time-dependent defor-
mation failure characteristic of rock mass, some represen-
tative images were chosen to illustrate the features of rock 
fracture during BC stage of 0.85 σp, as shown in Fig. 10. 
At the beginning of loading (Figs. 10(a)–(c)), the tensile 
micro-cracks are dominant, which have a relatively scat-
tered spatial distribution. As time goes on (Figs. 10(d)–(e)), 
a large number of micro-cracks appear, and the genera-
tion of shear micro-cracks is characterized by local dam-
age concentration. Subsequently, a rapid increase in dam-
age leads to the reduction of rock bearing capacity during 
the stage of micro-crack accelerated propagation, and the 
macroscopic failure surfaces are formed finally (Fig. 10(f)). 
In terms of the failure form of rock mass, the tensile micro-
cracks are always dominant, and only a small amount 
of shear micro-cracks initiate during the whole failure 

Fig. 8 Variation law of energy and micro-cracks with stress-strain: (a) 0.85 σp, (b) 0.90 σp and (c) 0.95 σp

(a) (b) (c)
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Fig. 10 Micro-cracks distribution during BC stage under 0.85 σp: 
(a) 0 s, (b) 51 s, (c) 200 s, (d) 449 s, (e) 799 s, (f) 1007 s

Table 7 Micro-crack number at failure point C and duration of BC stage

Axial stress σ1/MPa 0.85 σp 0.90 σp 0.95 σp

Micro-cracks number at 
failure point C/ c* 932 909 832

Duration of BC stage tf/s 1002 532 241

(a)

(b)

Fig. 9 Variation law of axial strain and micro-cracks with time: 
(a) 0.85 σp, (b) 0.90 σp and (c) 0.95 σp

(c)

(a) (b)

(c) (d)

(e) (f)
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process, which is far less than the tensile micro-cracks 
(black: shear micro-cracks, red: tensile micro-cracks), it is 
consistent with the failure mode of rock mass under uniax-
ial compression test [28].

4.3 Comparison of energy conversion between 
theoretical calculation and PFC simulation calculation.
Based on the energy theory, the failure process of rock 
mass is accompanied by the energy dissipation and energy 
release during the uniaxial compression test. Xie et al. [29] 
assumed that rock mass did not exchange heat with the 
outside world under outer force. According to the first law 
of thermodynamics:

U U Ud e� � ,	 (4)

where U is the total input work, Ud is the dissipation 
energy, Ue is the elastic strain energy.

Fig. 11 shows the corresponding relationship between 
the Ud and Ue (shadow area) in the stress-strain curve, in 
which Eu is the unloading modulus.

In the uniaxial compression test, the elastic strain 
energy Ue is [29]:

U
E

e �
�1
2

2
,	 (5)

where E̅  is the elastic modulus, which replaces the Eu [30]; 
σ1 is the axial stress.

Fig. 12 shows that the energy conversion law of PFC 
simulation is consistent with the theoretical calcula-
tion results of Ue, which is obtained according to Eq. (5) 
based on the experimental date. But it should be noted that 
the change trend of Ue is obviously different during the 
BC stage. In the numerical simulation, most of the input 

energy is dissipated, which is converted into the surface 
energy of micro-cracks propagation and a small part is 
converted into Ue. 

Fig. 11 Corresponding relationship between elastic strain energy and 
dissipated energy

Fig. 12 Energy comparison curves between theoretical calculation and 
PFC simulation calculation: (a) 0.85 σp, (b) 0.90 σp and (c) 0.95 σp

(a)

(b)

(c)
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In addition, we can see that there is a small increase 
in strain energy after point C (partial enlarged detail in 
Fig. 12). This is mainly because the strain rate changes 
faster than the failure relaxation rate when the rock mass 
fails, that is to say, rock mass will continue to absorb 
input energy and release Ud at the same time. Therefore, 
it is rational to analyze the energy conversion law by the 
method of PFC numerical simulation. Finally, the energy 
conversion results of failure point C are shown in Table 8, 
it can observe that:

1.	 The absorbed Ue increases while the axial stress  (σ1) 
increases, which accounts for more than 70.8% of the 
input energy U. The required Ud decreases during the 
failure process of rock mass, that is to say, the more 
energy is absorbed as the axial stress (σ1) increases 
when the rock mass fails.

2.	 As the axial stress (σ1) increases, the internal micro-
cracks will not develop fully when the rock mass 
fails quickly. The Uf accounts for 6.9–9.7% of the U 
under the axial stress of 0.85–0.95 σp. When the axial 
stress of is 1.00 σp, the Uf is much smaller than other 
axial stress, because the generated micro-cracks 
decrease and the sliding displacement of particles 
also decreases.

Fig. 13 is the curve of energy at failure point C under 
different axial stress (σ1). It can be seen that Ue has an 
obvious linear relationship, and Ud and Uf show a consis-
tent variation law, the Uf accounts for 30.6–33.3% of the 
Ud under the axial stress of 0.85–0.95 σp, but Ud and Uf 
decreases significantly under the axial stress of 1.00 σp, 
which accounts for 20.9%. Because the rock mass fails 
rapidly and the duration of destruction is much shorter, 
resulting in the micro-cracks incomplete extension. 
Therefore, the Ud and Uf under the axial stress of 1.00 σp is 
much lesser than other axial stress. 

Through the above analysis, it can find that Ue is mainly 
used to store internal energy before failure point C, and the 
stored Ue are mainly converted into Ud after failure point 
C, which is mainly used for the generation and further 

development of micro-cracks, resulting in the attenuation 
of rock strength and the generation of macro-cracks. The 
rock mass will destroy until it exceeds the storage limit.

4.4 Judgement of rock burst tendency
The energy emitted by rock burst mainly comes from the 
residual elastic energy of rock mass after overall failure, 
which reflects the characteristics of rock burst tendency. 
Therefore, the residual elastic energy index (AEF) is used 
to measure rock burst tendency [31], and the formula is as 
follows:

A U UEF
a� �e ,	 (6)

where the Ue is the elastic strain energy before the rock 
fails, Ua is the failure energy after the rock mass fails.

Fig. 14 shows the corresponding relationship between 
the Ue and Ua, and the rockburst tendency can be divided 
into four grades according to the value of AEF, which is 
as follows:

No rockburst A kJ m

Weak rockburst A kJ m

Mode

EF

EF

:

: ~

� �

� �

�

�

50

50 150

3

3

rrate rockburst A kJ m

Intense rockburst A kJ
EF

EF

: ~

:

� �

�

�150 200

200

3

��

�

�

�
�

�

�
� �m 3

.	 (7)

Table 8 PFC simulation energy analysis of failure point C

Axial Stress 
σ1/MPa

Elastic strain energy 
Ue/KJ·m–3

Dissipated energy 
Ud/KJ·m–3

Friction energy
Uf/KJ·m–3

Input energy 
U/KJ·m–3 Ue/U Ud/U

0.85 214.55 88.39 29.42 302.94 0.708 0.292

0.90 235.49 79.84 25.52 315.33 0.747 0.253

0.95 261.01 75.79 23.20 336.80 0.775 0.225

1.00 284.91 20.31 4.25 305.22 0.933 0.067

Fig. 13 Energy curves under different axial stress
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According to the energy values obtained by PFC numer-
ical simulation and theoretical calculation based on exper-
iments, combined with Eq. (6) and Eq. (7), the AEF values 
and rock burst grade evaluation are listed in Table 9 under 
different axial stress (σ1). 

It can be seen that the AEF of sandstone increases as the 
axial stress (σ1) increases. On the one hand, the accumu-
lated elastic energy of the rock mass increases while the 
axial stress (σ1) increases. On the other hand, due to insuf-
ficient internal development of rock samples under higher 
axial stress (σ1), the dissipation energy transformed from 
the elastic strain energy decreases, resulting in the greater 
residual elastic energy. Therefore, the rock burst shows 
a trend from weakness to moderation.

In general, the prediction results of rock burst tendency 
are credible. However, it should be noted that the AEF val-
ues of numerical simulation are much larger than theoreti-
cal calculation results under the axial stress of 0.90 σp and 
0.95 σp, indicating that the numerical simulation method is 
more safer in rock burst warning.

5 Conclusions
Based on PFC simulation, the PSC model is introduced and 
further optimized to investigate the internal microscopic 
damage mechanism under uniaxial compression time- 
dependent deformation failure test. The research results of 
PFC simulation and experiments are as follows:

1.	 The stress-strain curves simulated by the optimized 
PSC model are consistent with experiments basically. 
The time-dependent deformation stage (BC stage) 
can be divided into three parts: the initial strain stage, 
the steady-state strain stage and the accelerated strain 
stage. As the axial stress increases, the strain amount 
of BC stage decreases and the specimen enters the 
accelerated strain stage rapidly. 

2.	 The variation law of the number of micro-cracks with 
time is similar with the law of axial strain during the 
BC stage. The less micro-cracks generated at failure 
point C while the axial stress (σ1) increases, because 
the development of micro-cracks is insufficient under 
higher axial stress (σ1), the tensile cracks are always 
dominant during the whole failure process.

3.	 Based on the energy conversion of analysis, it is 
found that sandstone performs energy accumula-
tion before the failure point C. As the axial stress (σ1) 
increases, the absorbed Ue increases and the required 
Ud decreases when the rock sample fails. After the 
point C, Ue has a small increase because the strain 
rate changes faster than the failure relaxation rate.

4.	 The AEF of sandstone increases as the axial stress 
increases (σ1), and the rock burst shows a tendency 
that from weakness to moderation. In addition, the 
AEF values predicted by PFC numerical simulation is 
larger than experiments, which is more safer for rock 
burst prediction.
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Fig. 14 Corresponding relationship between elastic strain energy and 
failure energy

Table 9 Calculation results of residual elastic energy index and rock 
burst grade evaluation 

Axial Stress 
σ1/MPa

AEF/(kJ·m–3) Rock burst grade 
evaluationPFC simulation Experiment

0.85 σp 54.46 51.88 weak rock burst

0.90 σp 69.59 52.89 weak rock burst

0.95 σp 91.80 71.56 weak rock burst

1.00 σp 160.27 154.48 moderate rock burst
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