
ABSTRACT: A subcritical crack growth based deformation model was established to describe the 
time-dependent deformation and fracturing of rock. In conjunction with the uniaxial compression 
test of rock, the microscopic parameters of the model were calibrated, and the accuracy of the creep 
model and parameter calibration were verified using uniaxial compressive creep tests. Finally, the 
established time-dependent deformation model of rock was applied to the time-dependent 
deformation analysis of a slope in the Fushun West open-pit mine. This study shows that the time-
dependent deformation model of rock established in this study can effectively describe the 
accelerated stage of rock creep, and the simulation results agree well with the experimental results. 
After the continuous deformation, cracks are formed by the stress concentration at the bottom of the 
slope under the influence of unfavorable factors, which continuously extend to the top of the slope 
and form a sliding surface, resulting in unstable sliding. 

Keywords: rock slope, creep deformation, subcritical crack growth, slope stability, numerical 
simulations. 

1 INTRODUCTION 

The time-dependent deformation of rock mass can lead to damage deformation or even destruction 
of engineering rock mass, and the time-dependent mechanical properties and long-term stability of 
engineering rock mass have been the focus. It was an effective way to study rock time-dependent 
deformation to establish a model of rock time-dependent deformation to analyze the behavior of rock 
deformation under different environments. It has been proved that the theory of subcritical crack 
propagation can explain the time-dependent deformation mechanism of rocks on the mesoscale 
(Atkinson BK, 1987; Michalske TA, 1982; Potyondy, 2007).  

In this paper, the stress corrosion theory was introduced into the three-dimensional discrete 
element program 3DEC to establish the rock time-dependent deformation model based on the stress 
corrosion theory. Combined with the uniaxial compression test of rock, the microscopic parameters 
of the model were calibrated, and the accuracy of the creep model and parameter calibration were 
verified based on uniaxial compressive creep tests. Finally, the established time-dependent 
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deformation model of rock was applied to the time-dependent deformation analysis of the Fushun 
West open-pit mine. 

2 SUBCRITICAL CRACK GROWTH BASED TIME-DEPENDENT DEFORMATION 
MODEL 

2.1 Subcritical crack growth model 

The relationship between the subcritical crack growth rate and the stress intensity factor in the stress 
corrosion process was given by(Charles, 1958a, 1958b) 

 𝑣𝑣 = 𝑣𝑣0exp(−∆𝐻𝐻/𝑅𝑅𝑅𝑅)𝐾𝐾Ⅰ
𝑛𝑛  (1) 

where 𝑣𝑣 is the crack growth rate, 𝑣𝑣0 is the pre-exponential factor, ∆𝐻𝐻 is the activation enthalpy, 𝑅𝑅 is 
the universal gas constant, 𝑇𝑇 is the absolute temperature, 𝑛𝑛 is a material constant known as the stress 
corrosion index, and 𝐾𝐾Ⅰ is the stress intensity factor. 

Based on the chemical reaction rate theory, it is further assumed that static fatigue of glass is the 
result of a chemical process initiated by stresses between the environment and the glass. The crack 
growth rate is proportional to the rate of chemical reaction at the crack tip. A quantitative rate 
equation describing the crack growth rate is given (Potyondy, 2007). 

 𝑣𝑣 = 𝑣𝑣0exp�
𝑣𝑣+𝜎𝜎 − (𝐸𝐸+ + 𝑣𝑣𝑀𝑀𝛾𝛾/𝜌𝜌)

𝑅𝑅𝑅𝑅 � (2) 

where 𝑣𝑣+ is the activation volume, 𝜎𝜎 is the crack-tip tensile stress, 𝐸𝐸+is the stress-free activation 
energy, 𝑣𝑣𝑀𝑀 is the molar volume of the glass, 𝛾𝛾 is the interfacial surface energy between the glass and 
the reaction products and 𝜌𝜌 is the radius of curvature of the crack tip. This equation was not 
formulated in terms of fracture mechanics parameters, such as the stress intensity factor 𝐾𝐾I. 

2.2 Formulation of the time-dependent model 

The mesoscopic numerical model of rock is established using Voronoi polyhedron discrete model. 
In the numerical model, each polyhedron consists of several triangular sub-contact. Stress corrosion 
refers to the phenomenon that the mechanical properties of rock deteriorate over time and eventually 
become unstable. Stress corrosion model is programmed into a three-dimensional discrete element 
model. The stress corrosion model and corrosion rate curve are shown in Figure 1. We assume that 
the stress corrosion reaction occurs only at the contact between grains, and that the tensile strength 
and cohesion of the interface decay at a uniform rate proportional to the rate of chemical reaction 
(Xu et al., 2020). 
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Figure 1. Degradation rate relations for the 3DEC-GBM. 𝜎𝜎0is the threshold stress below which stress 

corrosion does not occur, and 𝜎𝜎𝑐𝑐 is the peak strength. 
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When the temperature and humidity of the environment around the rock are constant, Equation 3-5 
provides the degradation rate (𝑣𝑣𝐷𝐷) of mechanical parameters at the interface: 

 𝑣𝑣𝐷𝐷 = �
0     (𝜎𝜎� < 𝜎𝜎0)

𝐵𝐵1𝑒𝑒𝐵𝐵2𝜎𝜎�     (𝜎𝜎0 ≤ 𝜎𝜎� < 𝜎𝜎𝑐𝑐)
       ∞     (𝜎𝜎� > 𝜎𝜎𝑐𝑐)                   

 (3) 

 𝐵𝐵1 = A𝑣𝑣0𝑒𝑒
�−�𝐸𝐸++𝑣𝑣𝑀𝑀𝛾𝛾𝜌𝜌 �/𝑅𝑅𝑅𝑅�  (4) 

 𝐵𝐵2 = 𝑣𝑣+/𝑅𝑅𝑅𝑅   (5) 

where 𝜎𝜎0 is the threshold stress (or so-called activation stress) below which stress corrosion reactions 
cannot occur (approximately equal to 0.4 ∗ 𝜎𝜎𝑐𝑐 )(Potyondy, 2007), 𝜎𝜎𝑐𝑐is the peak strength, 𝜎𝜎� is the 
reaction-site stress at the sub-contact, and A is the constant of proportionality between the chemical 
reaction rate and the degradation rate. 

3 MODEL VALIDATION 

3.1 Uniaxial compression 

In this study, sandstone was selected to verify the model. The average value of mineral mechanical 
parameters was used for particle parameters. For particle contact parameters, the mesoscopic 
parameters of particle contact were determined by trial-and-error method (Gao & Kang, 2017; Li, 
Li, & Zhao, 2017). The mesomechanical parameters of the final model are presented in Table 1. The 
experimental and creep curves obtained by us are shown in Figure 2, and the simulation curve is in 
good agreement with the experimental curve. 

Table 1. The mesoscale physical properties used to study the mechanical behavior (found through calibration). 
𝐸𝐸 - Young’s modulus; 𝜈𝜈 - Poisson’s ratio; 𝐾𝐾𝑛𝑛 -normal stiffness of the sub-contact; 𝐾𝐾𝑠𝑠 -shear stiffness of the 
sub-contact; 𝐽𝐽𝑇𝑇 -tensile strength of the sub-contact; 𝐽𝐽𝑐𝑐 -cohesion of the sub-contact; 𝜑𝜑 -friction angle of the sub-
contact; 𝜑𝜑𝑟𝑟 -residual friction angle of the sub-contact. 

𝐸𝐸/𝐺𝐺𝐺𝐺𝐺𝐺 𝐾𝐾𝑛𝑛/𝐺𝐺𝐺𝐺𝐺𝐺 ∙ 𝑚𝑚𝑚𝑚−1 𝜈𝜈 𝐾𝐾𝑛𝑛/𝐾𝐾𝑠𝑠 𝐽𝐽𝑇𝑇/𝑀𝑀𝑀𝑀𝑎𝑎 𝐽𝐽𝑐𝑐/𝑀𝑀𝑀𝑀𝑀𝑀 𝜑𝜑/∘ 𝜑𝜑𝑟𝑟/∘ 
12 40 0.27 2 7.6 31.2 27 6 
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Figure 2. Uniaxial compression and numerical simulated curves. 
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3.2 Uniaxial compressive creep tests 

The two parameters 𝐵𝐵1 and 𝐵𝐵2 are related to the environment of rocks. Here, the values could be 
determined by trial and error. First, the parameter sensitivity analysis of 𝐵𝐵1 and 𝐵𝐵2 was carried out 
to determine their influence on the creep behavior simulated by the model. Then, the available 𝐵𝐵1 
and 𝐵𝐵2 were calibrated based on the uniaxial compression creep test curve. The calibrated subcritical 
crack growth parameters were 𝐵𝐵1 =2.87×10-3 and 𝐵𝐵2 =4.37×10-8, respectively. Figure 3 shows the 
numerically simulated and the experimental creep curve of rock in uniaxial compression. It can be 
seen from Figure 3 that the simulated curve is in good agreement with the experimental curve, which 
verifies the accuracy of our established time-dependent deformation model. 

 

 
Figure 3. Comparison between numerically simulated and experimental curve in uniaxial creep tests. 

4 CASE STUDY 

4.1 Geological setting 

The Fushun West open-pit mine, located in the city of Fushun in Liaoning in northeast China, is 6.6 
km long, 2.2 km wide, and 418 m deep. It produces 4.5 million tons of coal and 12 million tons of 
oil shale annually. The inclination of the coal formation in the mine varies from 20° to 40°. The coal 
seam varies in depth from 40 m in the eastern section of the mine to 120 m in the west. Shales and 
mudstones with an average depth of 360 m, lie above the oil shale. A wedge-shaped landslide 
occurred on the E900 ~ E1200 northern bank of the mine in September 2014. The elevation of the 
back edge of the sliding body, the shear outlet of the front edge, and bottom of the shale are 80, 252, 
and 220 m below ground level, respectively. 

4.2 Numerical model 

We established a three-dimensional model of Fushun West open-pit mine, as shown in Figure 4. The 
3D model of the chosen part of slope E1000 is 278 m in height, 625 m in length, and 370 m in width. 
According to the geological survey, there are two groups of obvious faults in the landslide area. The 
linear elastic model was used for Voronoi polyhedrons, and the Coulomb slip model was used for 
interfaces between layers and between Voronoi polyhedrons within layers. In addition, the left and 
right boundary areas of the slope model are not the same, therefore, the application of stress boundary 
on the left and right sides of the slope model will cause the boundary to suffer from unequal forces, 
and the model will rotate or move. The displacement boundary conditions of this model was adopted. 
The top surface of the slope model was set as a free surface, and the normal velocity of the 
surrounding boundary of the model was set as 0. 
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Figure 4. 3D geological model of Fushun West Open-pit Mine and A-A＇cross-section. 

4.3 Model input parameters calibration 

The dimensions of the established discrete Voronoi polyhedral models are 150 m × 5 m × 300 m 
(length × width × height) and 150 m × 5 m × 150 m (length × width × height) respectively. The top 
and bottom sides of the model are subjected to displacement loading to complete the compression 
simulation test. The top and bottom end faces of the model were loaded normally, and a horizontal 
displacement load was applied to the left half of the surface to complete the shear simulation test. 
Through a series of simulations and calibrations, the meso-mechanical parameters of the different 
rock layers of the slope model were determined (see Table 2).  

Table 2. The calibrated physico-mechanical parameters on a meso-scale. 

Lithology 𝐸𝐸/𝐺𝐺𝐺𝐺𝐺𝐺 𝜈𝜈 𝐾𝐾𝑛𝑛/𝐺𝐺𝐺𝐺𝐺𝐺 ∙ 𝑚𝑚−1 𝐾𝐾𝑠𝑠/𝐺𝐺𝐺𝐺𝐺𝐺 ∙ 𝑚𝑚−1 𝐽𝐽𝑇𝑇/𝑀𝑀𝑀𝑀𝑀𝑀 𝐽𝐽𝑐𝑐/𝑀𝑀𝑀𝑀𝑀𝑀 𝜑𝜑/∘ 
Sandstone 3.4 0.20 60 10 1.80 6.30 27 
Mudstone 1.5 0.28 8 1.4 1.70 0.35 27 

4.4 Time-dependent deformation and instability of northern slope 

In this study, the time step of stress corrosion and the smaller value of the time step calculated by 
dynamics are chosen as the time value of the model. Figure 5 shows the simulated aging deformation 
and instability process of the north side E1000 of Fushun West open-pit mine in 2014. In the 
simulation calculation, the slope continued its time-dependent deformation, resulting in stress 
concentration at the bottom of the slope and cracks that gradually expanded to the top of the slope. 
The time-dependent deformation of the slope could be divided into three phases. In the first phase, 
the lower part of the landslide slides significantly. Under the influence of the fault, the fracture area 
of the slope gradually shifts upward. In the second phase, sliding of the entire landslide occurs. The 
landslide slides about 45.9 m to the left (to the free side of the slope). The landslide continues to 
move towards the open side of the slope. In the third phase, the landslide slid about 79 m to the left 
(towards the open side of the slope). 

 
(a) In the first phase 

 
(b) In the second phase 
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(b) In the third phase 

Figure 5. The time-dependent displacement in the stability process of the north slope. Since the horizontal 
deformation of the slope is mainly the deformation along the slope inclination direction, the horizontal 

deformation here refers only to the deformation along the slope inclination direction. The downward and 
leftward displacement are negative values. 

5 CONCLUSIONS 

We introduced stress corrosion theory into the discrete block model, determined the mesoscopic 
parameters of the model by uniaxial compression experiment, and verified the effectiveness of the 
model by uniaxial compression creep experiments. We applied the established time-dependent 
deformation model of rock to the analysis of the stability of the north side slope of Fushun West 
open-pit mine. Under the influence of unfavorable factors, the stresses concentrate at the lower part 
of the slope and cracks appear, and the slope expands further into the upper part of the slope to form 
a sliding surface, and unstable sliding occurs. The time-dependent deformation instability process of 
profile E1000 determined by the simulation is close to the area of the landslide on site, which is 
consistent with the location and shapge of the landslide on site. 
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