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Abstract
To study the creep behavior of bedding slates after freezing and thawing, the RLW-2000 rock creep triaxial instrument was 
used to carry out the creep test, and the creep curves of slate under different bedding angles and different freeze–thaw cycles 
were obtained. Then, based on the slate creep test results and the fractional-order theory, a new nonlinear creep damage 
model considering freeze–thaw damage and bedding damage was proposed. The creep damage model can not only describe 
the changes in the three creep stages (primary creep, steady-state creep, and accelerated creep) but also reflect the influence 
of freeze–thaw and bedding coupling damage on creep characteristics. The mathematical optimization analysis software 
1stOpt was used to identify the parameters of the nonlinear creep damage model. Finally, the influence of stress level and 
bedding angle on creep parameters was analyzed, and the creep characteristic parameters in the creep damage model were 
sensitively analyzed. The consistency between the test data and the predicted results showed that the nonlinear creep dam-
age model proposed in this study can accurately reflect the creep behavior of rock with freeze–thaw and bedding-damaged.
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Introduction

The freezing and thawing of rock and soil is a natural phe-
nomenon in cold regions. The repeated freeze–thaw action 
gradually leads to the deterioration of rock mechanical prop-
erties, which causes great harm to the construction of geo-
technical engineerings, such as slipping of the open-pit min-
ing slopes, cracking and collapsing of tunnel linings, frost 
heave deformation of railway subgrades, and deterioration 
of geotechnical materials (Ghobadi and Babazadeh 2015; Jin 
2010; Kawamura and Miura 2013; Knutsson et al. 2018). In 
addition, the existence of weak planes (i.e., bedding, joint-
ing, layering, flaw, and fissuring et al.) in the rock mass is 
quite common in nature (Lee and Pietruszczak 2008; Zhang 
et al. 2019b), and the strength characteristics of anisotropic 
rocks are also related to the bedding planes orientation (Fu 
et al. 2018). The existence of bedding planes will aggravate 

the development of rock freeze–thaw damage (Zhang et al. 
2019a). One of the most important mechanical properties of 
rocks creep properties is a key factor affecting the design, 
working life, safety, and stability of underground caverns 
in bedding slate (Cornet and Dabrowski 2018). Therefore, 
it is of great significance to study the creep characteristics 
of bedding slates after freezing and thawing to improve the 
safety of rock engineering projects in cold regions.

The effect of freezing and thawing on the mechani-
cal properties of rocks is a topic of particular concern to 
researchers (Hale and Shakoor 2003; Jia et al. 2019; Khanlari 
et al. 2015; Sun et al. 2020; Yang et al. 2010; Yavuz 2011). 
Wang et al. (2016) studied the influence of freeze–thaw 
cycles on static compression and dynamic impact experi-
ments of red sandstone and used a decay model to describe 
the reduction of rock strength with the increasing number of 
freeze–thaw weathering cycles. The effects of freeze–thaw 
cycles on mechanical characteristics of the Gödene stone 
in Konya (Turkey) were investigated by Gökçe et  al. 
(2016). The greatest factor during the freeze–thaw process  
was the existence of water. The water contained in the body  
(in discontinuities and pores) of a building stone freezes 
along with the fall of temperature below 0 °C. Besides, the 
effect of freeze–thaw action on the durability of rocks was 
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more severe in sodium sulfate solution as compared with 
freshwater (Jamshidi et al. 2016). Yang et al. (2019) stud-
ied the time-dependent behavior of quartz sandstone and 
quartzite in four different chemical solutions (acidic HCl 
solution, neutral NaCl solution, alkaline NaOH solution, 
and distilled water) after freezing and thawing. The elastic 
modulus of quartzite is the most damaged after HCl solu-
tion corrosion, followed by NaOH, NaCl, and pure water 
turn. Wang et al. (2021) conducted a shear creep test on red 
sandstone in a freeze–thaw environment, analyzed the shear 
creep characteristics of rocks in different temperature ranges, 
and established the Burgers model considering freeze–thaw 
cycle and damage. Kodama et al. (2019) conducted a series 
of uniaxial compression and creep tests on dry and wet sam-
ples of tuff under low-temperature conditions (-20℃) and 
studied the time dependence of the mechanical behavior of 
frozen rocks. Yang et al. (2021) analyzed and discussed the 
influence of freeze–thaw cycles on the creep characteristics 
of saturated gneiss and, based on the test results, proposed 
a variable parameter model that considers the creep damage 
of the freeze–thaw cycles on the gneiss.

In recent years, many scholars have studied the creep char-
acteristics of rocks (Bai et al. 2021; Feng et al. 2020; Hou 
et al. 2018; Liu et al. 2020; Wang et al. 2019). Multi-stage 
loading triaxial creep test was performed on the cataclas-
tic rock, and the creep mechanical behavior of the rock was 
studied (Zhang et al. 2016). Rassouli and Zoback (2018) con-
ducted a series of long-term creep experiments on horizontal 
and vertical shale samples rich in clay and carbonate. Hu 
et al. (2019) performed a cyclic loading and unloading creep 
test on the artificially layered cemented samples and defined 
time-independent (instantaneous elasticity and instantaneous 
plasticity) and time-dependent (viscoelastic and viscoplastic) 
deformations. Based on the test results, many scholars believe 
that there is a significant coupling characteristic between 
rock damage and creep and proposed a corresponding creep 
damage model (Hou et al. 2018; Ma et al. 2017; Wang et al. 
2019; Zhang et al. 2009). Zhou et al. (2011) replaced the 
Newtonian damper in the classical Nishihara model with the 
Abel damper and proposed a creep constitutive model based 
on the fractional derivative. Bai et al. (2021) established a 
nonlinear viscoelastic-plastic constitutive model of red sand-
stone with a single ice crack based on the fractional calcu-
lus theory and Kachanov damage theory. Feng et al. (2020) 
improved the Nishihara model and established a nonlinear 
creep damage model considering initial damage and dam-
age evolution. Wang et al. (2019) combined the theory of 
continuous damage mechanics and used elastic modulus 
to characterize rock damage, and established a constitutive 
model of salt rock creep damage. Based on the multi-stage 
loading creep test of sandstone with different initial damage 
degrees, Hou et al. (2018) proposed a new non-linear creep 
damage model of rock. Cong and Hu (2017) conducted a 

triaxial creep test on sandstone under low confining pressure 
and established an improved Burgers model to describe initial 
creep and steady creep. Zhang et al. (2020a) analyzed the 
influence of freeze–thaw cycles on the mechanical properties 
of water-saturated rocks, combined with rheological theory, 
and proposed an elastic-visco-plastic model based on the 
stress function. Kuhn and Mitchell (1992) proposed the rate 
process theory (RPT) and used the discrete element method 
(DEM) to simulate the soil creep process. Gutiérrez-Ch et al. 
(2021) used the DEM combined with RPT to simulate the 
rock response in the creep stage of slate.

The above research results well illustrate the rock creep 
mechanism, but mainly focus on the creep behavior of 
homogeneity rock mass under indoor temperature, lack-
ing the research on the creep behavior of rock mass under 
freeze–thaw cycles, especially the freeze–thaw bedding 
rock. Although the creep model of rock materials has been 
improved in recent years, most general models cannot fully 
describe the creep characteristics of bedding slates after 
freezing and thawing. Therefore, this study conducted tri-
axial compression creep tests on bedding slate samples with 
different freeze–thaw cycles. Then, based on freeze–thaw 
and bedding coupling damage and fractional calculus theory, 
a creep constitutive model considering freeze–thaw damage 
and bedding damage was established. Then, the influence 
of stress level and bedding angle on creep parameters was 
analyzed. Through the sensitivity analysis of the creep char-
acteristic parameters, the rationality of the creep damage 
model proposed in this study was verified. This study can be 
used to evaluate the long-term stability of bedding tunnels 
and bedding slopes in cold areas and provide a theoretical 
basis for the support design of tunnels and slopes.

Experimental procedures

Experimental material

This study takes the bedding slate as the research object. 
The slate samples are taken from a tunnel project in a sea-
sonal frozen area in northern China. X-ray diffraction (XRD) 
analysis (Fig. 1) indicated that the slate used in this study 
was composed of quartz, mica, calcite, and other clay min-
erals. According to the test specification recommended by 
the International Society for Rock Mechanics (ISRM), the 
standard cylindrical sample with a diameter of 50 mm and 
a height of 100 mm was prepared. The non-parallelism of 
both ends of the sample was controlled within ± 0.02 mm, 
as shown in Fig. 2a. The basic physical and mechanical 
parameters of the slate sample are presented in Table 1, and 
the curves of the uniaxial compressive strength tests are in 
Fig. 3. The dry density of the slate is 2.71 g/cm3, the natural 
water content is 0.45%, the saturated water content is 1.69%, 
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and the porosity is 3.25%. For each bedding orientation (0°, 
30°, 45°, 60°, and 90°), 10 samples were prepared. In total, 
50 samples were prepared, and each set of bedding orienta-
tion samples was divided into 5 groups, with 2 samples per 
group. Each group was subjected to a different number of 
F-T cycles, i.e., 0, 20, 40, 60, and 80 cycles.

Experimental equipment and program

1.	 Freeze–thaw cycle tests
	   The appearance, control panel, and internal structure of 

the freeze–thaw equipment are shown in Fig. 2b. The device 
has a sinusoidal and linear (including constant temperature) 

regular compound programming capability, which is suit-
able for F-T cycles ranging from −70 °C to 150 °C. The 
digital screen displays the set temperature and actual tem-
perature. The temperature uniformity is less than 2.0 °C, 
whereas the temperature deviation is within ± 2.0 °C.

	   This study considers the freeze–thaw cycle (−20 °C 
–20 °C) as the external environmental conditions of 
the sample. Each F-T cycle is set as 12 h (–20 ℃ for 
6 h, 20 ℃ for 6 h), and the number of F-T cycles is set 
as 0, 20, 40, 60, and 80 times, respectively. Before the 
freeze–thaw cycle tests, the prepared sample is saturated 
in the saturator for 120 h; then the sample is taken out 
and put into the water container and then put into the 
freeze–thaw equipment for the freeze–thaw cycle. As 
the critical degree of saturation has an important influ-
ence on the freeze–thaw damage of the rock (Al-Omari 
et al. 2015), the samples always maintain a saturated 
state during the freeze–thaw process.

2.	 Triaxial compression creep test
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Fig. 1   X-ray diffraction (XRD) analysis

Fig. 2   Experimental equipment
(a) (b)
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Table 1   The physical and mechanical parameters of the slate

Bedding 
angle (°)

Mean 
P-wave 
velocity
(m•s−1)

Uniaxial 
compressive 
strength
(MPa)

Elastic 
modulus 
(GPa)

Poisson ratio

0 5625 161.70 60.83 0.27
30 5431 68.90 37.26 0.22
45 5394 79.14 45.09 0.21
60 5440 77.41 42.74 0.24
90 5728 170.25 73.19 0.31
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	   The multi-functional RLW-2000 rock triaxial appa-
ratus developed by Dalian Maritime University is used 
for the uniaxial compression test. The test equipment is 
shown in Fig. 2c. The equipment can be used for a full 
stress–strain test and rheological test under high and low 
temperature, high pore pressure, and permeability envi-
ronment. The full digital servo control, ball screw, and 
hydraulic technology produced by the German DOLI 
company can control osmotic pressure, confining pres-
sure, and axial pressure stably. The maximum confining 
pressure is 80 MPa, and the maximum osmotic pressure 
is 60 MPa. The control accuracy is within ± 0.01%.

	   According to the survey data, the ground stress of 
the tunnel is that the maximum horizontal principal 
stress is 4.83 MPa—5.74 MPa, and the minimum hori-
zontal principal stress is 4.29 MPa—4.87 MPa. This 
test only studied the mechanical properties of the bed-
ding slate under the confining pressure of 5 MPa in the 
above stress range. Table 2 shows the triaxial compres-
sion creep test program for bedding slate samples. The 
axial load was applied at a constant rate of 0.5 MPa/
min until the loading was stopped at predetermined axial 
stress (Chen et al. 2018). Due to the large dispersion of 
strength of slate with different bedding angles, the initial 
loading axial stress of the sample is different. During a 

multi-loading triaxial creep test, four to seven levels of 
axial stress were applied. The minimum holding time for 
each loading step was 24 h, and the creep strain rate of 
the sample was less than 0.001 mm/h.

Experimental results and analysis

Creep deformation

The axial strain–time curve of the slate sample under differ-
ent bending angles and different freeze–thaw cycles is shown 
in Fig. 4. It can be seen from Fig. 4 that the creep charac-
teristics of the sample are related to the freeze–thaw cycles, 
bedding angles, and axial stress. Taking the sample with 
β = 0° as an example, it can be seen from Fig. 4a that when 
the axial stress is 10 MPa, the instantaneous elastic strains 
are 0.0094%, 0.0155%, 0.0209%, 0.0283%, and 0.0357%, 
respectively, for the samples after freeze–thaw 0, 20, 40, 60 
and 80 cycles, and the creep strains are 0.0288%, 0.0381%, 
0.0495%, 0.0579%, and 0.0692%, respectively. The sam-
ples after freeze–thaw 0, 20, 40, 60, and 80 cycles experi-
enced creep failure at 110 MPa, 110 MPa, 90 MPa, 90 MPa, 
and 90 MPa, respectively. It can be seen from the above 
that, under a certain stress level, the instantaneous elastic 
strain and creep strain of the sample both increase with the 
increase of the freeze–thaw cycles. However, the creep fail-
ure stress of the samples decreases with the increase of the 
freeze–thaw cycles.

The slate sample produces instantaneous strain at the 
moment when the stress is applied, and creep strain occurs 
under long-term stress. Under the action of the first-level 
loading stress, the creep deformation of the sample is obvi-
ous. The slope of the creep curve increases with increasing 
stress. The creep curve shows a deceleration creep stage and 
steady-state creep stage. The creep behavior of the slate sam-
ple becomes more and more obvious when the stress con-
tinues to be applied. When loaded to the last level of stress, 
the axial strain of the sample gradually increases with time, 
showing the typical three stages of rock creep behavior, that 
is, the primary creep stage, steady-state creep stage, and 
accelerated creep stage. And the sample failure occurs in the 
accelerated creep stage. Under certain stress levels, with the 
increase of freeze–thaw cycles, the instantaneous strain and 
creep strain of bedding slate increase, and the creep curve 
changes gradually to steep.

In addition, the axial strain–time curve of the 80 F-T 
cycles slate under different bedding angles is shown in 
Fig. 5. Under certain freeze–thaw cycles, the creep charac-
teristics of the sample are related to the bedding angles and 
axial stress. It can be seen from Fig. 5 that the failure stress 
of samples with β = 0°, 30°, 45°, 60° and 90° are 90, 30, 50, 
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Fig. 3   Curves of slate uniaxial compressive strength under different 
bedding angles

Table 2   Testing program of loading creep

Property Slate

Bedding angle (°) 0 30 45 60 90

Initial value σ1 (MPa) 10 10 10 10 10
Δσ (MPa) 20 5 10 10 20
Confining pressure σ3 (MPa) 5
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50, and 90 MPa, respectively. With the increase of the bed-
ding angle, the failure stress of the sample first decreased 
and then increased, which is similar to the law of uniaxial 
compressive strength.

Creep strain rate

The creep rate is an important indicator reflecting the per-
formance of the creep curve. Under the last stage load, the 
slate samples with different freeze–thaw cycles and different 
bedding angles experienced creep failure. The relationship 
curve between the axial strain rate and time in the creep test 
is determined by calculating the slope of the creep curve. 
Figure 6 shows the curves of axial strain and strain rate with 
the time of slate sample with different bedding angles under 
80 F-T cycles.

It can be seen from Fig. 6 that the slate sample develops 
from steady-state creep to acceleration creep after decelera-
tion creep, and then failure occurs in the acceleration creep 
stage. The duration of the deceleration creep stage and accel-
eration creep stage is shorter than that of the steady-state 
creep stage.

Taking the sample with β = 45° as an example, it can be 
seen from Fig. 6c that the strain rate of the sample decreased 
from 0.733 × 10–2 /h to 0.017 × 10–2 /h and then stabilized in 
the AB region, which is the primary creep stage. In the BC 
region of the creep curve, when the strain rate is 0.017 × 10–2 
/h, the strain rate remains unchanged and the axial strain 

Fig. 4   Curves of slate creep 
test under different freeze–thaw 
cycles
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(a) (b)

(c) (d)

(e)

Fig. 6   The axial strain rate of the slate sample under 80 F-T cycles versus time
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increases slightly, which is considered the steady-state creep 
stage. In the CD region, the strain rate increases sharply 
until the rock failure, which can be regarded as the acceler-
ated creep stage. Therefore, the creep characteristics of the 
bedding slate have obvious time-dependent characteristics. 
The creep process includes three classical stages: initial 
creep stage (AB), steady-state creep stage (BC), and accel-
erated creep stage (CD) (Boukharov et al. 1995; Main 2010; 
Ngwenya et al. 2001).

In Fig. 6c, T1 (5.89 h) is used as the primary creep limit, 
and T2 (22.3 h) and T3 (23.6 h) are used as the start time and 
end time of accelerated creep. The primary creep, steady-
state creep, and accelerated creep times are 5.89 h, 19.28 h, 
and 1.3 h, respectively. In the long-term steady-state creep 
stage, the cumulative creep strain increases with time. When 
the cumulative creep strain is greater than the steady-state 
creep limit strain, the sample will enter the accelerated creep 
stage. During the accelerated creep stage, the axial strain and 
the strain rate suddenly increase, which indicates that as the 
microcracks in the specimen expand and propagate, creep 
failure eventually occurs.

The failure stress, creep duration, and creep rate of the slate 
with β = 45° under different freeze–thaw cycles were compared, 
as shown in Table 3. The creep rate of the sample increases 
with the increase of the number of freeze–thaw cycles. For the 
sample after freeze–thaw 0 cycles, the initial creep rate, steady-
state creep rate, and accelerated creep rate are 0.408 × 10–2·h−1, 
0.0106 × 10–2·h−1, and 1.073 × 10–2·h−1, respectively, while 
for the sample after 80 F-T cycles, they are 0.733 × 10–2·h−1, 
0.0170 × 10–2·h−1, and 1.597 × 10–2·h−1, respectively. With the 
increase in freeze–thaw cycles, the failure stress and creep dura-
tion of the sample decrease gradually. Creep failure occurred at 
70 MPa for the sample after freeze–thaw 0 cycles, and the creep 
duration is 143.80 h. With the increase in freeze–thaw cycles, 
the failure stresses of the samples after freeze–thaw 20, 40, 
60, and 80 cycles are 60 MPa, 60 MPa, 60 MPa, and 50 MPa, 
respectively, and the creep duration is 121.91 h, 120.51 h, 
119.31 h, and 96.45 h, respectively.

In addition, the creep rate curve of slate under different 
freeze–thaw cycles and different bedding angles is shown in 

Fig. 7. Taking the sample with β = 45° as an example, it can 
be seen from Fig. 7a that the initial creep rate and acceler-
ated creep rate increase with the increase of freeze–thaw 
cycles, but the steady creep rate does not change much. The 
steady creep rates under different freeze–thaw cycles are all 
close to 0. Taking the sample with F-T 80 cycles as an exam-
ple, as the bedding angles increases, the initial creep rate 
and accelerated creep rate first increase and then decrease, 
but the steady creep rate does not change much, as shown 
in Fig. 7b. The variation law of the initial creep rate and the 
accelerated creep rate of the sample may be related to the 
bedding structure of the rock.

Creep damage model

It can be seen from the above that the damage caused by the 
freeze–thaw cycles and the bedding angles affects the creep 
mechanical properties and creep parameters of the slate. 
Therefore, it is necessary to carry out research using a creep 
damage constitutive model that considers the freeze–thaw 
cycles and bedding angle.

Fractional calculus is a branch of mathematics that stud-
ies the possibility of considering the power law of real or 
complex differential and integral operators. Fractional cal-
culus can solve the problem in mathematical modeling. 
Compared with integer calculus, the theoretical model of 
fractional calculus is in good agreement with experimen-
tal results. Fractional calculus uses fewer parameters and 
more concise expression, so it has been applied in many 
fields. In recent years, fractional calculus has been gradu-
ally developed in the field of rock rheology, and fractional 
calculus is often defined by Riemann–Liouville's theory. 
Riemann–Liouville's fractional derivative takes the deriva-
tion of a constant, and the result is not zero (Kilbas et al. 
2006). In addition, in the field of rock creep constitutive 
models, the Riemann–Liouville fractional calculus opera-
tor theory is the most widely used (Liu et al. 2020). For 
the m-order Riemann–Liouville integral of function f (t),  
as shown in Eq. (1):

Table 3   Creep rate of slate under failure stress (β = 45°)

F-T cycles Failure stress
(MPa)

Creep duration (h) Failure 
strain
(%)

Long-term 
strength
(MPa)

Primary creep Steady-state creep Accelerated creep
Initial creep rate
(10–2·h−1)

Steady creep rate (10–2·h−1) Accelerated creep 
rate (10–2·h−1)

0 70 143.80 0.042 65.42 0.408 0.0106 1.073
20 60 121.91 0.045 58.29 0.491 0.0114 1.184
40 60 120.51 0.055 55.70 0.560 0.0139 1.292
60 60 119.31 0.064 51.63 0.642 0.0158 1.436
80 50 96.45 0.066 47.31 0.733 0.0170 1.597
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The fractional differential is shown in Eq. (2):

where Γ(m) is the Gamma function, Γ(m) = ∫ ∞

0
tm−1e−tdt , 

k is a positive integer, m is the fractional order and m lies 
between 0 ≤ m ≤ 1.

The fractional derivative is applied to the rheological 
model (Kelvin and Maxwell) by replacing the damper with 
the spring. The ideal solid (spring) follows Hooke's law, and 
the Newtonian fluid (damper) follows Newton's viscosity law 
(Kabwe et al. 2020; Yin et al. 2013).

Soft‑matter element

The stress–strain relationship of the ideal solid satisfies 
Hooke's law, and the ideal fluid satisfies Newton's viscosity 
law. Therefore, the stress–strain characteristics of geotech-
nical materials between ideal solid and ideal fluid can be 
expressed by soft-matter element (Abel dashpot), as shown 
in Fig. 8 (Zhou et al. 2011).

The stress versus strain relationship of the soft-matter 
element can be calculated according to Eq. (3):

(1)
d−m

[
f (t)

]
dt−m

= D−m
t

f (t) =
1

Γ(m) ∫
t

0

(t − �)m−1f (�)d�

(2)
dmf (t)

dtm
= Dm

t
f (t) =

dk

dtk

[
D

−(k−m)
t f (t)

]

(3)�(t) = �
dm�(t)

dtm

where � is the viscosity coefficient of the soft-matter ele-
ment. m is the fractional order and m lies between 0 ≤ m ≤ 1. 
Equation (3) can be reduced to Hooke’s elastic law when m 
is 0 and similarly to Newton’s fluid law when m is 1. The 
soft-matter element can describe stress versus strain charac-
teristics between ideal elastic and fluid materials when m is 
between 0 and 1. The soft-matter element can describe the 
accelerated creep state of the rock when m is greater than 1.

The creep constitutive equation of the soft-matter ele-
ment can be obtained using the Riemann–Liouville frac-
tional differential operator theory, as shown in Eq. (4):

The creep rate of the Abel dashpot element can be 
obtained from the derivation of Eq.  (4), as shown in 
Eq. (5):

Equation (5) is a decreasing function when m is between 
0 and 1. That is, the strain rate decreases continuously in 
the creep process, which can describe the deceleration creep 

(4)�(t) =
�

�

tm

Γ(1 + m)

(5)𝜀̇(t) =
𝜎

𝜂

mtm−1

Γ(1 + m)
dt
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characteristics of rock materials. Equation (5) is an increas-
ing function when m is greater than 1, which describes the 
accelerated creep characteristics. Equation (5) can be trans-
formed into Eq. (6) when m is 1:

Equation (4) shows that when m is 1, the strain rate 𝜀̇(t) 
is constant, which can describe the steady-state creep char-
acteristics of rock materials.

Equation (4) denotes the creep strain characterized by the 
Abel dashpot. Substituting � = 30 MPa and � = 3 GPa·h into 
Eq. (4), one finds a series of creep curves under the cases of 
different derivative orders m (Fig. 9), showing the depend-
ence of creep strain on the derivative order.

Figure 9a shows that for an m value between 0 and 1, 
the strain versus time curves gradually increase, although 
the growth rate slows gradually, which describes the steady-
state creep characteristics of the geomaterials. In addition, 
the growth rate of the creep curves increases significantly 
when m is greater than 1 (Fig. 9b), which in turn describes 
the accelerated creep characteristics.

Bedding, freeze–thaw, and load coupling damage

According to the creep test results of slate with different 
bedding angles and different freeze–thaw cycles, the bed-
ding, and freeze–thaw coupling damage was introduced. A 
nonlinear viscoelastic plastic creep model considering the 
coupling damage of freeze–thaw and bedding was estab-
lished to describe the creep mechanical properties of slate.

According to Lemaitre's strain equivalence principle, 
the strain caused by the action of total stress � on the dam-
aged material is equivalent to that caused by the action of 
effective stress �′ on the non-damaged material.

(6)𝜀̇(t) =
𝜎

𝜂

where E and E′ are the elasticity modulus of non-damaged 
rock and damaged rock, respectively.

At present, there is no mature method to reflect the  
influence of bedding angle in the creep model of bedding 
rock. Some scholars regard bedding as a kind of damage 
in the rock mechanics model (Shi et al. 2020; Zhang et al. 
2021). Therefore, this study tries to introduce rock bedding 
into the creep model in the form of a damage variable.

According to Eq. (7), the bedding angles damage vari-
able Dβ of slate is defined as

where β is the bedding angle, E� is the elastic modulus of 
the slate sample with bedding angle β, and E0 is the elastic 
modulus of the slate sample with bedding angle β = 0°.

The freeze–thaw damage variable Dn of slate is defined 
as (Zhang et al. 2020b)

where n is the freeze–thaw cycles, En is the elastic mod-
ulus of the slate sample at certain bedding angles after 
freeze–thaw n cycles, E is the elastic modulus of an unfrozen 
and thawed slate sample at certain bedding angles.

The total damage variable of rock with bedding angles 
under freeze–thaw cycles was obtained from Eqs. (8) and (9).

Equation  (10) characterizes the nonlinear relation-
ship between the two types of damage caused by bedding  
angles and freeze–thaw cycles and total damage. The 

(7)�=
�

E�
=

��

E

(8)D� = 1 −
E�

E0

(9)Dn = 1 −
En

E

(10)D�n = D� + Dn − D�Dn

Fig. 9   Creep curves of soft-
matter element ( � = 30 MPa, 
� = 3 GPa·h)
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coupling effect of the two types of damage has a weaken-
ing effect on total damage.

In addition, when the applied load reaches or exceeds 
certain axial stress, load damage will occur inside the  
rock, so the influence of load damage on creep parameters 
should also be considered (Yang et al. 2021). Since the  
load damage in the two stages of deceleration creep and 
steady-state creep is relatively small, this study only con-
siders the damage caused by the stress in the accelerated  
creep. The load damage Ds is:

According to Eqs. (8), (9), and (11), the coupling dam-
age of bedding damage, freeze–thaw damage, and load 
damage at the accelerated stage can be expressed as

Figure 10 shows the creep curves of rock at different 
stress levels, and Fig. 11 shows the nonlinear creep model 
considering bedding, freeze–thaw, and load coupling dam-
age. Combined with the classical creep model (Maxwell, 
Kelvin, and Binham model) and the above-improved creep 
components, a nonlinear viscoelastic plastic creep model 
considering the bedding and freeze–thaw coupling damage 
was established, as shown in Fig. 11.

Instantaneous elastic deformation component

In the rock creep test, when the stress level is less than the  
long-term strength of the rock, the sample will produce  
instantaneous strain during the loading process. Since  
the loading time is shorter than the later creep time, the 
sample can be considered that the elastic strain is instan-
taneously completed. The Hooke body is used to describe 

(11)Ds = 1 − e−�t

(12)
D�ns = D� + Dn + Ds − D�Dn − D�Ds − DnDs + D�DnDs

the instantaneous elastic deformation of the rock, and the 
constitutive relation is given by

where �M , EM are the strain and elasticity modulus of the 
Hooke body, respectively. �′ is deviatoric stress.

New nonlinear visco‑elasticity component

The strain rate of rock gradually decreases and approaches 
0 at last. Therefore, the strain curve in the decay creep 
stage has obvious nonlinear characteristics. The main rea-
son for the model is that the parameters of the model are 
constant and do not change with time. In this paper, the 
modified Kelvin model is used to express the nonlinear 
characteristics of the rock creep curve, that is, the soft-
ware element is parallel with the Hooke body to describe 
the decay creep deformation of rock. According to the 
series–parallel relationship, it can be obtained that:

where �H , �N are the strain of the Hooke body and the strain 
of the soft-matter element, respectively. EK , �K are the elas-
ticity modulus and strain of the Kelvin body, respectively. �′ 
is deviatoric stress, �K is the viscosity coefficient of the soft-
matter element, m is the fractional order and m lies between 
0 ≤ m ≤ 1.

Equation (6) can be rewritten as

Considering an initial condition �K(t) = 0 when time t = 0, 
and suppose a = EK∕�K , b = ��∕�K , Eq. (15) can be rewritten as

(13)�M=
��

EM

(14)

⎧⎪⎨⎪⎩

�K = �H = �N

�� = EK�K + �K
dm1�K(t)

dtm1

(15)
��

�K
=

EK

�K
�K +

dm1�K(t)

dtm1

(16)b = a�K +
dm1�K(t)

dtm1

Fig. 10   Creep curve of rock under different stress levels

Fig. 11   Nonlinear creep model considering bedding, freeze–thaw, 
and load coupling damage
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Based on the theory of fractional calculus (Kilbas et al. 
2006), the relationship between the Riemann–Liouville 
fractional derivative and the Caputo fractional derivative 
CDm

t
f (t) is given by

Considering an initial condition �K(0) = 0, one gets 
Dm

[
�K(t)

]
=CDm

[
�K(t)

]
 , then Eq. (16) can be rewritten as

Taking a Laplace transform on both sides of Eq. (18), 
we get

i.e.,

Taking Laplace inverse transform on Eq. (20), we get

where

It can be further given by

Substituting a = EK∕�K and b = �∕�K into Eq. (21), we 
obtain the general solution:

where k is a positive integer, m1 is the fractional order and 
m1 lies between 0 ≤ m1 ≤ 1.

Viscous rheological component

When the stress level is close to the long-term strength of 
the rock, the strain of the rock is linear with time after the 
deceleration creep stage, and the stress–strain relationship 
in this process is described by the viscous body. Newton's 

(17)Dm
t
f (t)=CDm

t
f (t) +

n−1∑
k=0

tk−mf (k)(0)

Γ(1 + k − m)
(0 < m < n)

(18)b = a�K + CDm
[
�K(t)

]

(19)
b

s
= aE(s) + smE(s)

(20)E(s) =
b

s(sm + a)

(21)�K(t) = b

t

∫
0

(t − s)m−1Em,m

[
−a(t − s)m

]
ds

(22)Em,m(x) =

∞∑
k=0

xk

Γ(km + m)

(23)�K = b

∞∑
k=0

(−a)ktm1(1+k)

m1(1 + k)Γ
[
m1(1 + k)

]

(24)�K =
�

�K

∞∑
k=0

(−(EK∕�K))
ktm1(1+k)

m1(1 + k)Γ
[
m1(1 + k)

]

body is used to describe the steady-state creep deformation 
of rock, and the constitutive relation is given by

where 𝜀̇v is the strain rate of the Newton body, �′ is devia-
toric stress, �M is the viscosity coefficient of the Newton 
body.

Nonlinear visco‑plasticity component

When the stress level exceeds the long-term strength of the 
rock, the rock passes through the deceleration creep stage 
and the steady-state creep stage and quickly enters the accel-
eration creep stage. In the acceleration creep stage, the strain 
and strain rate increase rapidly, and the nonlinear character-
istics of the strain curve are obvious. When m is greater than 
1, the strain of the soft-matter element increases significantly 
with time, showing the characteristics of accelerated creep, 
and the creep characteristics gradually increase with the 
increase of the m value. Therefore, the viscoplastic element 
with soft-matter element and plastic slider in parallel can 
be used to describe the viscoplastic deformation of rock, to 
better reflect the accelerated creep stage of rock.

According to the principle of parallel connection of ele-
ments in Fig. 11, the stress–strain relationship of the Binham 
body can be obtained as follows

where �B is the viscosity coefficient of the Binham body, m2 
is the fractional order and m2 lies between 0 ≤ m2 ≤ 1. �s is 
the long-term strength of the slate, which can be obtained 
experimentally.

Nonlinear creep damage model

According to Fig. 11, the components of the nonlinear creep 
damage model satisfy the following equations

(25)𝜎� = 𝜀̇v𝜂M

(26)𝜀B =

⎧
⎪⎨⎪⎩

0 , 𝜎 < 𝜎s

𝜎� − 𝜎s

𝜂B

tm2

Γ(1 + m2)
, 𝜎 ≥ 𝜎s

(27)

𝜎 = 𝜎M = 𝜎K = 𝜎B

𝜀 = 𝜀M + 𝜀K + 𝜀B

𝜎M = EM(1 − D𝛽n)𝜀e = 𝜂M(1 − D𝛽n)𝜀̇v

𝜎K = EK(1 − D𝛽n)𝜀K + 𝜂K(1 − D𝛽n)
dm1𝜀(t)

dtm1

𝜎B = 𝜂B(1 − D𝛽ns)
dm2𝜀(t)

dtm2

+ 𝜎s(1 − D𝛽ns)

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭
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where � , � are the total stress and total strain, respectively. 
�M , �K , �B are the stress on Maxwell's body, Kelvin's body, 
and Binham's body, respectively. �M , �K , �B are the strain 
of Maxwell's body, Kelvin's body, and Binham's body, 
respectively.

The creep model considering freeze–thaw and bedding 
coupling damage shown in Fig. 11 is given by

Model verification

Parameter identification and validation of test 
results

Adopt the Boltzmann superposition principle (Landel 
and Nielsen 1993) to process the creep curve. Based on 
the experimental results, the universal global optimization 
algorithm in the mathematical optimization analysis soft-
ware 1stOpt is used to carry out a regression analysis of 
the model in this paper, and the optimal model parameter 
values are determined. Taking the creep test of slate with 

(28)𝜀 =

⎧
⎪⎪⎨⎪⎪⎩

𝜎

EM(1 − D𝛽n)
+

𝜎

𝜂M(1 − D𝛽n)
t +

𝜎

𝜂K(1 − D𝛽n)

∞�
k=0

(−(EK∕𝜂K))
ktm1(1+k)

m1(1 + k)Γ
�
m1(1 + k)

� , 𝜎 < 𝜎s

𝜎

EM(1 − D𝛽n)
+

𝜎

𝜂M(1 − D𝛽n)
t +

𝜎

𝜂K(1 − D𝛽n)

∞�
k=0

(−(EK∕𝜂K))
ktm1(1+k)

m1(1 + k)Γ
�
m1(1 + k)

� + 𝜎� − 𝜎s(1 − D𝛽ns)

𝜂B(1 − D𝛽ns)

tm2

Γ(1 + m2)
, 𝜎 ≥ 𝜎s

β = 0° as an example, when the stress levels are 10, 30, and 
50 MPa, the test curve is characterized by the deceleration 
creep stage, and the formula under the conditions 𝜎′ < 𝜎s 
in Eq. (28) is used for fitting. When �′ ≥ �s , the rock enters 
the accelerated creep stage, the formula under the condi-
tion �′ ≥ �s of Eq. (28) is used for fitting. In addition, the 
long-term strength ( �s ) of rock mass is an important indica-

tor of long-term stability and safety considering the time-
dependent behavior (Damjanac and Fairhurst 2010). The 
steady-state creep rate method was used for data analysis in 
this study. The parameter �s and the creep parameter iden-
tification results are shown in Table 4. The fitting curve of 
the triaxial creep test of slate samples with different bedding 
angles after undergoing 80 freeze–thaw cycles is shown in 
Fig. 12.

Figure 12 shows the comparison between the creep test 
curve and fitting curve of the theoretical model of slate 
samples with different bedding angles after undergoing 
80 freeze–thaw cycles. Table 4 shows that the theoretical 

Table 4   Creep damage model 
parameters under different 
conditions (F-T cycles = 80)

Bedding 
angle (°)

Stress level
(MPa)

E
M

(GPa)
�
M

(GPa·h) E
K

(GPa)
�
K

(GPa·h) m1 �
B

(GPa·h)
m2 α σs(MPa)

0 10 127.43 972.12 77.36 140.83 0.308 — — — 66.19
30 153.01 875.48 82.12 142.72 0.397 — — —
50 163.29 861.29 86.11 128.31 0.455 — — —
70 165.71 762.16 99.03 112.60 0.584 28.23 6.860 0.57

30 10 81.94 883.04 35.34 127.49 0.286 — — — 23.80
15 102.47 850.71 41.19 120.55 0.317 — — —
20 117.83 834.63 47.64 115.31 0.384 — — —
25 128.46 814.22 53.34 112.57 0.427 35.42 6.611 0.82

45 10 84.15 811.04 47.63 124.38 0.317 — — — 37.45
20 88.56 803.59 51.26 113.02 0.341 — — —
30 93.47 776.31 58.07 105.70 0.369 — — —
40 98.23 750.48 69.50 98.66 0.391 31.07 6.403 0.79

60 10 96.42 837.51 49.23 113.25 0.290 — — — 38.29
20 98.30 822.13 61.3 108.44 0.306 — — —
30 107.53 806.59 70.01 96.80 0.372 — — —
40 128.64 790.15 78.63 92.37 0.450 24.55 6.211 0.75

90 10 130.12 955.27 72.23 137.55 0.315 — — — 68.41
30 138.66 914.73 79.71 134.76 0.384 — — —
50 143.52 908.45 85.35 126.84 0.431 — — —
70 160.24 879.16 97.53 124.31 0.583 35.41 6.941 0.59
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(a) (b)

(c) (d)

(e)

Fig. 12   Creep data of slate with different bedding angles after 80 F-T cycles and fitting results of the creep damage model: (a) 0°, (b)30°, (c) 
45°, (d) 60°, (e) 90°
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curve and the test data fit well, and the fitting coefficients 
are both greater than 0.9. The model fitting curve reflects the 
characteristics of decelerating creep, steady-state creep, and 
accelerated creep stage under different bedding angles and 
different stress. This verifies the accuracy and applicability 
of the freeze–thaw and bedding coupling damaged creep 
constitutive model established in this study.

Prediction of test results for slate

To further illustrate the rationality of the model proposed in 
this study, the slate creep test results provided by Mao et al. 
(2006) are used to further verify the model. The determina-
tion results of the model parameters are shown in Table 5. 
Figure 13 shows the comparison between the theoretical 
curve of the model and the experimental results. It can 
be seen that the theoretical curve of the model is in good 
agreement with the experimental results, indicating that the 
model can well characterize the creep mechanical proper-
ties of slate, which also proves the rationality of the model 
in this study.

Discussion

Influence of the stress level on model parameters

Figure 14 shows the effect of stress level on creep param-
eters of EM , �M , EK,�K and m1, respectively. It can be seen 
that parameters EM and EK increase with the increase in 
stress level. However, parameters �M and �K decrease with 
the increase in stress level. The value of fractional order 
m1 increases with the increase in stress level. That is, the 
creep rate of the creep curve increases with the increase of 
stress. Under the action of axial stress, the stress damage 
of slate increases with the increase of creep time. Under 
the action of the last stage stress, the creep rate of the 
slate sample is the largest, so the fractional-order m1 is 
the largest. When the sample fails, the creep rate increases 
significantly, and the creep curve enters the accelerated 
creep stage.

It can be seen from the above that parameters EM 
and EK increase with the increase of stress level, while 
parameters �M and �K decrease with the increase of stress 
level. The fractional-order m1 reflects the creep rate of 
rock in the creep process. At the maximum stress level, 
when β is 60°, the value of m1 is the largest. That is to 
say, before the accelerated creep stage, the creep char-
acteristics of rock samples with β = 60° are the most 
obvious.

Influence of viscosity coefficient �
B
 

and the fractional derivative m2

Figure 15 shows the influence of bedding angles on the 
viscosity coefficient �B and the fractional derivative m2. It 
can be seen from Fig. 15 that with the increase of bedding 
angle, the changing trend of model parameters �B and m2 
first decreases and then increases. When β is 60°, these 
two parameters are the smallest. That is, the correspond-
ing cohesive force c and internal friction angle φ are also 
the smallest, and the shear strength of the sample is also 
the smallest.

Table 5   Determination results 
of creep parameters of slate

Stress level
(MPa)

E
M

(GPa)
�
M

(GPa·h) E
K

(GPa)
�
K

(GPa·h) m1 �
B

(GPa·h)
m2 α

20 22.33 370.8 5.18 4459.2 0.252 — — —
25 20.23 221.4 16.06 2104.2 0.273 — — —
30 19.81 3412.2 5.72 3455.4 0.359 457.09 5.631 0.51
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Fig. 13   Comparison between the theoretical curve and test data of 
slate
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(a) (b)

(c) (d)

(e)

Fig. 14   Influence of the stress level on model parameters of (a) E
M

 , (b) �
M

 , (c) E
K

 , (d) �
K

 , (e) m1
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Conclusion

To study the creep characteristics of bedding slates under 
different freeze–thaw cycles, a series of triaxial creep tests 
were carried out. Then, based on freeze–thaw and bedding 
coupling damage and fractional calculus theory, a creep 
constitutive model considering freeze–thaw damage and 
bedding damage was established. The main conclusions are 
as follows:

1.	 The test results show that the number of freeze-thaw 
cycles and the bedding angle have a significant effect 
on the creep behavior of the slate. The creep curve 
gradually changed from two-stage steady-state creep to 
three-stage unsteady-state creep, and finally accelerated 
creep. Under certain bedding angles, the instantaneous 
deformation, creep deformation, axial initial creep rate, 
and the steady-state creep rate of slate increase with the 
increase of freeze-thaw cycles and axial stress.

2.	 According to the nonlinear rheological theory and frac-
tional calculus theory, considering the freeze-thaw dam-
age and bedding damage, a creep damage model which 
can simultaneously describe the instantaneous elastic 
strain, vicious strain, nonlinear viscoelastic strain, and 
nonlinear viscoplastic strain of freeze-thaw bedding slate 
is established in this study. Then, the one-dimensional  
fractional differential creep damage model is derived to 
three-dimensional. Finally, a simple and feasible method 
of model parameter identification is given. The experi-
mental verification shows that the model can effectively 
express the influence of the bedding angles and the 
freeze-thaw cycles on the creep characteristics of slate, 
and it can well reflect the nonlinear creep characteristics 
of the acceleration stage of slate.

3.	 Through the sensitive analysis of the creep characteristic 
parameters in the creep damage model, it is found that as 
the stress level increases, EM and EK gradually increases, 
while �M and �K gradually decrease. The faster the axial 
strain increases after the rock enters the accelerated 
creep stage, the shorter the time of the tendency to fail. 
In addition, with the increase of the bedding angle, the 
changing trend of the model parameters �B and m2 first 
decreases and then increases.
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