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Abstract
To investigate the long-term stability of surrounding rock in tunnels in cold regions, the gneiss in the Huibai tunnel of Jilin 
Province in China was selected for the triaxial creep test after subjecting it to freeze–thaw (F–T) cycles. Furthermore, the 
influence of F–T cycles on the creep properties of saturated gneiss was analyzed and discussed. The experimental results 
showed that the increase in the number of F–T cycles increased the creep deformation of gneiss gradually, while the creep 
failure stress, creep duration, and long-term strength decreased significantly. Additionally, based on the experimental results, 
a variable-parameter creep damage model was proposed considering the effect of F–T cycles on gneiss. The creep damage 
model was composed of three components: a Hooke body, a Kelvin body (parallel viscoelastic components), and a new 
nonlinear viscoplastic damage component. The creep damage model can not only describe the three typical creep stages 
(primary creep, secondary creep, and tertiary creep), but also reflect the effect of F–T damage on the creep failure stress. The 
comparison between the creep test curve and fitting curve of the theoretical model verified the accuracy and applicability of 
the model. The result of this study can provide a reference value for the support design and anti-freeze damage design for 
geotechnical engineering in cold areas.
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Introduction

With the development of geotechnical engineering in the 
cold regions of China, geotechnical engineering affected 
by freezing and thawing has garnered significant attention 
(Grossi et al. 2007; Lin et al. 2018; Zhang et al. 2004). Rock 
failure does not often occur immediately after construction 
as it is a process that evolves gradually. Under the action 
of load, the stress and deformation characteristics of rock 
mass changes with time, i.e., the rock mass exhibits creep 
behavior, which is very important for the long-term stabil-
ity of the project (Hamza and Stace 2018). Compared with 
normal geotechnical engineering, in the freezing and thaw-
ing environment, the rock mass in the cold area will repeat-
edly generate frost heave forces that will deteriorate the rock 
mass and influence the creep behavior significantly (Lai 
et al. 2000; Liu et al. 2019b; Xia et al. 2018). Additionally, 

the long-term stability of the rock mass subjected to freez-
ing and thawing is weakened. Therefore, studying the creep 
mechanical behavior of the rock mass under freeze–thaw 
(F–T) cycles and evaluating the time-dependent behavior 
will play an important role in ensuring the long-term stabil-
ity of rock engineering in cold regions.

Several researchers have investigated the durability and 
physical–mechanical performance of rocks under F–T cycles 
(Bayram, 2012; Chen et al. 2004; Jamshidi et al. 2013; 
Karaca et al. 2010; Ke et al. 2018; Khanlari et al. 2015; 
Matsuoka, 1990; Mutluturk et al. 2004; Takarli et al. 2008; 
Tan et al. 2011; Yavuz et al. 2006). In one such study, the 
variation in compressive strength, elastic modulus, cohesion, 
and internal friction angle of granite were analyzed with 
respect to F–T cycles (Tan et al. 2011). The results showed 
that the compressive strength and elastic modulus of the 
granite decreased with an increase in the number of F–T 
cycles. The strength deterioration ratio of the rock subjected 
to F–T cycles is related to the pore characteristics, such as 
the distribution of pore sizes, pore shapes, and interconnec-
tion of pores (Khanlari et al. 2015). Moreover, the cementa-
tion of saturated samples deteriorated and generated a large 
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amount of secondary fractures after a single F–T cycle (Liu 
et al. 2018).

Regarding the study of microscopic aspects of rock mass 
subjected to F–T cycles, the evolution process of the pore 
structure in rock samples can be analyzed via computed 
tomography and scanning electron microscopy (SEM) (de 
Argandona et al. 1999; Liu et al. 2019a; Wang et al. 2019b; 
Yang et al. 2019). After freezing and thawing, the inner part 
of the rock shows surface particle detachment, crack initia-
tion and expansion and porosity increase due to the increase 
in pore water volume (Park et al. 2015).

Multi-loading triaxial creep tests were performed on 
cataclastic rocks to study the rock creep mechanical behav-
ior (Zhang et al. 2016). Additionally, a series of long-term 
creep experiments were performed on clay- and carbonate-
rich horizontal and vertical shale samples by Rassouli and 
Zoback (2018). Hu et al. (2019) performed cyclic loading 
and unloading creep tests on artificial layered cemented 
specimens to define time-independent (instantaneous elastic 
and instantaneous plastic) and time-dependent (viscoelastic 
and viscoplastic) deformations. Based on the experimental 
results, many scholars suggested that there is a significant 
coupling characteristic between rock damage and creep, and 
proposed corresponding creep damage models (Hou et al. 
2019; Ma et al. 2017; Qiangyong et al. 2009; Wang et al. 
2019a). However, previous studies paid more attention to 
the constant-parameter creep constitutive model than the 
variable-parameter creep damage model.

The present study primarily focuses on a certain aspect 
of freezing and thawing properties and creep properties of 
rocks and does not consider the creep mechanical behavior 
of rocks after F–T cycles. Under seasonal alternations and 
alternating day and night temperatures, the time-dependent 
deformation of the surrounding rock continues to accumu-
late, which may cause instability and damage to the tunnel 
lining structure and affect the normal operation of the tunnel. 
Therefore, to understand the effect of F–T cycles on time-
dependent deformation and failure behavior of rock samples, 
a triaxial creep test was conducted on gneiss after subjecting 
it to different number of F–T cycles. Then, the axial creep 
deformation and long-term strength of gneiss were analyzed 
and discussed. Additionally, the influence mechanism of F–T 
cycles on the creep mechanical behavior of gneiss was dis-
cussed using SEM techniques. Subsequently, based on the 
experimental results, a variable-parameter creep damage 
model that accounts for the effects of F–T cycles on gneiss 
was proposed. In the proposed model, the creep parameters 
of the rock gradually weakened with time, thereby reflecting 
the non-linear viscosity time-dependent characteristics of 
the rock. Using a variable-parameter creep damage model 
instead of a constant-parameter creep model was more accu-
rate in predicting the time-dependent nonlinear deformation 
characteristics of the rock mass. The comparison between 

the creep test curve and fitting curve of the theoretical model 
verified the accuracy and applicability of the model.

Experimental procedure

Experimental apparatus

(1) Programmable Temperature
The appearance, control panel, and internal structure of 

the test equipment are shown in Fig. 1a, b. The device has a 
sinusoidal and linear (including constant temperature) regu-
lar compound programming capability, which is suitable for 
F–T cycles ranging from − 70 to 150 °C (freezing rock or 
soil). The digital screen displays the set temperature and 
actual temperature. The temperature uniformity is less than 
2.0 °C, whereas the temperature deviation is within ± 2.0 °C.

(2) Testing system
The triaxial creep tests were performed on a rock servo-

controlled triaxial equipment (Fig. 1c–e). The equipment 
included a loading system, constant-stability pressure equip-
ment, hydraulic pressure transfer system, pressure chamber, 
hydraulic pressure system, and an automatic data collection 
system. The most important part of this equipment was the 
self-equilibrium triaxial pressure chamber system, which 
consisted of three high-precision pumps controlling the axial 
pressure, confining pressure, and pore water pressure. The 
maximum axial pressure, confining pressure, and pore water 
pressure was 2000 kN, 80 MPa, and 60 MPa, respectively. 
Additionally, the control precision was within ± 0.01%.

Rock specimen preparation

The rock samples that were not affected by F–T action were 
collected from the Huibai tunnel in the Jilin province in 
northeastern China. The rock surrounding the tunnel was 
primarily mixed gneiss. First, the entire rock block of the 
some tunnel face in the tunnel was transported to the labo-
ratory from the site. Then, standard cylindrical specimens, 
which had a diameter of 50 mm and a height of 100 mm, 
were prepared, as shown in Fig. 2b, according to the stand-
ards proposed by the International Society for Rock Mechan-
ics. The physical–mechanical parameters of the rock samples 
are listed in Table 1.

Experiment schedule

(1) F–T cycle test
The mechanical behavior of the surrounding rock in the 

entire F–T process has multi-field coupling characteristics, 
which is quite complex. Owing to the complexity of the 
problem, this study considers F–T cycle (− 20 °C to 20 °C) 
as the external environmental conditions of the sample. In 
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other words, the indoor F–T cycle test simulates the F–T 
change of the surrounding rock at the tunnel entrance and 
the F–T temperature refers to the temperature change at the 
project site.

In the area where the Huibai Tunnel is located, the mini-
mum and maximum temperatures in winter are − 20 °C and 
22.4 °C, respectively. Therefore, the F–T cycle temperature 
range was determined to be − 20 °C to 20 °C. Two F–T 
cycles were calculated every day, and each cycle lasted for 
12 h (6 h at − 20 °C and 6 h at 20 °C). The number of F–T 
cycles was set to 0, 20, 40, and 80, respectively. Three gneiss 
samples were prepared for each F–T cycle, i.e., there were 
12 rock samples in total.

Before subjecting the samples to F–T cycles, they were 
saturated in a saturator for 6 h and then transferred into a 
container filled with water. Next, the samples were placed 

in a F–T box, where they remained saturated throughout 
the process.

(2) Triaxial compression creep test
Table 2 shows the triaxial compression creep test pro-

gram of the rock sample. Based on the measured values of 
ground stress for tunnel engineering, the confining pres-
sure was determined to be 5 MPa in the creep test. The 
axial load was applied at a constant rate of 0.5 MPa/min 
until the loading was stopped at a predetermined axial 
stress. The initial axial stress was 10 MPa, and the axial 
load Δσ1 was applied progressively. During a multi-load-
ing 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.

(3) Analysis of SEM images

Fig. 1   Test equipment; a freezing–thawing device, b F–T box, c RLW-2000 rheological triaxial apparatus of rock, d pressure chamber, and e 
installed extensometer



	 Environmental Earth Sciences (2021) 80:7

1 3

7  Page 4 of 16

To analyze the effect of F–T cycles on the mesostructure 
of gneiss, SEM was used to analyze the samples subjected 
to different number of F–T cycles by magnifying the SEM 
images up to 500 times.

Test results and analysis

Evolution of creep strain

The axial creep strain curves of gneiss obtained via the grad-
ing loading creep test for different number of F–T cycles 
are shown in Fig. 3. The instantaneous elastic strain occurs 
at the moment of stress application in gneiss samples, 

whereas creep strain occurs under long-term stress. As the 
creep stress level increases, the slope of the creep curve 
increases gradually, and thereby shows the two stages of 
decelerating creep and steady-state creep. The creep rate 
eventually becomes constant with time. When the applied 
stress is sustained, the creep mechanical behavior of the 

Fig. 2   a Location of the study area; b Huibai tunnel entrance in winter; c standard specimens

Table 1   Physical–mechanical parameters of gneiss

Gneiss Average density g/cm3 Porosity % Uniaxial compressive strength MPa Cohesion MPa Elastic modulus GPa Poisson’s ratio

Mean 2.680 0.287 112.60 25.9 42.50 0.20

Table 2   Testing program of loading creep

Number F–T 
cycles 
(N)

Tempera-
ture range 
(℃)

Confining 
pressure σ3 
(MPa)

Initial 
value σ1 
(MPa)

Δσ (MPa)

G1 0  − 20 ~ 20 5 10 20
G2 20
G3 40
G4 80
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Fig. 3   Axial creep strain curves of samples subjected to different 
number of F–T cycles
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samples becomes increasingly obvious. Furthermore, when 
loading is at the last stage, the axial creep strain of the sam-
ples increases gradually with time, thereby experiencing the 
three-stage characteristics of rock creep, i.e., the decelerat-
ing creep stage, steady-state creep stage, and accelerated 
creep stage. Ultimately, the samples fail at the accelerated 
creep stage.

With the increase in the number of F–T cycles, the instan-
taneous elastic strain of the sample increases gradually at 
the same creep stress level although the creep duration and 
loading level decreases steadily. The more the number of 
F–T cycles, the more pores are generated inside the sam-
ple and more obvious the crack development. In the triaxial 
compression creep test, after the axial stress was applied, the 
micropores and microcracks in the sample closed gradually. 
This resulted in instantaneous elastic deformation, which 
increased with an increase in the number of F–T cycles. 
Simultaneously, the more the number of F–T cycles, the 
more obvious is the impact of the F–T cycles on the rock.

The axial creep strain of gneiss after being subjected to 
different number of F–T cycles at various axial stress levels 
is shown in Table 3. When the axial stress was 10 MPa, the 
initial instantaneous creep strain of the rock sample with 0 
F–T cycles was 0.0467%. With an increase in the number of 
F–T cycles, the initial instantaneous creep strain of the rock 
samples subjected to 20, 40, and 80 F–T cycles increased by 
49.50%, 60.56%, and 79.88%, respectively.

Additionally, the rock samples with 0 F–T cycles failed 
after 165.03 h, whereas the rock samples subjected to 20, 
40, and 80 F–T cycles failed after 141.87 h, 106.75 h, 
and 84.42  h, respectively. Moreover, the loading level 
was reduced gradually from 7 to 6, 5, and 4. Therefore, at 
the same creep stress level, as the number of F–T cycles 
increased, the internal damage caused by freezing and thaw-
ing became larger and larger, resulting in an increase in the 
axial creep strain of the rock sample. However, the long-term 
strength and creep duration reduced as the loading level was 
reduced gradually.

As the number of F–T cycles increased, the F–T damage 
increased while the compressive strength of rock decreased 
along with the long-term strength. The main reasons for the 
internal F–T damage of the samples are mentioned below.

(1) Some of the water present in the microcracks of the 
saturated samples changed its phase and produced a frost 

heaving force. Therefore, when the temperature increases, 
the ice melts into water and enters the newly formed micro-
cracks, resulting in the water continuously migrating from 
the unfrozen area to the frozen area. During the freezing 
process, additional frost heaving force is generated and the 
sample suffers the damage caused by the change in water–ice 
phase constantly.

(2) Because the expansion and contraction coefficients 
of mineral particles in the sample are not consistent, micro-
cracks are produced due to the uneven deformation caused 
by F–T cycles, and thereby repeatedly subjected to the frost 
heaving force. After a certain number of cycles, the original 
cracks expand and generate new cracks.

To summarize, the water–ice phase change and uneven 
shrinkage and expansion of minerals in the samples during 
the F–T process leads to the expansion, convergence, and 
coalescence of microcracks, resulting in the F–T damage of 
rock samples and irreversible deterioration of mechanical 
properties. Therefore, the compressive strength, long-term 
strength, and elastic modulus decreased while creep strain 
deformation increased with an increase in the number of 
freeze–thaw cycles.

Creep strain rate analysis

Acceleration strain rate

The gneiss samples after being subjected to different F–T 
cycles entered creep failure in the creep failure stress level. 
The axial creep strain and creep strain rate of the gneiss sam-
ples under the creep failure stress level are shown in Fig. 4.

In the creep failure stress, the creep failure law is the 
same for all the samples, i.e., the decelerating creep stage 
develops into the accelerated creep stage via the steady-state 
creep stage. During the creep process, the decelerating creep 
stage and accelerated creep stage of the specimen lasted for a 
short period compared to the steady-state creep stage. Even-
tually, the samples failed in the accelerated creep stage.

Long‑term strength

The long-term strength of rock mass is an important indicator 
of long-term stability and safety considering the time-depend-
ent behavior (Damjanac and Fairhurst, 2010). The steady-state 

Table 3   Axial creep strain of 
gneiss after different number of 
F–T cycles

Number F–T cycles
N

Axial creep strain under different axial stress (%)

10 30 50 70 90 110 130

G1 0 0.0497 0.0939 0.1346 0.1739 0.2083 0.2488 0.3618
G2 20 0.0743 0.1160 0.1581 0.1999 0.2362 0.3558 –
G3 40 0.0798 0.1359 0.1959 0.2566 0.4103 – –
G4 80 0.0894 0.1490 0.2199 0.3404 – – –
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creep rate method was used for data analysis in this study. 
Considering the G1 sample as an example, Fig. 5 shows the 
relationship between the stress and steady-state creep rate. 
There is a distinct inflection point on the curve. Moreover, 
the sections of the curve drawn before and after the inflec-
tion point intersect at point O. The stress corresponding to 
the intersection point O is the long-term strength of the rock.

The long-term strength of gneiss samples subjected to 
different F–T cycles is shown in Fig. 6. It can be observed 
that the long-term strength of the gneiss samples decreased 
gradually as the number of F–T cycles increased. The long-
term strength of the rock sample after 0 F–T cycles was 
123.8 MPa. Comparatively, the long-term strength of the 
rock samples decreased by 12.44%, 19.63%, and 32.80% 
after 20, 40, and 80 F–T cycles, respectively.

SEM analysis

The rock samples were analyzed using SEM to reveal the 
influence of F–T cycles on the microstructure of gneiss 
(Fig. 7).

Figure 7a illustrates that the surface of the rock sam-
ple after 0 F–T cycles had a compact flake structure with 
undeveloped joints. Furthermore, the surface was glossy 
and smooth, and the mineral particles were densely packed 
with few pores. As the number of F–T cycles increased, 
the thermal expansion and contraction between the mineral 
particles resulted in the loss of cement between the particles. 
Therefore, fragmentized mineral particles appeared, thereby 
developing pores and fissures (Fig. 7b–d).

As the number of F–T cycles increased, some of the 
cemented material was hydrolyzed under the influence of 
water–rock physical and chemical effects. The homogeneous 
mineral particles in the sample became loose, and the pores 
and micro-cracks in the sample continuously penetrated and 
expanded under the F–T effect to form cracks.

From the meso-damage characteristics of gneiss micro-
cracks after freezing and thawing, it can be observed that 
the F–T cycles promoted surface development and internal 
damage of gneiss samples. First, when the rock was at sub-
zero temperatures, the water in the cracks and pores froze 
into ice, which generated a frost heave force and caused frost 
damage to the rock. When the temperature increased, the ice 
in the rock melted into water, which migrated into second-
ary cracks and generated a large frost heave force in the 
rock during the freezing and thawing process. The ice-water 
phase change and water migration constantly deteriorated 
the rock damage. Additionally, the expansion coefficient 
and shrinkage coefficient of mineral particles in the sample 
were not consistent. During the F–T process, the sample 
deformed unevenly to generate cracks. Furthermore, the 
frost heaving force caused the cracks to develop continu-
ously and generate secondary cracks, which caused friction 
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Fig. 4   Axial creep strain and creep strain rate in the accelerated creep 
stage
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between the particles and decreased the cementation force 
gradually. From a macro perspective, the main manifestation 
is the decrease in the cohesion of rock samples and compres-
sive strength. This confirms that under the same creep stress 

level, the axial creep strain of the rock increases nonlinearly 
with the increase in the number of F–T cycles, whereas it is 
the opposite for the long-term strength (“Evolution of creep 
strain” and “Creep strain rate analysis”).

Fig. 5   Steady creep rate of 
gneiss under different stress 
levels (N = 0)
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From the long-term stability perspective, the damage 
caused by F–T cycles affects the creep mechanical char-
acteristics and parameters of the rock. Therefore, this phe-
nomenon needs to be investigated further using the variable-
parameter creep model.

Creep constitutive model of gneiss after F–T 
cycles

Unsteady creep parameters of gneiss after F–T 
cycles

The test results show that the gneiss sample fluctuated 
between hot and cold temperatures after being subjected to 
F–T cycles, resulting in thermal expansion and contraction 
and thereby deteriorating the mechanical properties of the 
rock. As the number of F–T cycles increased, the amount of 
creep deformation increased gradually, whereas the creep 

rate increased significantly. However, the creep time, failure 
stress, and long-term strength reduced significantly. There-
fore, treating the rheological parameters of rocks as unsteady 
will directly reflect the nonlinear aging characteristics of 
frozen and thawed rocks. This study considers the effect of 
the number of F–T cycles n on the gneiss elastic modulus 
E and viscosity coefficient � , i.e., �E = En and � = �n , to 
derive the expression for unsteady creep parameters of fro-
zen and thawed rocks.

Damaged viscous elements of rock after F–T cycles

When the applied load attains or exceeds a certain axial 
stress level, damage occurs inside the rock; therefore, the 
impact of the damage caused by the stress on the creep 
parameters should also be considered. The degree of dam-
age in the decelerating creep stage and steady-state creep 
stage is relatively small. Therefore, this study only considers 
the damage caused by stress in the accelerated creep stage.

Flake structure 

Layer-mesostructures 

Mineral particles 

Irregular mineral 

 particles 

Pores and fractures 

Mineral particles 

(a)After 0 F-Tcycles (b) After 20 F-Tcycles

(c) After 40 F-Tcycles (d)After 80 F-T cycles

Fig. 7   Microscopic images of gneiss subjected to different number of F–T cycles
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Owing to the various types of damage in the gneiss sam-
ples after the F–T cycles, the variable-parameter creep damage 
model should be used instead of the constant-parameter creep 
model to reflect the creep characteristics of the sample. In this 
study, the damage variable D was introduced to describe the 
damage deterioration of the viscosity coefficient of the sample 
during the accelerated creep stage. Furthermore, the influence 
of the number of F–T cycles n was considered. Therefore, the 
damaged viscous element under F–T conditions can be con-
structed, as shown in Fig. 8.

The constitutive relationship of damaged viscous elements 
after F–T cycles is given by:

where � and 𝜀̇ are the stress and creep strain rate of the viscous 
elements damaged by F–T cycles, respectively, and �(n,D) is 
the viscous coefficient of the viscous elements damaged by the 
F–T cycles. Considering the effects of F–T cycles and stress on 
the viscosity coefficient, the viscous coefficient of the visco-
damage elements can be written as:

where �(n) is the viscosity coefficient of the samples after n 
F–T cycles and D is the damage variable, 0 ≤ D < 1.

In the rock creep process, the damage variable has a nega-
tive exponential function of time, as shown in Eq. (3).

(1)𝜎 = 𝜂(n,D)𝜀̇

(2)�(n,D) = �(n)(1 − D)

where � is the coefficient related to the number of F–T cycles 
n and t is the creep time. Therefore, the viscosity coefficient 
of the damaged viscous components is shown in Eq. (4).

By maintaining the stress constant and combining Eq. (1) 
and Eq. (4), the constitutive relationship of the damaged vis-
cous element of gneiss after the F–T cycles is shown in Eq. (5).

Variable‑parameter creep damage model

The experiments showed that the gneiss samples experi-
enced the decelerating creep stage, steady-state creep stage, 
and accelerated creep stage after the F–T cycles. In the creep 
tests, the classic Nishihara model can describe the decelera-
tion creep and steady-state creep stages, but it cannot reflect 
the accelerated creep stage characteristics of rocks. Therefore, 
based on the Nishihara model, the viscous elements in the 
viscoplastic body were replaced by F–T-damaged viscous ele-
ments, and the effect of F–T cycles on the model parameters 
was considered to establish the creep constitutive model of 
gneiss after the F–T cycles, as shown in Fig. 9. This model 
was composed of an F–T elastic body, F–T viscoelastic body, 
and F–T-damaged viscoplastic body and the strains were �0 , 
�1 and �2 , respectively.

When the axial stress was � , the total strain � was given, as 
shown in Eq. (6).

For the F–T elastic elements, the stress–strain relationship 
was given using Eq. (7).

(3)D = 1 − e−�t

(4)�(n,D) = �(n)e−�(n)t

(5)�(t) =
�

�(n)�(n)

[
e�(n)t − 1

]

(6)� = �0+�1+�2

Fig. 8   Damaged viscous element of gneiss after F–T cycles

Fig. 9   Creep constitutive model 
of gneiss after F–T cycles
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where E0(n) is the elastic modulus of the elastic element 
after n F–T cycles.

The F–T viscoelastic elements were composed of an F–T 
elastic element and an F–T viscous element in parallel. For the 
F–T viscous element, the constitutive relationship was given 
by:

where, �v , 𝜀̇v and �1n are the stress, strain rate, and viscosity 
coefficients of the viscous element in the F–T viscoelastic 
body, respectively.

Therefore, according to the combined model theory, the 
stress–strain relationship of the F–T viscoelastic body is given 
by:

where �e and E1(n) are the elastic strain and elastic modulus 
of the elastic element in the F–T viscoelastic body, respec-
tively. By combining with the initial condition t = 0, Eq. (9) 
can be solved, as shown in Eq. (10).

The F–T-damaged viscoplastic elements were composed 
of F–T-damaged viscous elements and plastic elements. The 
stress of the plastic element can be expressed using Eq. (11).

where �s is the yield stress.
The total stress of the F–T damage viscoplastic elements is 

given using Eq. (12).

where �v is the stress of the F–T-damaged viscous elements.
If 𝜎 < 𝜎s , combining Eq. (11) and (12) provides �v = 0 , 

i.e., �2 = 0.
If ��s , then,

Therefore, the stress–strain relationship of F–T-damaged 
viscoplastic elements is given using Eq. (14).

(7)�0 =
�

E0(n)

(8)𝜎v = 𝜂1(n)𝜀̇v

(9)

{
𝜀1 = 𝜀e = 𝜀v

𝜎 = 𝜎e + 𝜎v = E1(n)𝜀e + 𝜂1(n)𝜀̇v

(10)�1 =
�

E1(n)

(
1 − e

−
E1(n)

�1n)
t

)

(11)𝜎p =

{
𝜎, 𝜎 < 𝜎s

𝜎s, 𝜎 ≥ 𝜎s

(12)� = �v + �p

(13)�2 =
�

�(n)�2(n)

[
e�(n)t − 1

]

Considering the strains of the F–T elastic body, F–T 
viscoelastic body, and F–T-damaged viscoplastic body, the 
one-dimensional constitutive equation of gneiss samples 
for the F–T creep model can be expressed using Eq. (15).

In the three-dimensional stress state, assuming that the 
total strain of the viscoelastic-plastic damage creep model 
is �ij , strain of the elastic body is �e

ij
 , strain of the viscoe-

lastic body is �ve
ij

 , and strain of the damaged viscoplastic 
body is �vp

ij
 . Therefore, according to the superposition prin-

ciple, the total strain can be obtained using Eq. (16).

For an elastic body, the stress tensor �ij at any point 
in the rock under a three-dimensional stress state can be 
divided into a spherical stress tensor �m�ij and deviatoric 
stress tensor Sij . Similarly, the strain tensor �ij at any point 
in the interior can be divided into a spherical strain tensor 
�m�ij and deviatoric strain tensor eij.

where �ij is Kronecker symbol.
According to Hooke’s law, we obtain:

Consequently, the three-dimensional creep equation of 
the elastic body can be expressed as follows:

where K0(n) and G0(n) are the bulk modulus and shear mod-
ulus of the F–T elastic body, respectively.

The three-dimensional creep equation of the viscoelas-
ticity body can be expressed as follows:

(14)𝜀2 =

⎧
⎪⎨⎪⎩

0, 𝜎 < 𝜎s
𝜎 − 𝜎s

𝛼(n)𝜂2(n)

�
e𝛼(n)t − 1

�
𝜎 ≥ 𝜎s

(15)

𝜀(t) =

⎧
⎪⎪⎨⎪⎪⎩

𝜎

E0(n)
+

𝜎

E1(n)

�
1 − e

−
E1(n)

𝜂1n)
t

�
, (𝜎 > 𝜎s)

𝜎

E0(n)
+

𝜎

E1(n)

�
1 − e

−
E1(n)

𝜂1n)
t

�
+

𝜎 − 𝜎s

𝛼(n)𝜂2(n)

�
e𝛼(n)t − 1

�
, (𝜎 ≥ 𝜎s)

�
ij
= �e

ij
+ �ve

ij
+ �

vp

ij

(17)
�ij=�m�ij+Sij

�ij=�m�ij+eij

}

(18)
�m=3K0�m

Sij=2G0eij

}

(19)�e
ij
=

Sij

2G
0
(n)

+
�m�ij

3K0(n)

(20)�ve
ij
=

Sij

2G1(n)

[
1 − exp

(
−
G1(n)

�1(n)
t

)]
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where G1(n) and �1(n) are the shear modulus and viscosity 
coefficient of the F–T viscoelastic body, respectively.

The three-dimensional creep equation of the F–T-dam-
aged viscoplastic body can be expressed as follows:

calculation, the associated flow rule was adopted for the 
plastic flow, i.e., F = Q (Moghadam et al. 2013).

According to Eqs. (15), (19), (20), and (21), the creep 
equation of F–T-damaged rock in the three-dimensional state 
can therefore be expressed as shown in Eq. (23).

Verification and parameter analysis 
of the constitutive model

Adopt the Boltzmann superposition principle to process 
the creep curve. Based on the experimental results, the 
mathematical optimization analysis software 1stOpt was 
used to identify the model parameters. The creep param-
eter identification results of gneiss samples under the creep 
failure stress after undergoing 0, 20, 40, and 80 F–T cycles 
are shown in Table 4.

Figure 10 shows the comparison between the creep 
test curve and fitting curve of the theoretical model 
under the creep failure stress after 0, 20, 40, and 80 F–T 
cycles of the samples. The model fitting curve reflects the 

(23)𝜀 =

⎧⎪⎨⎪⎩

Sij

2G0(n)
+

𝜎m𝛿ij

3K0(n)
+

Sij

2G1(n)

�
1 − exp

�
−

G1(n)

𝜂1(n)
t
��

(F < 0)

Sij

2G0(n)
+

𝜎m𝛿ij

3K0(n)
+

Sij

2G1(n)

�
1 − exp

�
−

G1(n)

𝜂1(n)
t
��

+
e𝛼(n)t−1

𝛼(n)𝜂2(n)

�
F

F0

�
𝜕F

𝜕𝜎ij
(F ≥ 0)

Table 4   Creep model 
parameters of gneiss 
considering F–T damage

F–T cycles
(n)

Axial stress 
(MPa)

E
0

(GPa)
E
1

(GPa)
�
1

(GPa·h)
�
2

(GPa·h)
�

0 10 458.89 206.83 96.21 – –
30 447.78 112.38 61.84 – –
50 445.76 100.49 41.02 – –
70 426.20 82.15 12.70 – –
90 382.31 20.06 8.31 – –

110 332.09 17.96 4.84 – –
130 151.55 14.64 1.46 2942.86 0.43

20 10 434.67 141.77 61.19 – –
30 367.39 110.66 51.71 – –
50 318.01 72.14 29.42 – –
70 286.52 36.70 10.13 – –
90 262.11 18.24 7.12 – –

110 226.25 12.11 2.93 2556.46 0.59
40 10 358.48 113.63 52.93 – –

30 303.80 90.91 31.01 – –
50 282.65 53.78 26.36 – –
70 255.29 26.10 8.33 – –
90 248.74 14.71 3.07 2336.02 0.71

80 10 312.80 87.28 37.02 – –
30 286.11 79.42 27.68 – –
50 250.99 27.37 12.65 – –
70 209.77 14.01 3.19 2286.90 0.92

where 
⟨
�

(
F

F0

)⟩
 is the switch function, which is written as:

where F is the rock yield function and F0 is the initial value 
of the rock yield function. �

(
F

F0

)
 is a power function, i.e., 

�

(
F

F0

)
=

(
F

F0

)k

 , where k is the specified constant, which is 
generally 1 (Abu Al-Rub et al. 2013), and Q is the plastic 
potential function. Additionally, for the convenience of 

(21)�
vp

ij
=

1

�(n)�2(n)

⟨
�

(
F

F0

)⟩
�Q

��ij
t

(22)
⟨
𝜙

(
F

F0

)⟩
=

{
0 (F < 0)

𝜙

(
F

F0

)
(F ≥ 0)
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characteristics of decelerating creep, steady-state creep, 
and accelerated creep stage under different F–T cycles. 
This verifies the accuracy and applicability of the F–T-
damaged creep constitutive model established in this 
study.

Furthermore, this section analyzes the sensitivity of 
creep parameters �2 and � of viscous elements damaged 
by freezing and thawing of rocks and investigates their 
influence on the creep deformation of gneiss. For other 
creep parameters, the values listed in Table 4 under the 
last stage load of 80 F–T cycles were selected.

Figures 11 and 12 show the effect of changes in creep 
parameters �2 and � on creep deformation, respectively. 
Figure 11 indicates that when other parameters remain 
unchanged, the steady-state creep rate and creep deforma-
tion of the rock decreases gradually, whereas the steady-state 
creep time increases as the viscosity coefficient �2 increases. 
Figure 12 shows that with the increase in the creep param-
eter � , the creep rate and creep deformation of the acceler-
ated creep stage increased gradually as the creep failure time 
decreased. Then, the rock transitioned from viscoelastic to 
viscoelastic-plastic.
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Fig. 10   Comparisons of test curve and theoretical model fitting curve
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Fig. 11   Effect of creep param-
eter �

2
 on the creep curve

Fig. 12   Effect of creep param-
eter � on the creep curve
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Variation of creep model parameters with respect 
to F–T cycles

According to the fitting results between the creep model 
parameters and F–T cycles shown in Table 1, each creep 
parameter was averaged under the same F–T cycle, and the 
relationship between the creep parameters and F–T cycles 
is shown in Eq. (24).

The fitting curve of each parameter of the creep model 
with respect to the number of F–T cycles n is shown in 
Fig. 13. As per the exponential function, the elastic moduli 
( E0 and E1 ) and viscosity coefficient ( �1 and �2 ) decreased 
gradually with the increase in the number of F–T cycles. The 
relationship between the correlation coefficient � and the 
number of F–T cycles is linear, and the value of � increases 
with the increase in the number of F–T cycles. Additionally, 
the changes in the model parameters causes the creep defor-
mation and creep rate to increase gradually with the increase 
in the number of F–T cycles, and this is consistent with the 
experimental results.

Discussion

During the F–T cycles, the micro-cracks inside the gneiss 
expand, collect, and interpenetrate, thereby affecting the 
creep mechanical behavior of the rock and threatening the 
long-term stability of rock engineering. The aforementioned 
characteristics were only analyzed for creep, long-term 
strength, and microscopic morphology of the rock after the 
F–T cycles.

1.	 As the number of F–T cycles increased, water migration 
and aggregation caused frost heaving damages to the 
rock mass. Additionally, the expansion of frost heav-
ing cracks intensified gradually with time. Because of 
the formation of frost heaving force due to F–T cycles, 
the cracks expand to produce secondary cracks and new 
cracks, which decrease the friction between the skel-
eton particles and cement. Consequently, as the num-
ber of F–T cycles increases, the long-term strength of 
the rock sample decreases. This confirms that under the 
same creep stress level, the axial creep strain of the rock 

(24)

E0(n) = 118.97e−0.035n+258.459,R2 = 0.9967

E1(n) = 29.78e−0.028n+49.226,R2 = 0.9952

�1(n) = 15.39e−0.019n+16.862,R2 = 0.9976

�2(n) = 692.32e−0.0453n + 2254.619,R2 = 0.9864

�(n) = 0.006n + 0.452,R2 = 0.9900

⎫
⎪⎪⎪⎬⎪⎪⎪⎭

Fig. 13   Variation curve of creep parameters with respect to F–T 
cycles



Environmental Earth Sciences (2021) 80:7	

1 3

Page 15 of 16  7

increases nonlinearly with the increase in the number of 
F–T cycles (Sect. Evolution of creep strain)

2.	 The expansion coefficients of the rock mineral parti-
cles are different. Therefore, when the F–T tempera-
ture ranges are different, the effect of F–T cycles on the 
creep mechanical properties of rocks is also different. 
The effect of F–T temperature range on the experimen-
tal results and creep model were not analyzed in depth. 
Hence, this will be our next research emphasis.

3.	 In tunnel construction in cold regions, the mechanical 
behavior of the surrounding rock of the tunnel during the 
entire process of freezing and thawing has multi-field 
coupling characteristics, which is quite complicated. 
Therefore, this study considers F–T cycles as an envi-
ronmental condition for rocks. The creep test and F–T 
cycle test were detached, i.e., the rock was first sub-
jected to F–T treatment and then the creep mechanical 
behavior of the sample was studied. However, the actual 
surrounding rock deformation problem of tunnels in the 
cold region includes the time-dependent behavior of 
the rock under the F–T cycle. Furthermore, there are 
superposition problems of frost heave deformation and 
creep deformation of the rock under freezing and thaw-
ing. However, this was not investigated in this study. 
Therefore, the authors will further study this topic by 
analyzing the creep mechanical behavior of rocks while 
freezing and thawing and in the frozen state.

Conclusion

In this study, the results of the triaxial creep test and the 
creep constitutive damage model for gneiss were analyzed 
after subjecting the Huibai tunnel rock samples to F–T 
cycles. The following conclusions were obtained.

1.	 The number of F–T cycles has a significant effect on 
the creep mechanical behavior of gneiss. The creep 
deformation increased gradually with the increase in 
the number of F–T cycles. However, the creep failure 
stress, creep duration, and long-term strength showed a 
decreasing trend.

2.	 The influence mechanism of F–T cycles on the micro-
scopic structure of gneiss was explained using SEM 
analysis. As the number of F–T cycles increased, some 
of the cemented material in gneiss hydrolyzed under the 
influence of water–rock physical and chemical effects. 
This loosened the homogeneous mineral particles, and 
the pores and micro-cracks penetrated continuously and 
expanded to form cracks.

3.	 Based on the experimental results, a variable-parame-
ter creep damage model was proposed considering the 

effect of F–T cycles on gneiss. The creep-damage model 
was composed of three components: a Hooke body, a 
Kelvin body (parallel viscoelastic components), and 
a new nonlinear viscoplastic damage component. The 
creep-damage model not only describes the three typi-
cal creep stages (primary creep, secondary creep, and 
tertiary creep), but also reflects the effect of F–T dam-
age on the creep failure stress. The comparison between 
the creep test curve and fitting curve of the theoreti-
cal model verified the accuracy and applicability of the 
model.
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