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Abstract
Understanding the effect of impoundment on the creep characteristics of rock mass of reservoir slope is vital to prevent and 
mitigate reservoir-impoundment-induced landslide hazard. In the present work, the degradation of creep characteristics of 
mudstones with different initial water contents under different soaking conditions is studied. The results show that in un-
soaking conditions the axial instantaneous strain and axial creep strain of mudstone increase with increasing initial water 
content, while the long-term strength decreases. The soaking condition has a great influence on the creep strain and long-term 
strength of unsaturated samples but little influence on saturated samples. Moreover, the impacts of water on creep charac-
teristics are mainly related to the water content of the samples during testing. Based on the test results, a creep constitutive 
model considering water is established and verified to be reasonable. Finally, the proposed model is implemented to simulate 
the time-dependent deformation of the Majiagou landslide in the Three Gorges Reservoir after impoundment.
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Introduction

Impoundment of reservoirs is the main triggering factor for 
many landslides in reservoir areas (Yang et al. 2013; Wang 
et al. 2007; Hu et al. 2012). The 1963 Vajont landslide is 
one of the most impressive disasters in recent history. After 
3 years of impoundment, approximately 300 million m3 of 
rock mass slipped into the newly created Vajont Reservoir, 
destroying villages and leading to more than 2000 casualties 
(Pablo and Hatzor 2018). In the Three Gorges Reservoir area 
of China, more than 5000 landslides have been identified 
since impoundment (Huang et al. 2020). For example, the 
Majiagou landslide, triggered after the first impoundment of 
the reservoir (Zhang et al. 2018), has been deforming with 
an average velocity of 130 mm/year since 2008 (He et al. 
2018). To prevent and mitigate reservoir-impoundment-
induced landslide hazard, it is necessary to study the effect 
of impoundment on the long-term deformation of rock mass 
of reservoir slope.

Extensive studies have been conducted during the past few 
years, to investigate the long-term deformation behavior of 
rock, including granite (Kumagai et al. 1986; Hashiba and 
Fukui 2016), tuff (Yang and Daemen 1997), shale (Herrmann 
et al. 2019), sandstone (Zhao et al. 2011), and many other 
rock types (Ston and Scrivener 2019; Brijes and Priyesh 2015; 
Yang et al. 1999; Doi et al. 2014). Dried samples are used in 
most of the above literature. In fact, water has a negative influ-
ence on the long-term strength and deformation properties of 
limestone (Liu et al. 2015). From the perspective of theoreti-
cal grounds, even small amounts of water can influence the 
creep behavior of rock salt (Urai et al. 1986). By comparing 
with the creep experiments of dry rock, Liu et al. (2013) found 
that the presence of water resulted in a quality deterioration of 
amphibolite with time prolong. The analysis of powerhouse 
cavern long-term stability under saturated conditions showed 
that the increasing pore water pressure tends to local failure 
of powerhouse cavern (Ghorbani and Sharifzadeh 2009). 
Therefore, the effect of water on rock properties cannot be 
neglected. Engineering rock mass may contain different water 
contents (Jia et al. 2009; Jiang et al. 2011). To study the effects 
of water content on the mechanical behavior of greenschist 
with different volumetric contents of chlorite, biaxial com-
pression creep tests were carried out (Xiong et al. 2014). Lu 
and Wang (2017) conducted a series of multistage creep tests 
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performed on coal with different water contents to determine 
the relationship between water content and creep deformation.

The previous studies have considered the effect of water 
content on the creep behavior of rocks. In fact, the slope 
near reservoirs may be immersed for a long time after 
impounding of the dam. Under soaking conditions, the 
water-induced weakening effect is obvious (Tang et al. 
2018). However, few studies on the creep deformation 
behavior of rock masses under immersion were reported. In 
an effort to characterize the effects of changes in water con-
ditions on the strength and creep lifetime of rocks, Hashiba 
et al. (2018) conducted uniaxial compression creep tests 
of Sanjome andesite. Compared with specimens without 
immersion in water, Yu et al. (2019) found that the soak-
ing specimens exhibited significant increases in both creep 
strain and creep strain rate. Compression creep tests of 
limestone under different hydraulic confining pressures 
were carried out by a self-developed testing system, which 
revealed that both the strain and creep strain rate increased 
with increasing hydraulic confining pressure (Liu et al. 
2015). However, there are relatively few achievements on 
the creep behavior of soft rock containing different water 
contents under immersion. The creep constitutive model 
considering the effects of water on soft rock needs to be 
further studied.

In the present study, multistage creep tests of mudstones 
with different initial water contents under soaking conditions 
are conducted. At the same time, tests in un-soaking condi-
tions are considered as the control group to understand the 
influences of immersion and water content on creep behav-
ior. Based on the experimental results, a creep constitutive 
model considering water is proposed. This model is verified 
and applied to practical slope engineering.

Experimental method

Sample preparation

Silty mudstone is taken to study the effect of water on rock 
creep characteristics. Figure 1 presents the X-ray powder 
diffraction patterns of the silty mudstone. The silty mudstone 
used in this experiment is composed of quartz (47%), illite 
(46%) and albite (7%).

The specimens are cylindrical, 50 mm in diameter and 
100 mm in height, as shown in Fig. 2. To reduce the disper-
sion of the test results, the densities and longitudinal wave 
velocities of samples are measured after eliminating the 
samples with obvious defects. Samples with similar densi-
ties and wave velocities are selected for the next tests.

Test equipment

Uniaxial compression tests and creep tests are carried out 
with a rock mechanical testing system. As shown in Fig. 3, 
the testing machine is improved to ensure the creep test can 
conduct under immersion. A water immersion device made 
of polymethyl methacrylate (PMMA) is placed on the bear-
ing plate.

Test procedure

First, a water absorption test of mudstone is carried out. 
The samples are dried in an oven at 105 °C for 24 h. Then, 
in accordance with the methods for determining the water 
absorbability of rock, a water absorption curve is obtained 
(Zhou et al. 2016). Four samples are taken for the water 
absorption test to reduce the dispersion of the test results. 

Fig. 1   X-ray powder diffraction 
patterns of the tested mudstone
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The samples with different water contents are grouped into 
three sets. The first set of samples was dried at 105 °C for 
24 h and denoted as the dried sample. The second set of 
samples was immersed for a specific time and denoted as 
the presoaked sample. The third set of samples was saturated 
in a vacuum ambient and denoted as the saturated samples.

Second, uniaxial compression creep tests on dried sam-
ples, presoaked samples and saturated samples are carried 
out under un-soaking and soaking conditions, respectively. 
To reduce the discreteness of the experimental data, more 
than two samples are subjected to each of the above treat-
ments. To reduce the error caused by air humidity, the sam-
ple is sealed with wax under un-soaking conditions.

Axial stress is applied using 3 to 7 steps. Based on the com-
pressive strength �

0
 , the axial stress of each step is determined 

into seven levels ( 1∕7�
0
 , 2∕7�

0
 , 3∕7�

0
 , 4∕7�

0
 , 5∕7�

0
 , 6∕7�

0
 

and �
0
 ). The stress is applied step by step until the destruction 

of the specimen. The next loading step can be applied, while 

the sample is in a stable creep stage until the failure emerged. 
In the present work, all samples entered a steady-state creep 
stage within 24 h. Similar to relevant literature (Lu and Wang 
2017; Yang et al. 2019; Wang et al. 2019b; Deng et al. 2016), 
each stress level is maintained for 24 h.

Experimental results

Water absorption test

Figure 4 shows the relationship between the average water 
content and soaking time of mudstone. Figure 4a shows that 
the water content of the samples increases rapidly from 0 
to 16.4% in the first hour of soaking. From Fig. 4b, it takes 
approximately 2 days for the water content of the sample 
to increase from 16.4% to 18.4%, which indicates that the 
water absorption rate decreases slowly after soaking for 1 

Fig. 2   Typical tested mudstone 
samples

Fig. 3   The device for the 
multistage creep test under 
immersion
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h. Hence, in the creep test, the water content is assumed to 
be stable within 1 h to 2 days after soaking. In practice, the 
water content of mudstone is completely stable after 70 days 
of immersion, and the saturated water content is 23.0%, as 
shown in Fig. 4c.

The water contents of the dried sample, presoaked sample 
and saturated sample were 0, 15.3% and 23.0%, respectively. 
The water content of the presoaked samples is determined 
based on the relationship between the soaking time, water 
content and water absorption rate. As seen in Fig. 4a, within 
30 min of immersion, it is difficult to keep the water content 
at a specific value due to the high water absorption rate. The 
water content after soaking for 1 h was too large. For the rea-
sons discussed above, the sample soaked for 45 min, with a 
water content of 15.3%, was taken as the presoaked sample.

Multistage creep test in the un‑soaking condition

The uniaxial compression test shows that the average uni-
axial compressive strength of dry mudstone samples in the 
un-soaking condition is 6.62 MPa. As mentioned previously, 
various axial stresses (0.95, 1.89, 2.84, 3.78, 4.73, 5.67 
and 6.62 MPa) are applied step by step. Under un-soaking 

conditions, the creep curves of the three sets of samples are 
shown in Fig. 5, where the ordinate � is the axial strain.

Figure 5 shows that the failure strengths of the dried sam-
ple, presoaked sample and saturated sample are 6.62, 3.78 
and 2.84 MPa, respectively. The time-to-failure is 7, 4 and 
3 days, respectively.

In addition, the strains under each level of stress in the un-
soaking condition are listed in Table 1. At a stress level of 0.95 
MPa, the axial strains of the dried sample, presoaked sample 
and saturated sample are 0.81, 1.05 and 1.51, respectively. It can 
be concluded that with increasing water content, the strength of 
the sample decreases and the strain increases. The same conclu-
sion can be drawn as the stress increases to 1.89 MPa.

Figure  6a illustrates the relationship between the 
strains ( �

0
 , �

c
 ) and the stress level of samples in the un-

soaking condition. An increase in the stress level leads to 
a decrease in the instantaneous strain �

0
 and an increase 

in the creep strain �
c
 . The results also suggest that the 

strains ( �
0
 , �

c
 ) increase with increasing water content: the 

strain of saturated samples is larger than that of both the 
presoaked and dried samples at the first two stress levels, 
and the strain of the presoaked samples is larger than that 
of the dried samples at the first three stress levels.

Fig. 4   Water absorption curve of mudstone
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The value of �
c
∕� , that is, the proportion of creep strain 

in the total strain, changes with stress and water content, 
as shown in Fig. 6b. First, the effect of stress on the value 
of �

c
∕� is discussed. For the dried samples, the creep 

strain is 0.12 at the first stress level (0.95 MPa), which 
accounts for 17% of the total strain. When the stress level 
increases to 5.67 MPa, the value of �

c
∕� increases to 60%. 

The result indicates that the value of �
c
∕� increases with 

increasing stress.
Then, the effect of the water content on the value of 

�
c
∕� is discussed. For instance, when the stress level � = 

1.89 MPa, the �
c
∕� values of the dried sample, presoaked 

sample and saturated sample are 23%, 30% and 36%, 
respectively. In general, the increase in the mudstone 
water content leads to the degradation of creep charac-
teristics in un-soaking conditions.

Multistage creep test in the soaking condition

Figure 7 presents the creep curves of the dried sample, pre-
soaked sample and saturated sample under soaking condi-
tions. Additionally, the strains are listed in Table 2. Under 
the first stress level (0.95 MPa), the strain of the dried spec-
imen decreased significantly soon after the instantaneous 

deformation, and the deformation remained stable after 15 h. 
During the initial stage of immersion, there was a high rate 
of water absorption of the dried sample due to the existence 
of illite (see Fig. 4). As a result, the mudstone swelled, and 
the axial strain decreased significantly.

Under soaking conditions, the three sets of samples are 
all damaged at the third stress level (2.84 MPa). The fail-
ure modes of the three sets of samples are different. At 
the third stress level, the failure curve of the dried sam-
ple can be divided into three phases: deceleration, stable 
and accelerated creep phases. Brittle failure occurs in the 
presoaked and saturated samples; that is, failure occurs 
immediately after loading. However, the axial strain of the 
saturated sample is larger than that of the presoaked sam-
ple. Under soaking conditions, the larger the water content 
of the sample is, the more likely it is to be damaged.

Factors influencing creep characteristics due 
to water

Soaking conditions

The creep behavior of mudstone is different under un-
soaking and soaking conditions. In terms of strength, the 

Fig. 5   Creep curves of samples in the un-soaking condition
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failure strengths of dried, presoaked and saturated samples 
under un-soaking conditions are 6.62, 3.78 and 2.84 MPa, 
respectively. Under soaking conditions, the failure strength 
of the three sets of samples is 2.84 MPa. Consequently, 
the strength of dried and presoaked samples under soak-
ing conditions is significantly lower than that under un-
soaking conditions.

In terms of creep strain, the variable � is defined (Yu 
et al. 2019), which is the ratio of the strain in the un-soaking 
condition to the strain in the soaking condition.

Table 3 shows the � of the three sets of samples. The � 
of dried samples at � = 0.95 MPa is neglected because the 
strain here includes the expansion deformation caused by 
water absorption.

It can be seen from Table 3 that, for the dried and pre-
soaked samples, none of the values of � are less than 1, 
which suggests that compared with the un-soaking condi-
tion, the deformation under the soaking condition is larger. 
The � values of the saturated sample are 0.91 and 1.03. This 

(1)� = �un−soaking∕�soaking × 100%

Ta
bl

e 
1  

S
tra

in
s o

f s
am

pl
es

 in
 th

e 
un

-s
oa

ki
ng

 c
on

di
tio

n

�
 , �

0
 a

nd
 �

c
 a

re
 th

e 
to

ta
l s

tra
in

, i
ns

ta
nt

an
eo

us
 st

ra
in

 a
nd

 c
re

ep
 st

ra
in

, r
es

pe
ct

iv
el

y.
 �

c
∕
�
 is

 th
e 

pr
op

or
tio

n 
of

 c
re

ep
 st

ra
in

 in
 th

e 
to

ta
l s

tra
in

Sa
m

pl
e

�
 =

 0
.9

5 
M

Pa
�

 =
 1

.8
9 

M
Pa

�
 =

 2
.8

4 
M

Pa
�

 =
 3

.7
8 

M
Pa

�
 =

 4
.7

3 
M

Pa
�

 =
 5

.6
7 

M
Pa

�
�
0

�
c

�
c
∕
�

�
�
0

�
c

�
c
∕
�

�
�
0

�
c

�
c
∕
�

�
�
0

�
c

�
c
∕
�

�
�
0

�
c

�
c
∕
�

�
�
0

�
c

�
c
∕
�

D
rie

d
0.

81
0.

69
0.

12
15

%
0.

 4
5

0.
35

0.
10

23
%

0.
51

0.
32

0.
19

37
%

0.
47

0.
25

0.
22

47
%

0.
53

0.
25

0.
28

54
%

0.
60

0.
24

0.
36

60
%

Pr
es

oa
ke

d
1.

05
0.

90
0.

15
15

%
0.

70
0.

49
0.

21
30

%
0.

70
0.

42
0.

28
40

%
-

-
-

-
-

-
-

-
-

-
-

-
Sa

tu
ra

te
d

1.
51

1.
25

0.
26

17
%

1.
08

0.
69

0.
39

36
%

-
0.

57
-

-
-

-
-

-
-

-
-

-
-

-
-

-
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 and 
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 and b the proportion of creep strain in total strain �
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means that the deformation of saturated samples is similar 
under un-soaking and soaking conditions. Consequently, the 
smaller the initial water content is, the more significant the 
influence of immersion on the creep deformation. The larger 
the initial water content is, the more consistent the creep 
strain of samples in both un-soaking and soaking conditions.

The water content of mudstone increases under soak-
ing conditions. Therefore, it is necessary to obtain the ini-
tial water content as well as the water content during the 
creep test. The water contents are listed in Table 4, where 
�
0
 represents the initial water content and � represents the 

water content during the creep test. As shown in Fig. 4, the 
water content of the dried sample increases from 0 to 16.4% 
after immersion in water for 1 h, and then the rate of water 
absorption decreases. For the sake of simplicity, it can be 
considered that the �

0
 and � of the dried sample are 0 and 

16.4%, respectively. Analogously, the presoaked sample 
has high water absorbency after immersion for 1 h. The 
water content increases from 15.3% to 16.9%. Therefore, 
the values of �

0
 and � of the presoaked sample are 15.3% 

and 16.9%, respectively. The water content of the saturated 
sample remains constant after immersion, which is 23.0%.

Figure 8 shows the creep curves of three sets of specimens 
under un-soaking and soaking conditions. As described 
above, the dried sample exhibits significant expansion defor-
mation under the first stress level, while the water content 
remains constant under the second stress level. Hence, the 
creep curve of the specimen under the first stress level is 
ignored in Fig. 8. In addition, the failure strength and time-
to-failure are listed in Table 4.

At the second stress level, the creep curve consists of two 
stages. Taking the creep curve of the dried sample under the 

Fig. 7   Creep curves of samples in the soaking condition

Table 2   Strains of samples in 
the soaking condition

Sample � = 0.95 MPa � = 1.89 MPa � = 2.84 MPa

� �
0

�
c

�
c
∕� � �

0
�
c

�
c
∕� � �

0
�
c

�
c
∕�

Dried 0.40 0.62 - - 0.81 0.53 0.28 35% - 1.75 - -
Presoaked 1.05 0.77 0.28 27% 1.13 0.73 0.40 35% - - - -
Saturated 1.38 1.22 0.16 12% 1.11 0.70 0.41 37% - - - -
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un-soaking conditions as an example, as shown in Fig. 9, in 
the primary creep stage, the strain increases, while the strain 
rate decreases. In the steady-state creep stage, the strain is 
a linear function of time. In particular, the creep rate of this 
stage is approximately constant, which is called the steady-
state creep rate 𝜀̇ (Tang et al. 2018).

The value of 𝜀̇ is significantly affected by immersion. 
Table 4 shows that for the samples with the same initial water 
content, the steady-state creep rate 𝜀̇ under soaking condi-
tions is greater than that under un-soaking conditions. For 
instance, the 𝜀̇ values of dried samples under un-soaking con-
ditions and soaking conditions are 0.025 and 0.109 × 10–3/d, 
respectively. If the engineering design is based on the tradi-
tional un-soaking condition, the stability of the rock mass is 
overestimated, which is not conducive to safety. Therefore, 
considering the creep behavior of rock masses under immer-
sion sheds new light on engineering design.

Water content

As seen from Table 4, the failure strength and time-to-failure 
of the sample decrease with increasing water content. For 
the presoaked sample under soaking conditions, the defor-
mation is too large due to the dispersion of the sample. For 
the other samples, the deformation increases with increas-
ing water content. Moreover, when � of the samples is the 
same, the creep deformation is correspondingly the same. 
For example, the water content of the saturated samples is 
23.0% under both un-soaking and soaking conditions. Thus, 
the failure strength and time-to-failure of the samples in the 
two conditions are the same, and the creep deformation var-
ies slightly.

At the second stress level, the relationship between 𝜀̇ and 
� is shown in Fig. 10. It can be clearly seen that under the 
same stress, 𝜀̇ increases with increasing water content, and 𝜀̇ 
is equal when � is the same. For example, the water content 
of the saturated sample is 23.0% in both un-soaking and 
soaking conditions, and 𝜀̇ is approximately 0.13 × 10–3/d 
in both conditions. It must also be noted that in Fig. 8, as 
mentioned before, the creep strain of the presoaked sample 
is too large under immersion ( � = 16.9%). Nevertheless, in 
the steady-state creep stage, 𝜀̇ is 0.118 × 10–3/d, which is 
between the 𝜀̇ of the dried sample ( � was 16.4%, 𝜀̇ was 0.109 
× 10–3/d) and the 𝜀̇ of the saturated sample under soaking 
conditions ( � was 23.0% and 𝜀̇ was 0.13 × 10–3/d). Figure 8 
also illustrates that 𝜀̇ increases with increasing water content.

To investigate the influence of water on the microstruc-
tures of mudstone, the scanning electron microscope (SEM) 
test was conducted. Figure 11 shows the SEM photomicro-
graph of the dried sample, pre-soaked sample and saturated 
sample. For the dried sample, the microstructure is compact 
with few pores. The microstructure is denser than other sam-
ples. With increasing water content, the structures become 
loose and more pores can be observed. For the saturated 

Table 3   The � values of samples under different stress levels

Sample � = 0.95 MPa � = 1.89 MPa

Dried - 1.80
Presoaked 1 1.61
Saturated 0.91 1.03

Table 4   Water content of the 
samples and the failure status

Sample Test condition �
0
(%) �(%) Failure 

strength (MPa)
Holding 
time(d)

Steady-state 
creep rate 𝜀̇ 
(10–3/d)

Dried Un-soaking 0 0 6.62 6 0.025
Soaking 16.4 2.84 2 0.109

Presoaked Un-soaking 15.3 15.3 3.78 3 0.088
Soaking 16.9 2.84 2 0.118

Saturated Un-soaking 23.0 23.0 2.84 2 0.129
Soaking 23.0 2.84 2 0.131

Fig. 8   Creep curve of the samples in the un-soaking and soaking con-
ditions
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sample, the porosity increases and a large number of crystals 
are precipitated.

According to the microstructure of mudstone, the deg-
radation mechanism of water on the creep properties can 
be analyzed. Increasing water contents lead to a looser and 
more porous microstructure, which further results in reduced 
cohesion and the degradation of mechanical properties.

Creep constitutive model considering water

Creep constitutive model

During the immersion stage, the creep damage of mudstone 
can be attributed to the increase in water content. In the 
constitutive equation, the creep parameters decrease with 
increasing water content. To further illustrate the effect of 
water on the creep characteristics of mudstone, an improved 

creep constitutive model is proposed based on the general-
ized Kelvin model.

The generalized Kelvin model consists of a Hooke body 
and a Kelvin body, and its creep constitutive equation is

where �
0
 is the stress, EM is the instantaneous elastic modu-

lus, EK is the viscoelastic modulus, and � is the viscosity.
Although the generalized Kelvin model exhibits nonlinear 

creep characteristics, the linear deformation of two elastic 
components makes it impossible to describe the nonlinear 
deformation caused by water damage. Therefore, the gen-
eralized Kelvin model is unable to show the relationship 
between creep parameters and water content. To solve this 
problem, a creep constitutive model considering water is 
proposed by introducing damage variables. As shown in 
Fig. 12, the model consists of a modified Hooke body and a 
modified Kelvin body. The constitutive equation is

where D� is water damage variable.
In light of the damage mechanics theory, there are two 

methods for defining the damage variables. One definition 
is based on the effective bearing area in geometric damage. 
The other definition is derived from the change in the elastic 
modulus with energy damage. The elastic modulus method is 
more widely used (Gori et al. 2018) and is applicable to the 
determination of damage variables in the creep constitutive 
model considering water (Wang et al. 2019a, Wang et al. 2016, 
Liu et al. 2014 and Yang et al. 2018). In the second method, 
the degradation of material properties and the generation of 
microcracks are considered the main factors of material dam-
age, and the water damage variable is defined as Eq. (4).

where E
0
 is the initial elastic modulus and E� is the elastic 

modulus with water content �.
It is generally accepted that there is a linear relationship 

between the elastic modulus and shear modulus, as shown 
in Eq. (5).

Creep deformation is usually caused by shear stress. 
Therefore, the damage variable of the shear modulus is 
defined based on the second method:

(2)� =
�
0

EM

+
�
0

EK

(1 − e
−

EK

�
t
)

(3)

� =
�
0

EM(1 − D�(EM)
)
+

�
0

EK(1 − D�(EK )
)
(1 − e

−
EK (1−D�(EK ))

�(1−D�(�
K
) )

t

)

(4)D� = 1 − E�∕E0

(5)G =
E

2(1 + �)

(6)D�(G) = 1 − G�∕G0

Fig. 9   Two stages of the creep curve

Fig. 10   Relationship between 𝜀̇ and �
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where D�(G) is the damage variable of the shear modulus, 
G

0
 is the initial shear modulus, and G� is the shear modulus 

with water content �.
Similarly, the damage variable of viscosity can be given 

as

where D�(�) is the damage variable of viscosity, �
0
 is the 

initial viscosity, and �� is the viscosity with water content �.
On the basis of the assumption of constant bulk modulus, 

the one-dimensional creep equation is extended to a three-
dimensional equation. The strain tensor consists of a spheri-
cal tensor, and the deviatoric strain tensor can be expressed 
as

(7)D�(�) = 1 − ��∕�0

where �
0
 is the average strain, �ij is the Kronecker symbol, 

and eij is the deviatoric strain tensor.
The relationship between the average stain and stress 

under the elastic state can be written as

where �
0
 is the average stress and K is the bulk modulus.

The deviatoric stress can be obtained by

where eij is the deviatoric stress, G is the shear modulus, and 
Sij is the deviatoric strain.

In the creep constitutive model considering water,

where

where GM is the instantaneous shear modulus, GK is the vis-
coelastic modulus, and � is the viscosity.

(8)�ij = �
0
�ij + eij

(9)�
0
=

1

3
(�x + �y + �z)=

1

3
�kk

(10)�kk =
�
0

K
=
�kk

3K

(11)eij =
1

2G
Sij

(12)1

G
=

1

G∗
M

+
1

G∗
K

(1 − e
−

G∗
K

�∗
K

t
)

(13)

G∗
M
= GM[1 − D�(GM)]

G∗
K
= GK[1 − D�(GK)]

�∗ = �[1 − D�(�)]

Fig. 11   SEM photomicrograph 
of the mudstones

Fig. 12   Creep constitutive model considering water degradation
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Consequently, the three-dimensional constitutive model 
considering creep degradation can be expressed as follows:

Relationship between water and creep parameters

The nonlinear least square method is used for the param-
eter identification of creep curves. This method has the 
advantages of fast convergence, high accuracy and little 
dependence on the initial value of the iteration. The creep 
parameters of the three sets of specimens under soaking 
and un-soaking conditions are identified. The results are 
shown in Table 5.

(14)�ij =
�kk

9K
�ij + [

1

2G∗
M

+
1

2G∗
K

(1 − e
−

G∗
K

�∗
t
)]Sij

The relationship between the creep parameters and 
water content is shown in Fig. 13. The values of GM , GK 
and � decrease linearly with increasing water content, as 
shown in Eq. (15).

Substituting Eq. (15) into Eqs. (6) and (7), the damage 
evolution equation of the creep parameter is obtained:

Verification

Uniaxial creep test

The creep constitutive model is incorporated into FLAC3D 
by writing a FISH function. To verify the proposed creep 
constitutive model, a serious numerical creep test under 
un-soaking and soaking conditions is carried out. As 
shown in Fig. 14, the numerical model is cylindrical, 50 

(15)

GM = 1.02812 − 0.0229�

GK = 1.26926 − 0.03082�

� = 3429.03785 − 144.04502�

(16)

D�(GM) = 0.024282�

D�(GK) = 0.022274�

D�(�) = 0.042007�

Table 5   Identification values of the creep parameters

Sample Test condition G
M

(MPa) G
K

(MPa) �(MPa·s)

Dried un-soaking 1.00 1.30 3419.57
soaking 0.70 0.80 1080.00

Presoaked un-soaking 0.70 0.84 1260.00
soaking 0.66 0.70 972.00

Saturated un-soaking 0.44 0.55 108.00
soaking 0.50 0.55 108.00

Fig. 13   Relationship between 
creep parameters and water 
content during the creep test
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mm in diameter and 100 mm in height, which is the same 
as the mudstone samples used in the laboratory test. The 
bottom of the model is fixed, and a uniformly distributed 
load is applied to the top of the model.

The numerical simulation is carried out using the Burg-
ers model, which is a built-in model in FLAC3D. Since no 
value is assigned to the property “mviscosity,” the Max-
well dashpot is not taken into account by the model (Itasca 
2003). In this way, the Burgers model degenerates into a 
generalized Kelvin model. The properties of the model are 
as follows: density � = 2000 kg/m3 and bulk modulus K 
= 1 × 109 Pa. The values of GM , GK and � are determined 
according to Table 5 when the water content is 0. These 
creep parameters decrease with increasing water content. 
Figure 15 shows a flowchart of the approach for the numer-
ical experiments that were conducted in this study.

Results

Comparisons of the creep curves obtained by numerical 
simulation and the laboratory test are shown in Figs. 16 and 
17. It should be noted that the emphasis of this study is 
the deformation characteristics of rock masses considering 
water. Therefore, the hygroscopic expansion of the rock sam-
ple is not taken into consideration in the numerical simula-
tion, as shown in Fig. 17a.

The simulation results are in good agreement with the 
laboratory test results. The simulation results highlight 
that the creep deformation increases with increasing water 
content, as do the laboratory test results. The deforma-
tion law of the simulated and test results is similar despite 
the slight deviation, which verifies the correctness of the 

model, as well as the selection of parameters. The results 
indicate that the proposed model is capable of simulat-
ing the creep behavior of rock masses under soaking 
conditions.

Moreover, a comparison of the proposed model and 
previous study was made. Creep damage models under 
water containing conditions were studied by Yang et al. 
(2018) and Liu et al. (2014). A variable-parameter creep 
damage model that considers the effects of dry–wet 
cycling on granite is proposed and verified by Zhang 
et al. (2021). It is seen that the creep parameters decrease 
with increasing water contents or the number of drying– 
wetting cycles. Consequently, the rationality of the creep 
damage model in this paper can be validated by these 
previous studies. The long-term deformation of the rock 
in the hydro-fluctuation belt was influenced by the water 
contents and soaking conditions. Therefore, the creep 
damage model in this paper is suitable for routine engi-
neering practice.

Simulation of long‑term deformation 
of the Majiagou landslide

Project description

As shown in Fig. 18, the Majiagou landslide, situated on the 
left bank of the Zhaxi River in the Three Gorges Reservoir Fig. 14   Numerical model of the uniaxial creep test

Fig. 15   Flowchart of multistage creep test in FLAC3D
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(He et al. 2020), is selected to study the long-term deforma-
tion of the slope after impoundment. The toe and crown 
of this landslide are at elevations of 124 m and 284 m, 

respectively. The average slope of the Majiagou landslide 
is 15°, and the sliding direction of the landslide is almost 
perpendicular to the Zhaxi River (Ma et al. 2017).

Fig. 16   Comparison of the 
simulated and test values in the 
un-soaking condition

Fig. 17   Comparison of the 
simulated and test values in the 
soaking condition
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The profile of the Majiagou landslide is shown in Fig. 19. 
The bedrock is weathered interbedded argillaceous siltstone 
and silty mudstone of the Jurassic Suining Formation with 
low permeability. The surficial deposits consist of gravel 
mixed with silty clay. The mudstone could easily be sof-
tened by water (Zhou et al. 2020). The deformation of the 
landslide was observed after the first impoundment of the 
reservoir in 2003. During the monitoring period between 
2007 and 2009, GPS monitoring station G01 recorded the 
largest average annual deformation at approximately 183 
mm/year (Zhang et al. 2018).

Modeling and simulation methods

Based on the fluid–solid interaction method of FLAC3D, the 
creep deformation of the Majiagou landslide after impound-
ment was simulated. The FLAC3D model of the Majiagou 
landslide is depicted in Fig. 20, which is divided into 543 
elements and 1180 nodes. The horizontal distance of the 
model is 550 m, and the elevation of the back edge is 284 m. 

In the numerical model of the Majiagou landslide, gravita-
tional field is the main component of stress field. The bound-
ary condition of the model was set as the displacement fixed 
boundary. The top surface of slope was set as free bound-
ary, and the normal displacement constraint was applied 
on the bottom and four vertical surfaces. Head-dependent 
flow boundaries were used to quantify flow in of the model 
domain. The hydro-mechanical coupling method was used 
and the water level was set as 145 m and 175 m. G01 and 
G02 were taken as the observation points. The elevations of 
the two observation points are 200 m and 227 m. The rock 
mass is divided into three groups: bedrock, deformed rock 
mass and superficial deposits. The creep constitutive model 
considering water is adopted for all three groups. The physi-
cal and mechanical parameters of each group are determined 
by geological data and inversion (Zhang et al. 2018; Hu et al. 
2019), as listed in Table 6.

The range of the creep parameters ( GM , GK and � ) is first 
determined according to the engineering cases (Shao et al. 
2003; Zhang et al. 2015; Zhou et al. 2011). Then, the creep 
parameters are calibrated by the measured displacement of 

Fig. 18   The Majiagou landslide 
in the Three Gorges Reservoir 
area. a and b show the location 
of the Majiagou landslide in the 
Hubei province; c is a top view 
of the Majiagou landslide

Fig. 19   Profile of the Majiagou 
landslide
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the landslide from August to December 2008. The creep 
parameters are taken as the optimization variables, and the 
objective function is to minimize the residual sum of squares 
between the calculated displacement and the measured dis-
placement. By modifying the value of the creep parameters 
gradually and evaluating the objective function of each 
group of creep parameters, the iteration can be stopped 
when the objective function obtains the minimal value, and 
the creep parameters here are at their optimal values (Shao 
et al. 2003). Table 6 shows the creep parameters obtained 
according to the above steps. In addition, the values of dam-
age variables D�(GM) , D�(GK) and D�(�) are 6� , 6� and 
(10−27)� , respectively.

In accordance with the monitoring data (Zhang et al. 
2018), the water level of 145 m will be remained till Octo-
ber 2008 when it starts to increase to 175 m. Then, the water 
level starts to decrease gradually from 175 to 145 m in Janu-
ary 2009. The decline in the reservoir water level results in 
different water contents of rock mass in hydro-fluctuation 
belt. When impounding again, the rock mass containing dif-
ferent water contents in hydro-fluctuation belt will deform 
under soaking conditions. This process is implemented in 
FLAC3D by the following steps. First, the seepage field of 
the landslide under water levels of 145 m and 175 m is cal-
culated. Then, it is considered that during the impoundment 
process, the characteristics of the blocks deteriorate, and 

the creep parameters are reduced accordingly. Finally, the 
calculation results are obtained.

Simulation results

Figure 21 shows the saturation nephrograms of the Majia-
gou landslide under water levels of 145 m and 175 m. For 
the blocks between elevations of 145–175 m, the satura-
tion is relatively low before impoundment. However, the 
saturation increases significantly after impoundment. The 
rock mass in the hydro-fluctuation belt is almost saturated. 
It is noted that the saturation of rock mass at high eleva-
tions is not affected by water impoundment.

Figure 22 shows the X-direction displacement nephro-
gram of the Majiagou landslide under water levels of 
145 m and 175 m. When the water level is 145 m, the 
displacement of rock mass in the hydro-fluctuation belt 
is less than 52 mm. The displacement of rock mass in 
the hydro-fluctuation belt increased to 200 mm when the 
water level increased to 175 m, which is almost 4 times 
that before impoundment. While the displacement of rock 
mass at high elevation changed little, the increase in the 
reservoir water level leads to the increase in the satura-
tion of rock mass, which further results in an increase in 
deformation.

Fig. 20   Numerical model of the 
Majiagou landslide

Table 6   Values of parameters Group Density � 
(kg/m3)

Bulk modulus K (Pa) Permeability 
coefficient
(cm/s)

G
M

(MPa) G
K

(MPa) �(MPa·s)

Bedrock 2500 7.5 × 108 10–4 600 400 4.4 × 109

Deformed rock mass 2450 5.8 × 107 3 × 10–4 600 400 4.4 × 109

Superficial deposits 2110 9.3 × 106 6 × 10–4 30 20 6.4 × 109
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In addition, the creep curves of monitoring points and 
the relationship between creep rate and time are shown 
in Fig. 23. The numerical simulation results of G01 show 
that in the calibration interval, that is, from August to 
December 2008, the displacement increases slowly, and 
the maximum creep rate is 0.3 mm/d. Affected by the 
rise in the water level, the creep rate increases signifi-
cantly, and the maximum rate is 10.4 mm/d after October. 
The deformation of G01 is 63 mm within the calculation 
interval. The creep curve of G02 shows similar long-term 
deformation characteristics. The deformation of G02 is 
41 mm within the calculation interval, which is less than 
that of G01.

The deformation prediction interval begins after Decem-
ber 2008. In this interval, the predicted creep curve from 
December 2008 to February 2009 is obtained using the 
calibrated parameters. The results show that both the dis-
placement and the creep rate are in good agreement with the 
measured values, which further substantiates that the creep 
constitutive model considering water is suitable for simu-
lating the long-term deformation of reservoir slopes after 
impoundment. Most importantly, the results emphasize that 
an increase in the water level results in an increase in the 
water content of the rock mass, which further causes creep 
damage and then leads to an increase in the deformation 
and creep rate.

Fig. 21   Saturation nephrogram 
under different water levels

Fig. 22   X-direction displace-
ment nephrogram under differ-
ent water levels
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Conclusions and discussion

In this study, multistage creep tests of mudstones with 
different initial water contents are carried out under 
un-soaking and soaking conditions. An improved creep 

constitutive model considering water is proposed, and 
the long-term deformation of the reservoir bank after 
impoundment is simulated using the proposed constitu-
tive model. The main conclusions are as follows:

Fig. 23   Creep curves of the 
monitoring points
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1.	 Under the un-soaking condition, the strength of the mud-
stone decreases and the axial strain and the proportion 
of creep strain in the total strain increase with increasing 
initial water content.

2.	 The influence of soaking conditions on the strength, 
creep strain and the steady-state creep rate of the mud-
stone was verified. For the unsaturated samples, the 
strength and deformation under un-soaking conditions 
are not greater than those under soaking conditions. In 
addition, the creep behavior of saturated samples in un-
soaking and soaking conditions is similar. Moreover, the 
steady-state creep rate of the samples increases signifi-
cantly under immersion. It is necessary for engineering 
safety to consider the creep damage characteristics of 
the rock mass after impoundment.

3.	 The degradation of the creep characteristics of mud-
stone is mainly affected by the water content � during 
the creep test. The failure strength and time-to-failure 
of the samples decrease with increasing � , while the 
creep strain and steady-state creep rate increase. The 
creep behavior is consistent when the � of the samples 
is the same. In other words, the creep parameters are a 
function of the water content.

4.	 According to the degradation of creep parameters and 
the damage evolution equation, a creep constitutive 
model considering water is proposed and incorporated 
into the FLAC3D software. Additionally, this model is 
verified by comparing a series of simulation results with 
laboratory creep tests.

5.	 The long-term deformation of the Majiagou landslide 
after impoundment is simulated using the proposed 
constitutive model. The creep curve of typical measur-
ing points obtained by simulation agrees well with the 
measured value, indicating the effectiveness of the con-
stitutive model. The simulation results reveal the defor-
mation mechanism of the landslide in the rising stage.

It is noted that the experiments in this study are all 
carried out under free absorption conditions, and the 
effects of confining pressure and seepage pressure are not 
taken into consideration, which is a topic of future works. 
Moreover, in the condition of reservoir water level fluctua-
tion, immersion-air dry circulation may lead to cumulative 
fatigue damage of rock. Consequently, the chemical com-
position and secondary porosity of the rock mass change, 
and the influencing factors of creep degradation are more 
complicated and need to be further elucidated.
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