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Abstract

Loess landslides frequently occur in the northwest area of China, leading to serious dam-
age to the society and economy. Under the effects of rainfall and groundwater seepage,
the stress—strain behaviours of Malan loess landslides are closely related to the saturated—
unsaturated state of slide mass. Hence, it is of great significance to study the creep behav-
iours of Malan loess considering matric suction. First, the sliding-zone soil of a typical
Malan loess landslide is collected to carry out tri-axial creep tests with a confining pressure
of 100 kPa and diffident matric suction values of 20, 50 and 80 kPa. Then, a stress—suc-
tion—strain—time model (an improved Burgers model) is established by connecting a non-
linear dashpot element in series with the Burgers model and combining this with the func-
tional relationship between the viscoelastic modulus and matric suction. The results show
that (1) the Malan loess has obvious creep behaviours with viscoelastic and viscoplastic
creep properties, (2) the long-term shear strength of Malan loess increases along with the
increase in its matric suction, and (3) the improved Burgers model can more accurately
describe the unsaturated creep behaviours of Malan loess with matric suction compared to
the traditional Burgers model.
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1 Introduction

Loess, formed in the Quaternary period, is a kind of sediment with features of multiple
interspaces and weak cementation. The total distribution area of loess in the northwest
and north China reaches 6.3 x 10°> km? (Xu et al. 2017). In recent years, loess landslides
have frequently occurred in these areas due to extreme weather conditions and unreason-
able human engineering constructions, which seriously threaten local people’s safety and
property. Therefore, it is of great significance to study the instability mechanism of loess
landslides.

Recently, loess landslides have attracted the attention of many scholars. Related litera-
tures indicate that the evolution and occurrence of loess landslides are affected by the com-
bining actions of various internal and external factors, including the physical and mechani-
cal properties of loess, slope structure, earthquake, rainfall, changes of slope groundwater
level, human engineering activities, etc. (Fan et al. 2017; Hou et al. 2018; Huang et al.
2017; Lee et al. 2014; Ling et al. 2014; Wang et al. 2013; Xu et al. 2014; Zhang and Wang
2007; Zhuang et al. 2018). Among these factors, the physical and mechanical properties
of loess can be characterized as loose structure, high clay mineral content, water sensitiv-
ity, collapsibility and sensitivity to matric suction. These special physical and mechanical
properties offer material conditions for the occurrence of loess landslides (Chen et al. 2012;
Qiu et al. 2018; Xu et al. 2018; Zhang and Liu 2009). In addition, physical and mechanical
properties of loess readily change under heavy rainfall and contribute to the instability of
loess slopes. Moreover, landslides can be regarded as a process where stress and strain of
sliding mass are continuously adjusted over time under the action of gravity and external
forces (Bhat et al. 2013; Zhou et al. 2012). Therefore, it is necessary to study the variations
of physical and mechanical properties of loess under various conditions and further explore
the creep behaviours of loess slope corresponding to these variations to reveal the deforma-
tion and failure mechanism of loess landslides.

It is known that some landslides occurred due to the creep behaviours of soil slope (Lai
et al. 2010). Over the past decades, researchers have conducted numerous studies to inves-
tigate the creep behaviours of the soil slope and mainly focused on the following aspects.
On one hand, in order to investigate the deformation and strength features of sliding-zone
soil, the creep behaviours have been studied by a series of laboratory experiments con-
sidering different confining pressures, water contents, stress levels, etc. (Xie et al. 2018;
Yang et al. 2010; Zhao and Zhou 2013). On the other hand, the creep models of soil slope
are put forward based on the results of tri-axial creep tests and theoretical analysis (Li
et al. 2011). Literature review indicates that there are mainly four types of creep models,
namely the Cam—Clay model, Duncan—Chang model, Kelvin model and Burgers model,
that are widely accepted and applied by researchers at present (Graham et al. 2001; Huang
et al. 2009; Liu and Carter 2002; Nguyen et al. 2011; Wan et al. 2011). In addition, the
creep models are mainly built based on the empirical, element, yield surface and/or dam-
age effect modelling patterns (Sivasithamparam et al. 2015; Wang and Qiao 2011). Among
those creep models, the Burgers model is widely used to describe creep behaviours of vari-
ous rocks and soils due to its advantages of intuitive concept, clear physical meanings of
parameters and simple calculations (Zhao et al. 2009). Hence, the Burgers model is also
selected to explore the creep behaviours of loess landslides in this study.

Matric suction plays an important role in the creep process of loess landslides
(Song et al. 2016). This is because the matric suction, which can be defined as the
difference value between gas pressure and water pressure, is a critical parameter to
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describe the mechanical properties of unsaturated soil. Furthermore, loess landslides
are in the unsaturated state due to the influences of rainfall and changes of ground-
water level; the stability of the loess slope is closely related to the saturated and/or
unsaturated state. The current studies mainly focus on the relationships between mat-
ric suction and the mechanical properties of unsaturated soil (Fredlund et al. 1995;
Gallage and Uchimura 2016; Mahmood et al. 2016) as well as the influences of mat-
ric suction in the landslide failure mechanism, monitoring and warning (Jeong et al.
2017; Tang et al. 2014; Yuliza et al. 2016). However, there are few studies focusing on
the creep behaviours of loess landslides under the action of matric suction. Only Lai
et al. (2012) have used the sliding-zone soil of a landslide in the Three Gorges region
to carry out unsaturated tri-axial creep tests under conditions of different matric suc-
tion values and different deviatoric stress levels and then established the correspond-
ing stress—suction—strain—time model. Zhu and Yu (2014) proposed an improved Mesri
creep model involving stress—matric suction—strain—time, which is more precise than
the Mesri creep model in predicting the unsaturated creep behaviours of weak inter-
calated soils. Hence, it is necessary to study the creep behaviours of loess landslides
under the action of matric suction.

In this study, Malan loess collected from the Loess Plateau area of China is selected
to conduct tri-axial creep tests under control conditions of different matric suction val-
ues with a GDS experimental instrument. The relationships between stress—strain and
experimental times under different matric suctions and stress loading levels are stud-
ied. In addition, the long-term strength changes of Malan loess soil samples under dif-
ferent matric suctions are analysed. Furthermore, an improved Burgers creep model is
established by considering the influence of matric suction on the Burgers model and
the creep behaviours in the acceleration creep stage, because the traditional Burgers
model has not considering the effects of matrix suction and acceleration creep behav-
iours of Malan loess. These studies can provide experimental experience and theo-
retical guidance for revealing the creep mechanical properties of an unsaturated loess
slope.

2 Materials and methods
2.1 Experimental material

Malan loess (pr"l), which is collected from the sliding-zone soil of loess landslide
where located in Lingbao City of Henan province, China, is selected as the sample
soil. The basic physical and mechanical properties of the sample soil are shown in
Table 1. It can be seen from Table 1 that the specific gravity is 2.69 by specific gravity
tests, the saturation hydraulic conductivity is tested to 1.26x 107 m/s, and the maxi-
mum dry density is 1.80 g/cm? as well as the optimum moisture content is 17.35%. The
particle distribution curves of the sample soil indicate that its compositions include
sand (0.075-2 mm), silt (0.005-0.075 mm) and clay (< 0.005 mm) with percentages of
4.50%, 84.04% and 11.47%, respectively (Fig. 1). Moreover, the main mineral compo-
nents of the sample soil include quartz (54.66%), feldspar (15.05%), calcite (12.40%),
illite (8.97%), chlorite (7.20%) and dolomite (1.55%) based on X-ray diffraction (XRD)
experiments (Fig. 2).
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Fig.2 XRD pattern of Malan loess

2.2 Experimental schemes

The GDS tri-axial instrument of unsaturated soil is adopted in this study. This instru-
ment mainly includes four parts: the confining pressure control device, air pressure con-
trol device, data acquisition device and soil sample placing device. The experimental
confining pressure is set to 100 kPa, and the matric suction is set to 20, 50 and 80 kPa.
The whole experiment process can be described as the following steps.

1. Soil sample preparation the collected Malan loess is crushed and then dried at 105 °C.
The dried Malan loess is screened with 2 mm. Second, the water content of the Malan
loess is set to 16%, and static compaction is applied for 24 h to make the water diffuse
evenly in the loess. Finally, several soil samples with a size of 68 mm X 100 mm and a
density of 1.70 g/cm? are prepared by the stratified sampling method.
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2. Saturation the soil samples are saturated by the vacuum saturation method before con-
solidation.

3. Consolidation the soil samples are consolidated in the drained condition with a confining
pressure value of 100 kPa after loading the saturated soil samples into GDS instrument.
The consolidation process is over when the volume change of drained water is less than
0.01 mm? per 2 h.

4. Setting the matric suction value The air pressures of the GDS instrument are set to 20,
50 and 80 kPa through the air pressure control device. Meanwhile, the pore water pres-
sure is set to zero.

5. Shearing the axial deviatoric stress is controlled by a multi-stage loading method. The
failure stress value of soil sample is estimated using the conventional tri-axial shear
strength index. Then, the multi-stage loading processes are set to 4—6 stages with loading
g values of 50, 100, 150, 175 and 200 kPa, respectively, for each matric suction value.
In addition, the creep stability criterion under g loading of each stage is specified as that
the accumulation deformation per hour is less than 0.01 mm and/or the loading time of
each stage lasts at least 1440 min.

6. Data processing and analysing: The deformation of each sample at different loading
times can be obtained when the creep test is finished. Then, the stress—strain—time
curves of different matric suctions can be plotted through the Boltzmann superposition
principle due to the hierarchical loading in the creep test. Furthermore, the stress—strain
isochronal curves with different S can be plotted by selecting the strain values at dif-
ferent times. Finally, the parameters of creep model are solved and verified using those
creep data.

3 Theory of the improved Burgers model
3.1 The Burgers model
The Burgers model (Fig. 3a) is composed of a Kelvin body, spring and dashpot element

in series. This model possesses elastic deformation in the early loading stage while
possessing viscous and plastic deformation in the later stage. In addition, the Burgers
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Fig.3 The Burgers model (a) and the improved Burgers model (b)
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model can describe the phenomenon of attenuation creep and constant-rate creep. The
Burgers model is expressed as follows:

6=0=0, (1)
e=¢g +¢ )
o,=0=E¢€ 3)

c c c Eyt
£=—+—+—(1—exp<——)> 4
E m  E ) @

where ¢ is the constant total stress; E|, and E, are the viscoelastic moduli; #, and #, are the
viscosity coefficient of the glue pot. o, and ¢, are the stress of the spring and Kelvin body,
respectively; € is the total strain; €, and &, are the strain of the spring and Kelvin body,
respectively; ¢ is time.

3.2 The improved Burgers model

There are some limitations in the Burgers model. It assumes that the creep behaviours
are only caused by the deviatoric stress (¢) without considering the effects of confin-
ing pressure, stress levels and matric suction. In addition, the Burgers model can only
describe the attenuation creep and constant-rate creep stages. However, the actual creep
failure processes of loess landslide include three stages of attenuation, constant-rate and
acceleration. At present, some scholars have improved the Burgers model from different
perspectives. For example, Jin and Ming (2016) proposed an improved Burgers model
considering the influence of confining pressure on creep behaviours of coarse-grained
soil; Ju et al. (2016) established a new Burgers model through studying the relationships
of viscoelastic modulus with water content and time. In this study, the Burgers model is
improved from two perspectives: (1) considering the influence of matric suction on the
Burgers model and (2) considering the creep behaviours in the acceleration creep stage
(Fig. 3b):

(1) A linear viscoelastic modulus is introduced to explain the influence of matric
suction on creep behaviours in unsaturated loess. The changes of linear viscoelas-
tic modulus along with the variation of matric suction can be studied according to the
stress—strain isochronous curve. Therefore, when ¢ < o, the Burgers model can be
improved according to the following formulas:

0=01=0, 5)

e=¢€ +¢, (6)
op=0=E¢ (7)

0, =0 = E,(S, e, + 1mp€,. (8)

The corresponding creep equation is as follows:
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e=Z 4242 [1—exp <—E2(S’t)t>] ©)
E, n o Ey)S.0) m

where E, (S, t) is the expression revealing the relationship between the viscoelastic modu-
lus, matric suction and time; S is the matric suction, and o, is the yield stress. The vis-
coelastic modulus and matric suction at different times are fitted by the linear formula
E, = PS+ Q as follows:

P=aln(®)+b (10)

Q=ct 11
where a, b, ¢, d are the fitting parameters. Hence, the relationships between the viscoelastic
modulus and S can be obtained as follows:

E,(S, 1) = (aln(t) + b)S + ct?. (12)

The creep equation of the improved Burgers model can be obtained by substituting
Eq. (12) into Eq. (3) and Eq. (9). When ¢ < o, then:

=240, o | ﬁmjmmm+m&mﬂz.

E, n (aln(t)+b)S+ectd| 1

13)

(2) Improvement in the acceleration creep stage

When the creep stress is greater than the yield stress of loess, the nonlinear dashpot
element with a strain trigger is applied to describe the soil deformation in the accelera-
tion creep stage to improve the traditional Burgers model as follows:

o= nnlgnl (E 2 ga)

;=0 (e<eg) (14)

where ¢, is the strain value corresponding to soil samples entering into the accelerating
creep stage. €,; is the viscosity coefficient of the nonlinear dashpot element. When & > €,
the total stress of the soil sample is greater than the yield stress; then, the creep behaviour
of soil sample enters the accelerating deformation stage, and the nonlinear dashpot element
begins to be triggered:

0=0,=0,=0; (15)
E=€ +& +&; (16)

o, =0=Ez¢ a7

0, =6 = Ey(s,0)e; + 1y, (18)
03 = M€ (19)

where o5 is the nonlinear dashpot stress and &5 is the nonlinear dashpot strain. The corre-
sponding creep equation can be described as follows:
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8_z+z+L[1_exp<—’M>]+ T (t-1y) 20)
E, 0 EXS.0) ) 2,

where 7, is the time when soil sample enters into the accelerating creep stage. When € > ¢,
then:

o o o

o —
E, n (aln@® +b)S+ct?

xp( (t=1). (21)

((aln(®) + b)S + cz")t] o
- +
m 2n

nl

4 Experimental results
4.1 Strain-time curves analysis

The creep experiment results under the multi-stage loading conditions are shown in
Table 2. The strain values at 1 min, 5 min, 10 min, 30 min, 60 min and 1440 min under
each ¢ loading condition are recorded. In addition, the stress—strain—time curves (Fig. 4)
under different matric suction conditions can be plotted by using the Boltzmann superposi-
tion principle to process the experimental data (Rabotnov 1963). The creep deformation
features of soil samples under different matric suction conditions are revealed in Fig. 4.

1. Figure 4 shows that a certain amount of instantaneous strain is generated in soil samples
when a load is applied in each stage. Furthermore, the higher the stress level is, the
greater the instantaneous strain is.

2. Figure 4 also shows that the creep strain—time curves of soil samples can be classified
as three types. (1) When the ¢ is less than or equal to 150 kPa, the strain—time curve
tends to reach a steady state within a short time after the instantaneous strain, and the
soil samples exhibit the behaviour of decaying creep. (2) When the ¢ is 175 kPa, the
creep curve exhibits acceleration creep deformation with a gradually increasing creep

Table 2 The results of creep experiments under different matric suction conditions

Simple S/kPa g/kPa Strain/l min Strain/5 min Strain/10 min  Strain/30 min  Strain/60 min  Strain/1440 min
number

1 20 25 0.047 0.692 0.872 0.892 0.897 0.920
50 0.974 1.007 1.025 1.064 1.095 1.157
100 1.417 1.926 2.007 2.115 2.174 2.329
150 2.571 3.758 4.111 4.438 4.599 4.844
175 4.881 4.929 5.008 6.557 9.617 12.190
200 12.215 12.237 12.252 12.433 20.294 -

2 50 50 0.262 0.797 0.816 0.838 0.851 0.955
100 1.180 1.604 1.703 1.836 1.881 2.064
150 2.289 3.584 4.259 5.038 5.352 5.710
175 5.964 7.269 8.898 11.465 24.910 -

3 80 50 0.599 2.010 2.357 2.394 2.410 2471
100 2.754 3.437 3.540 3.624 3.671 3.801
150 3.985 5.206 5.609 5.919 6.038 6.212
175 6.268 6.332 6.413 7.281 7.989 8.757
200 8.797 8.827 8.858 9.976 19.545 -
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Fig.4 Strain-time curves of soil samples under different matric suctions: a S=20 kPa, b §=50 kPa, ¢
S§=80 kPa,
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rate after the instantaneous strain and then tends to show attenuation creep deformation
until the creep is stable. (3) When g is 200 kPa, the creep curve has a steep increase and
enters the acceleration creep stage; the creep rate becomes larger until the soil samples
fail. The duration of this stage is short, and this stage is characterized by an up-warping
section in the creep curve.

3. Under the condition of the same loading stress level, the larger the matric suction is,
the smaller the initial strain is when the creep deformation enters the accelerated creep
stage. In addition, Table 2 shows that there is a steady creep stage with constant strain
velocity before the creep behaviour of soil sample enters to acceleration creep stage.

4.2 Stress-strain isochronal curve

The strain—time curves under the conditions of different matric suctions are shown in
Fig. 4. The strain values at the times of 1 min, 5 min, 10 min, 20 min, 30 min, 60 min,
100 min and 360 min under each loading condition are selected from Fig. 4 to obtain the
stress—strain isochronal curves with different matric suctions (Fig. 5).

1. Figure 5 shows that the stress—strain isochronal curves are all clusters of curves under the
conditions of different matric suction values, and the curves gradually become concave
to the strain axis along with the increase in stress and time. These phenomena indicate
that the Malan loess has obvious nonlinear creep behaviours. Moreover, the greater the
deviatoric stress level and the longer the deformation time are, the greater the degree of
concavity to the strain axis is, which indicates that the nonlinear degree increases along
with the increase in the deviatoric stress level and time.

2. Figure 5a shows that, when the matric suction is 20 kPa and ¢ is less than 150 kPa, the
stress—strain isochronal curves of the soil sample exhibit nearly linear features, and the
soil sample exhibits the feature of linear viscoelasticity. In addition, the correspond-
ing creep process is gradually attenuated to be steady state. When the g is greater than
150 kPa, the stress—strain curve is nonlinear and the soil sample shows the characteristic
of nonlinear viscoplasticity. In addition, the corresponding creep deformation increases
with increasing time, indicating an unstable deformation process. Similar results are
also shown in Fig. 5b, c.

Figure 6 suggests that matric suction has a significant impact on the creep behaviours of
Malan loess under the same confining pressures and stress level conditions. Furthermore,
the larger the matric suction is, the greater the strain is when the creep deformation of soil
sample reaches steady state. When the confining pressure is 100 kPa and ¢ is 150 kPa, the
creep strains at steady state are 4.84%, 5.69% and 6.22% corresponding to S of 20, 50 and
80 kPa, respectively.

4.3 Variation of long-term strength under different matric suctions

The long-term strengths of soil samples under different matric suctions can be obtained
based on the stress—strain isochronal curves (Fig. 5). The long-term strengths with matric
suction of 20 kPa, 50 kPa and 80 kPa are 151, 159 and 168 kPa, respectively. The long-
term strength of Malan loess increases along with the increase in matric suction.
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5 Solution and verification of the improved Burgers model
5.1 Variation of the linear viscoelastic modulus under different matric suctions

According to the stress—strain isochronal curves of soil samples (Fig. 5), the variation of
linear viscoelastic modulus under different matric suctions is studied, and then, viscoelastic
modulus values for different matric suctions and times can be calculated (Table 3). Table 3
suggests that viscoelastic modulus gradually decreases with increasing time under same S
condition.

5.2 Solution and verification of model parameters

Figure 7 shows that the viscoelastic modulus values of soil samples have a linear rela-
tionship with the matric suction at the same time. Hence, the linear formula E, = PS + Q
is used to fit the relationships between viscoelastic modulus and matric suction at differ-
ent times (Fig. 7). The parameters P and Q are obtained according to the fitting formula
(Table 4).

The fitting equations in which the parameters P and Q vary along with the changes of
time are obtained based on Eqgs. (10) and (11) and the data in Table 4. The obtained equa-
tions are P = 0.02461In(¥) — 0.565 and Q = 80.8861 """, respectively, with corresponding
R? values of 0.988 and 0.970. There is a great linear relationship between the viscoelastic

Table 3 Linear viscoelastic modulus values of loess with different matric suctions

20kPa Time/min 5 20 30 60 100 200 360 720
Viscoelastic modulus/(10° kPa)  62.32 57.65 56.47 54.56 5330 5230 51.53 49.83

50 kPa Time/min 5 20 30 60 100 200 360 720
Viscoelastic modulus/(10° kPa) 5871 51.35 50.12 48.56 47.38 4641 46.06 452

80 kPa Time/min 5 20 30 60 100 200 360 520

Viscoelastic modulus/(10° kPa) 36.12 28.27 27.53 2674 2645 2625 2601 25.96
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Table 4 The fitting results of the viscoelastic modulus with matric suction
Time (min) P 0 R? Time (min) P 0 R?
5 —0.5359 74.196 0.851 100 —0.4457 64.752 0.906
10 —0.5108 74.545 0.853 200 —0.4343 63.366 0.909
20 —0.4896 70.236 0.902 360 —0.4253 62.468 0.902
30 —0.4824 68.828 0.905 450 —0.4203 62.018 0.900
60 —0.4637 66.468 0.903 720 —0.3978 60.221 0.889

modulus and matric suction. Therefore, the creep equation of Malan loess can be expressed
as follows:
when ¢ < o, then:

(o2 (o2 (o2
=—+—+
E, 7, (0.02461n(t) — 0.565)S + 80.886/-0045
((0.0246 In(7) — 0.565)S + 80.8861~0045)7 22)
- |1 —exp(—
p)
when € > ¢, then:
[0} (o3 [0}
E=—+—+
E, " n " (0.02461n(r) — 0.565)S + 80.886¢~0-045
(23)

_ —0.045
. [l e ((0.0246 In(r) — 0.565)S + 80.886¢ )t] +° (t—1y)

M 2’7nl
Next, it is necessary to solve the relevant parameters of the improved creep model. In
this study, relevant parameters are solved by adopting the BFGS algorithm and general

global optimization method to fit the strain—time curves in the mathematical software
IstOpt. These parameters are listed in Table 5. Then, the fitted strain—time curves are
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Table 5 Parameters of the improved Burgers model

Matric suction g (kPa)  E,(10°kPa)  #,(10° kPamin)  #,(10° kPamin)  #,(10° kPamin) R?

20 kPa 25 106.898 112.155 0.391 501.791 0.652
50 44.119 584.597 0.987 0.991
100 38.891 598.868 2.808 0.985
150 32.374 629.713 1.455 0.917
175 17.951 69.639 2.983 0.899
200 11.649 74.458 141.483 0.934
50 kPa 50 91.315 124.929 4.374 495.149 0.999
100 40.664 143.587 1.556 0.982
150 35.660 90.6308 3.651 0.870
200 7.0384 37.5461 0.181 0.999
80 kPa 50 63.457 29.5875 0.762 393.327 0.998
100 46.297 60.2024 0.934 0.983
150 76.182 33.0856 4.754 0.994
175 39.044 40.8286 0.548 0.882
200 16.178 73.6843 0.2146 0.952

analysed and compared with the experimental strain—time curves. Figure 8 shows that the
improved Burgers model fits the strain—time curves well, which can accurately reflect the
magnitude relationship of creep strain considering matric suction in unsaturated loess and
can further comprehensively and accurately reflect the whole process of unsaturated loess
creep.

6 Discussion
6.1 Effects of matric suction on landslide instability

In this study, the tri-axial creep tests are performed on Malan loess specimens under dif-
ferent matric suctions, namely 20, 50 and 80 kPa, respectively. It can be concluded that the
creep properties of Malan loess are also closely related to the matric suction, although the
effects of water content, confining pressure, soil particle composition and other factors on
creep behaviours have been studied (Gao et al. 2012). In addition, it is revealed that the
matric suction plays an important role in the stability of loess landslide. Hence, the results
of this study are significant for exploring the landslide instability mechanism.

6.2 Creep behaviours of Malan loess

In general, the loess creep behaviours under different conditions exhibit different features.
For example, Long et al. (2010) had pointed that the loess creep deformation included
constant-rate creep, accumulation creep and creep failure stages under the effect of water
contents. Wang et al. (2020) had deciphered the loess creep behaviours using multi-loading
tri-axial creep tests under different water contents and revealed the relationships among
the creep rate at the steady-state creep stage, the initial strain and initial shear modulus.
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Fig.8 Comparison of experi-

ment curves and fitting curves

under different matric suctions
aS=20kPa, b S=d0 kPa, ¢
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Guo et al. (2015) had studied the creep properties of remoulded loess under different water
contents and confining pressures. In this study, the creep behaviours of Malan loess exhibit
viscoelastic and viscoplastic creep properties and have attenuation creep, constant-rate
creep and accumulation creep stages. In addition, it can also be revealed that the loess from
different places exhibit different creep behaviours due to the difference of particle concen-
tration, loess structure and sedimentary environment.

6.3 Discussions of improved Burgers model

Although some empirical creep models and Burgers models considering different factors
have been proposed to implement an in-depth study of soil creep behaviour, the matric
suction is rarely considered and the accelerated creep stage of creep deformation is rarely
reflected in the existing studies. Therefore, an improved Burgers model is established con-
sidering the matric suction factor and accelerated creep deformation as well as combining
this with tri-axial creep experimental data based on the Burgers model. Figure 8 suggests
that the improved Burgers model has good accuracy and can effectively reflect the creep
features of unsaturated Malan loess.

Furthermore, some deficiencies still exist in the improved Burgers model. On one hand,
the conclusions of this paper are based on the results of creep tests; it is inevitable to have
some limitations due to the small number of soil samples. On the other hand, due to the
formation and evolution of landslides depend on the effects of some factors such as matric
suction and water content of soil, rainfall, groundwater and human activities, it is difficult
for the improved Burgers model to take all of these complex factors into account.

To better link the creep test results and improved Burgers model with the mechanism
of loess landslides, the improved Burgers model should be incorporated into a numerical
simulation program as a new module, which can better make use of the field monitoring
data and the proposed creep model to analyse the landslide processes. Based on the finding
of this study, the evolutional processes of the landslide under different matric suctions can
be analysed and predicted.

7 Conclusion

In this study, the creep behaviours of Malan loess are studied based on a series of tri-axial
undrained creep tests. Then, an improved Burgers model considering the effects of matric
suction values is proposed. Some conclusions can be drawn as follows.

1. The Malan loess has strong creep behaviour. When the deviatoric stress is less than the
yield stress, the soil sample exhibits a linear viscoelasticity. When the deviatoric stress
is greater than the yield stress, the soil sample exhibits a nonlinear viscoelasticity.

2. The long-term strength of Malan loess increases along with the increase in matric suc-
tion. The viscoelastic modulus decreases with the increase in time under the same matric
suction condition. At the same time, under the condition of the same loading stress level,
the larger the matric suction, the smaller the initial strain when the creep deformation
enters the acceleration creep stage. In addition, the relationship between the viscoelastic
modulus and matric suction is linear.

3. A stress—suction—strain—time model (the improved Burgers model) which is suitable
for Malan loess is established by connecting a nonlinear dashpot element in series with
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the Burgers model and combining the functional relationship between the viscoelastic
modulus and matric suction. It can be concluded that the improved Burgers model can
more accurately describe the creep behaviours of unsaturated Malan loess under the
conditions of different matric suctions by comparing the modelling results to the testing
results.
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