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The creep deformation of expansive soil has been considered as a vital threat to the safety
in engineering construction because it may cause serious slope diseases in geological
engineering. Meanwhile, since expansive soil usually remains in unsaturated state, its
mechanical property is significantly affected by the seasonal environment. Therefore, the
nonlinear deformation of expansive soil has received increasing attention, especially the
humidity-dependent creep properties. This study focused on the stability of the
unsaturated expansive soil subgrade considering rainfall and the creep behavior.
Pressure plate extractor and direct shear tests were performed to investigate the
hydro-mechanical and creep characteristics of the unsaturated expansive soil. Both
the Van-Genuchten and Burgers models were applied to analyze the test results and
inserted into the numerical model of the slope under rainfall infiltration. Results show that
the compaction degree and the stress state was closely related to the water holding
capacity of the expansive soil. The nonlinearity of the creep behavior became increasingly
obvious with the increase of time and the stress level. The safety factor of the slope
decreased as the rainfall time increased, and the most dangerous slide of the slope moved
toward the foot of the slope. Considering the long-term creep process, there was a period
of rapid growth in horizontal displacement that is detrimental to the stability of the slope.
Besides, the rainfall infiltration could accelerate the slope failure before and after this creep
process.

Keywords: subgrade engineering, expansive soil, soil-water characteristics, creep behavior, numerical simulation

1 INTRODUCTION

Disasters caused by expansive soil have received increasing attention with the development of
engineering construction (Ikeagwuani and Nwonu, 2019). Expansive soil is a special kind of porous
soil with moisture dependence and is rich in kaolinite, montmorillonite, illite, and other mineral
components (Leng et al., 2018). The repeated swelling and shrinking behavior of expansive soil is
caused by the change in natural environment (Soltani et al., 2018). For example, under the drying and
wetting cycles, the overlying pavement with expansive soil will be prone to uneven settlement,
leading to the destruction or instability of the engineering structure (Lu et al, 2019). This
phenomenon presents significant challenges to road engineering in designing and building stable
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pavement structures (Khan et al., 2020). Expansive soil is widely
distributed in more than 40 countries and regions. In China, the
annual economic loss caused by the geological disasters caused by
expansive soil is as high as 15 billion. Current studies show that
the expansive soil slope has the characteristics of shallow layer
expansion and contraction and seasonality (Mehta et al., 2017).
The soil-water characteristics of expansive soil are closely related
to its strength. In pavement engineering, the most expansive soil
subgrade structures are located above the groundwater level and
remain in unsaturated state for a long time. Zhang et al. (2020)
analyzed the water—air migration law of the subgrade structure
through a series of numerical models and found that, considering
the atmospheric environment, groundwater, and other factors,
the water content of subgrade soil gradually increases during the
operation period and reaches the equilibrium state in
approximately 3years. However, the current traditional
framework used for pavement design and construction ignores
the water migration law and its effect on unsaturated
embankment soil.

The hydraulic characteristics of expansive soils are fully
understood by the soil-water characteristic curve (SWCC).
SWCC is an important testing tool to investigate the
relationship between matric suction and water content of the
unsaturated soil (Yao et al., 2019). Li et al. (2019) emphasized that
it is necessary for subgrade design to establish the humidity field
affecting the stiffness and deformation of the subgrade structure.
It is widely accepted that matric suction plays an important role in
mechanical properties of the unsaturated soil, including resilient
modulus and shear strength (Yao et al., 2018). Pooni et al. (2021)
applied the dewpoint potentiometer to measure the hydraulic
behavior and the results showed the hydraulic variation has
strong influence on the stabilization for an expansive
subgrade. Therefore, the SWCC features of expansive soil
must be investigated to scientifically and effectively evaluate
the stability of the expansive soil slope (Dai et al., 2020). In
general, matric suction can be measured directly or indirectly.
Direct measurement can be performed using the tensiometer
(Take and Bolton, 2003), axis-translation (Toll et al., 2013), and
filter paper (Houston et al., 1994) methods. The pressure plate
extractor has been widely utilized in assessing the SWCC of
unsaturated soil on the basis of axial translation technology
(Wang et al,, 2015). A clay plate is used in this device with a
high air intake value to isolate the gas and water phases in the soil
to achieve precise suction control. Meanwhile, some
mathematical models have been proposed by fitting the test
data points into continuous functions to describe the SWCC
behavior (Yang and Bai, 2019). Fredlund and Xing (1994), Van
Genuchten (1980) and Gardener et al. (1970) have all made
outstanding contributions in these models. Among them, the
Van-Genuchten model is considered to have a good fitting effect
and reliability and has been widely used to predict the
permeability coefficient, strength, and pore water distribution
of unsaturated soils.

In addition to the soil-water characteristics, the rheological
property of the expansive soil is also considered in slope stability
(Congetal., 2020). The rheological behavior study mainly focuses
on the creep deformation of expansive soil over time (Pawlik and

SWCC and Creeping of Expansive Soil

TABLE 1 | Physical soil properties.

Index Testing value
Natural moisture content (%) 26.5
Density (g/cm®) 1.93
Void ratio 0.77
Specific gravity 2.70
Saturation (%) 92.9
Liquid limit (%) 61.4
Plastic limit (%) 22.8
Plasticity index (%) 38.6
Maximum dry density (g/cm?®) 1.89
Optimum moisture content (%) 15.8
Free expansion ration (%) 62.5

Samonil, 2018). In terms of the creep test, the research object
covers a wide range, such as coarse-grained (Hou et al., 2018),
marine sediment (Huang et al., 2020), and frozen (Li et al., 2017)
soils. Given its high water content and compressibility, soft soil
has an obvious creep characteristic (Zhou et al., 2021). Many
studies have been conducted on the creep characteristics of soft
soil. However, for hard clays, such as expansive soils, few studies
have been conducted on the creep properties (Shan et al., 2021).
As the key to solving the creep-related problems of expansive
soil, a constitutive model of creep behavior is developed to
discuss the relationship between deformation, stress, strength,
and time (Liu et al., 2020). According to the experimental test
data, some researchers established the theoretical creep model
by using mechanical theory and element combination. Fan et al.
(2011) carried out compression creep tests and compared the
Burgers and K-H models by fitting the rheological properties of
expansive soil. Peng et al. (2020) found that the nonlinear
fractional derivative creep model could describe the creep
characteristics of expansive soil well and established a shear
creep constitutive equation and its parameters. Therefore, the
creep mechanism of expansive soil must be explored, and the
theoretical model must be introduced in practical engineering
design to fundamentally control the disasters caused by
expansive soil.

In previous research, the numerical method was usually
applied to analyze the failure mechanism of slopes and was
supported by experimental results (Zheng et al., 2018; Zheng
etal., 2021). It is a responsible way to quickly predict the stability
of slopes under different environmental and loading conditions.
Therefore, the moisture distribution of an expansive soil slope in
this study was calculated using the Geo-studio software and
inserted into the FLAC3D model. The study aims to evaluate
the stability of the unsaturated expansive soil subgrade using the
rainfall infiltration model and consider the creep deformation.
Thus, experimental tests were performed to investigate the hydro-
mechanical characteristics of unsaturated expansive soil and
survey the influences of compaction and stress on the SWCC
results. Similarly, the creep behavior of expansive soils was
studied using direct shear tests, and the results were fitted by
the Burgers model. In the simulation, the non-linearity and time
dependence of the shear properties were defined by the CVISC
creep model.
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TABLE 2 | Mineral properties of expansive soil.

Mineral composition (%) Expansive soil

Montmorillonite 10-15
Hydromica 15-25
Quartz 20-30

SWCC and Creeping of Expansive Soil

saturation or volume and water content in unsaturated soils.
SWCC is commonly used to characterize the water holding
capacity of unsaturated soils and is influenced by several
factors, including mineral composition, grain size distribution,
overlying stress, and dry density. Therefore, SWCC and its

FIGURE 1 | llustration of (A) pressure plate extractor and (B) its test principle.

Natural condition Testing condition
1y, 1= 2oy 2
ol o'-u,'= 6*u, o
u,! |:> u,2
1 2
uy'<0 u*>0
Iy 1=y 2, 2
Uy Uy = Uy Uy
Soil Sample

2 MATERIALS AND METHODS
2.1 Materials

The soil samples were taken from Nanning, Guangxi, from alluvial
expansive soil. Physical property and XRD diffraction tests were
carried out on the soil samples. The basic physical property index
and the mineral composition are shown in Tables 1, 2.

The mineral composition and content are one of the important
factors affecting the mechanical properties of expansive soil.
Generally, the higher the content of strong hydrophilic
minerals (such as montmorillonite hydromica) in the soil is,
the greater the water absorption rate of the soil and the higher the
plasticity index are. In particular, the relaxation rate of the soil
samples and the significance of the creep characteristics of the test
results increase with montmorillonite content. Quartz has little
effect on stress relaxation.

Some studies show that the expansive soil in the subgrade
slope gradually evolves into the sheet frame or stack structure
after long-term compression (Jalal et al., 2020). The results show
that the shear creep characteristic is obvious. In addition, after
expansive soil absorbs water, the thickened structural water film
on the surface of the soil particles increases the viscosity between
the soil particles, which leads to the more obvious creep
characteristics of expansive soil. Therefore, SWCC and direct
shear creep tests must be performed on expansive soil to
understand the engineering properties of the expansive soil
subgrade.

2.2 Soil-Water Characteristic Curve Test
SWCC is a concept introduced by soil hydrodynamics and is
defined as the curve of the relationship between suction and

prediction model are among the natural characteristics of
expansive soil.

The pressure plate extractor Model1600-15bar produced by
the Soil Moisture Company of the United States was used in this
test, as shown in Figure 1A. The test device adopts shaft
translation technology to control the suction to avoid the
gasification of water in the suction control system. The
technique achieves a positive pore water pressure (u,) by
increasing the pore gas pressure (UA). As shown in
Figure 1B, the total stress (o), pore gas pressure (u,"), and
pore water pressure (') of unsaturated soil under natural
conditions increased to ¢, u,% and u,> during the process of
compression. However, the net normal stress (0-u,) and matric
suction (u,-u,,) of the tested soil samples did not change.
Consequently, the pressure plate meter enables the control of
matric suction at high atmospheric pressures. Zhang et al. (2021)
studied the water-holding performance of the typical subgrade
soil, and their results show that the matric suction is generally in
the range of 0-1,000kPa. Given that the maximum control
suction of the 15Bar clay plate reaches 1,500 kPa, this test
meets the SWCC test requirements of unsaturated expansive
soil. The main test procedures are as follows.

(1) The clay plate is fully saturated. The pressure chamber is
filled with distilled water until the clay plate is submerged by
1-2 cm. The pressure chamber and valve are closed to apply a
pressure of 5 kPa. The clay plate reaches saturation until the
volumetric flask is free of bubbles.

(2) The saturated soil sample is installed in the pressure
chamber. The ring knife sample of expansive soil reaches
the saturation state through the vacuum method. A saturated
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TABLE 3 | Scheme of direct shear test.

Vertical stress (kPa) Shear stress (kPa)

50 85— 255 - 425 - 935 - 161.5
100 85— 255 — 425 - 935 - 161.5
200 85 — 25,5 - 42,5 - 127.5 — 204
300 85 — 255 — 425 - 127.5 — 204

soil sample is placed on a clay plate, and the pressure
chamber is closed. The internal pressure is adjusted to
0.1kPa for the soil sample to reach equilibrium. The
balance of the soil sample is marked by the absence of
change in mass or water flow from the drain.

(3) The water content of the soil sample is calculated using the mass
method. The mass of the balanced soil sample is measured using
an electronic balance (with an accuracy of 0.001 g).

(4) The above process is repeated to obtain the water content
under different suction forces. The corresponding water
content is tested under a series of suction conditions (1,
10, 20, 50, 100, 200, 400, 800, and 1,000 kPa), and the
corresponding SWCC curve is drawn.

2.3 Direct Shear Creep Test

An improved stress-controlled direct shear instrument, made in
Nanjing, China, was used for testing. This experiment aims to
obtain the relationship between the strain and time of expansive
soil under different stresses. Two kinds of loading methods can be
used for the creep test on soil, including separate and graded
loading. At present, the graded loading method is often used, that
is, the same sample is tested under different stress levels. The
method does not have significant differences in soil samples and
instruments, thus ensuring a small dispersion in test data.
Therefore, the hierarchical loading method was adopted in this
study. Shear creep tests were carried out at four vertical stresses
(50, 100, 200, and 300 kPa), and the test sequence is shown in
Table 3. The test procedure is as follows.

(1) The specimen is unsaturated and consolidated under specified
stresses. To prevent moisture evaporation in the soil samples
during consolidation, a wet cloth covers the shear box.

(2) Rapid shear test is performed on the consolidated soil
samples. The shear rate is 12 RPM, and the peak shear
strength under different stresses is measured. As shown in
Table 3, the maximum shear stress for each stage loading is
determined.

(3) The shear strain is obtained by stepwise loading. According
to the sequence in Table 3, horizontal shear stress is applied
to the soil samples. The next load is applied after the strain
stabilizes.

3 NUMERICAL MODELLING
METHODOLOGY

Rainfall infiltration is a complex saturation-unsaturation seepage
process. This process causes changes in the pore water pressure,

SWCC and Creeping of Expansive Soil

volume, water content, and transient saturated zone of the
expansive soil slope (Yao et al, 2021). These changes are
detrimental to slope stability. Therefore, finite element analysis
was carried out under rainfall conditions to capture the
deformation behavior of unsaturated slopes to evaluate the
effectiveness of stability, further illustrating the importance of
SWCC for the structural design of subgrade soil. Meanwhile, the
humidity of the subgrade also affects the creep characteristics of
the expansive soil slope. In this paper, combined with the built-in
CVISC constitutive model, the influence of the superposition
effect of humidity and creep on the deformation of an expansive
soil slope is discussed.

3.1 Slope Geometry and Parameters

A typical expressway slope in Nanning was selected for numerical
modeling, as shown in Figure 2. The height of the clay slope is
10 m, and the slope ratio is 1:2.0. Geological exploration revealed
that the shallow layer of the slope is expansive soil (0-2 m), and
the lower layer is pluvial clay. The physical parameters of each
layer of soil were assumed constant, and the contact of each layer
is a fully connected. Table 4 summarizes the material properties
of each soil layer. The initial humidity of the slope is considered
uniform and constant, and the water table is located 1.5 m above
the bottom of the model. The hydraulic characteristics of the soil
layer are discussed in the next section.

3.2 Numerical Simulation of Rainfall

Process

Geo-studio was used for the numerical simulation of the slope to
simulate the hydraulic response of expansive soil and the slope
stability under the condition of rainfall. The SEEP/W module of
this software accurately simulated the seepage process of
saturated unsaturated soil through the Richards governing
equation. To deal with the severe hydraulic response caused
by water seepage at the boundary, the quadrilateral element
with vertical joints was used to discretely treat the shallow
expansive soil in the model. Other areas used the mixed
regular quadrilateral and triangle elements. The surface of the

10m

8m 20m 8m

FIGURE 2 | Numerical model of a typical highway slope.
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TABLE 4 | Material properties.

Layer Unit weight Young’s modulus
(kN/m®) (MPa)

Expansive soil 19.5 11

Clay 21 29

slope was set as a free permeable surface, while the bottom surface
and the vertical surfaces on both sides of the model were set as
impervious water surfaces.

The seepage characteristics of expansive soil slope under
rainfall infiltration was calculated under the action of transient
flow. For the initial hydraulic state, the model had a pressure head
of 0 at the groundwater level. The pressure water head below the
underground water level was calculated according to Eq. 1 and
linearly increased with the depth. The unsaturated zone above the
underground waterline was evaluated according to the negative
pressure head, which decreased linearly in the opposite direction
of gravity. The initial water content was considered as the
saturated water content below the groundwater level, and the
water content in the unsaturated area above the groundwater level
decreased gradually with the increase of elevation.

p=vh 1)

where p stands for the hydraulic head; y stands for the unit weight
of water; h stands for the liquid height.

The Van-Genuchten model is a commonly used model for
predicting the soil water characteristic curve of expansive soil, as
shown in Eq. 2. The model is widely used in the unsaturated
seepage analysis of subgrade slope because its parameters are easy
to obtain, and it’s fitting accuracy is high. The permeability
coefficient of expansive soil was measured by the double-loop
water-permeation test. According to Darcy’s law, permeability
coefficient K was calculated using Eq. 3. Therefore, the
permeability coefficient of the lower clay is 1.90 x 107*m/s,
while that of expansive soil is 2.70 x 107" m/s.

0, -6,
6= Gr + m (2)
K = Q/AI 3)

where 0, 0, and 0, represent the volume water content, saturated
volume water content, and residual volume water content,
respectively; u,, represents the pore water pressure; a, n, and
m are fitting parameters; K is the permeability coefficient; Q is the
water flow of the steady seepage; A is the area of inner diameter of
double ring; I represents the hydraulic gradient.

The seepage characteristics of an expansive soil slope under
rainfall infiltration are closely related to rainfall intensity, rainfall
duration, and rainfall type. According to the meteorological data,
rainstorm generally occurs in Nanning from April to August, and
the duration is usually 1-2 days. In addition, the duration of
moderate rain is approximately 5 days, and its rainfall intensity is
10-25 mm/day. By conversion, the permeability coefficient of
expansive soil is approximately 23 mm/day. Considering the
boundary condition of rainfall, this study only analyzed the

SWCC and Creeping of Expansive Soil

Poisson’s ratio Cohesion (kPa) Friction angle
0

0.33 12 17

0.3 29 24

Input SWCC and
permeability parameters

B Initial condition
h 0,y etc.
v 8,y etc.)
SEEP/W analysis of
rainfall infiltration
\
Output: suction, water
content variations
A4 Shear creep test
Slope simulation by
FLAC3D
\/
P Fitting Burgers
- model
\ 4
CVISC composite
model
\
Output: displacement
and safety factor
A

End

FIGURE 3 | Model calculation framework considering humidity
and creep.

seepage condition of the slope under moderate rain. Therefore,
the rainfall intensity was set to 10, 12.5, and 20 mm/day, and the
rainfall duration was set to 5 days.

3.3 Analysis Plan of Slope Stability

Pore water and gas coexist in unsaturated soil, so the stress of soil
is borne by the main framework, the pore water, and the pore gas.
According to the extended Mohr-Coulomb criterion, the shear
strength (7) of unsaturated soil is expressed as Eq. 4. In
unsaturated soils, the pore water pressure (u,,) increases, and
the matric suction (u,-u,,) decreases with the increase of the soil
water content, and the shear strength (7) of unsaturated soils
finally decreases. The cohesion and internal friction angle of

Frontiers in Earth Science | www.frontiersin.org

November 2021 | Volume 9 | Article 783273


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Yao et al.

i E

| YW |

: Em }7 m : O-f

—— M —T= : — °

: Mk :

: (= 'M ohr-Coulomb

| |

A
\

\/

FIGURE 4 | Creep model of CVISC.

expansive soil in the saturated state were 8kPa and 11°,
respectively. The cohesive force and internal friction angle of
the lower clay were 27 kPa and 23°, respectively. The matric
suction of the unsaturated expansive soil slope changed
constantly during rainfall. Therefore, the safety factor and
sliding surface of the expansive soil slope also changed
dynamically with time during the entire rainfall process.

Tr=C+ (af - ua)tan @ + (U, — uy) tan gub (4)

where ¢’ and ¢’ stand for the effective cohesion and the effective
friction angle when the matric suction is 0; ois the yield stress; o’
is the friction angle related to the matric suction.

To analyze the impact of rainfall conditions on slope stability,
the pore water pressure at any moment of the Geo-Studio
software was imported into the FLAC3D model in this study.
With and without setting the CVISC creep model, the change of
the sliding surface of the slope was simulated. Meanwhile, the
strength reduction method was used to calculate the safety factor
of the expansive soil slope during rainfall infiltration. The
calculation flow chart of the stability analysis is shown in
Figure 3.

The CVISC composite creep model is embedded in the
FLAC3D software. This model combines the Burgers and
Mohr-Coulomb models, as shown in Figure 4. The Burgers
model can reflect the viscoelastic deformation of expansive
soil well, and the corresponding constitutive relationship is
shown in Eq. 5. On the basis of the direct shear creep test
results and the regression analysis of the creep parameters of
the Burgers model, the corresponding model parameters can
be obtained.

1—e (5)

where E,, and #,, represent the elastic modulus and the viscosity
coefficient of the Maxwell element; E; and # stand for the elastic
modulus and the viscosity coefficient of the Kelvin element; 7 is
the shear stress; ¢ is the strain; f is the time.

SWCC and Creeping of Expansive Soil

4 RESULTS AND DISCUSSION

The results and their applications are presented and discussed in
this section. The Van-Genuchten model used to fit the SWCC of
expansive soil is reported in this study, and the effects of stress
and compactness on the SWCC of expansive soil were analyzed.
Subsequently, the Burgers model was used to study the creep
behavior of expansive soils to evaluate the effect of the stress states
on the creep properties. Finally, the influence of the above test
results on the stability of the expansive soil slope under rainfall
conditions is described by numerical analysis.

4.1 SWCC and Fitting Model

To predict the SWCC law of unsaturated expansive soils, some
mathematical equations are proposed to obtain the water content
or matric suction of soil at any state. Table 5 shows the fitting
parameters of the Van-Genuchten model corresponding to each
compaction degree and vertical stress condition, which can be
used to understand the water holding capacity of expansive soil.
The least square method achieved the best fit for each set of
measurement data points and produced different parameter sets.
The Van-Genuchten model used the residual water content as a
fitting parameter ranging from 0.001 to 0.01. However, these
values do not show a uniform trend with stress and density.
Generally, the residual water content of the soil sample decreased
with the increase of compactness because the high-density soil
sample has few pores. Similar conclusions were drawn by Pooni
et al. (2021). In addition, according to the results in Table 5, the
sum of the residual squares of the fitted data is greater than 99%,
indicating that the Van-Genuchten model can effectively predict
the SWCC of expansive soil. The numerical simulation used 85%
compacting degree and 0 kPa vertical pressure.

Figure 5 shows the SWCC test results in different states. The
experimental results show that the SWCC of unsaturated
expansive soil had an obvious turning point, which can clearly
reflect the boundary effect and transition stages. When the matric
suction was less than 50 kPa, the soil sample was in the boundary
effect stage. In this stage, the water content of the soil sample
decreased slowly with the increase of the matric suction, and the
curve is gentle. The gas phase in the soil was suspended in the
water as a closed bubble and flowed with water because the soil
was near saturation. When the suction exceeded 50 kPa until the
end of the test, the soil sample was in the transition stage. At this
stage, the SWCC exhibited approximately linear changes. The
water content of the soil samples decreased clearly with the
increase of the matric suction. At this stage, the gas phase of
the soil was partially connected with the internal pores, and the
air began to enter the soil and occupy the large pore channels in
the soil. Therefore, the saturation decreased rapidly with the
increase of the suction, and the soil properties changed sharply. In
practical engineering, this stage is characterized by unsaturated
expansive soil.

Figure 5A shows the test results on expansive soil under no
overburden pressure. Under the same matric suction conditions,
the higher the dry density was, the lower the water content was;
the effect of dry density on matric suction weakened when the
matric suction increased gradually. This phenomenon occurred
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TABLE 5 | Fitting parameters for SWCC.

SWCC and Creeping of Expansive Soil

Compaction degree Vertical stress a (kPa) n (E) M 0, (%) R?
(%) (kPa) (%)
85 0 1.196-2 1.851 0.460 1.84-3 99.75
30 1.613-2 1.890 0.471 2.74-3 99.61
60 1.541-2 1.978 0.494 1.77-3 99.56
90 1.493-2 2.014 0.503 1.25-3 99.43
90 0 1.298-2 1.882 0.469 1.75-3 99.61
30 1.196-2 1.924 0.480 2.25-3 99.56
60 1.128-2 2.014 0.504 1.44-3 99.50
90 1.139-2 2.053 0.513 1.04-3 99.55
98 0 1.107-2 2.011 0.503 1.60-3 99.54
30 1.081-2 2.079 0.519 2.24-3 99.38
60 1.056-2 2.184 0.542 4.85-3 99.48
90 1.135-2 2.219 0.549 1.38-3 99.42
A B
60
B (kPa
30kPa
40 @ 60kPa

Volume water content (%)

L -

1 10 100
Matric suction (kPa)

FIGURE 5 | SWCC results under different (A) compaction degrees and (B) stress conditions.

90kPa

20

Volume water content (%)

1 10 100
Matric suction (kPa)

1000

because the effect of dry density on the soil-water characteristic
curve was mainly realized by changing the pore condition of the
soil. When the dry density was small, the internal pores and pore
size of the expansive soil were large, resulting in poor water
holding capacity. Figure 5B shows the SWCC of the soil sample
with 98% compaction degree. The results show that the air intake
of the soil samples moved back, and the influence of suction on
the water content weakened with the increase of vertical stress.
Similarly, the greater the vertical stress was, the lesser the porosity
of the soil sample and the greater the capillary suction of the
soil were.

4.2 Direct Shear Creep Results

Figure 6 displays the shear strain time relationship curve of the
graded loading. The compaction degree of the testing soil was
85%. The results under the vertical stress of 50 and 100 kPa show
that when the deviator stress level was low, the strain of the
expansive soil only included instantaneous strain and attenuated
creep strain during the test duration; when the deviator stress
increased to 93.5kPa, the creep process of expansive soil
experienced three complete stages during the test time,
namely, attenuation creep, steady-state creep, and accelerated
creep, and the expansive soil finally underwent creep failure;

when horizontal shear stress was added to 161.5 kPa, the two soil
samples were suddenly damaged, so the results are not shown in
the figure. When the vertical stress was 200 and 300 kPa, the creep
curve of soil showed the same change trend. When the horizontal
shear stress was less than 42.5kPa, attenuation creep was
observed, the shear displacement was mainly instantaneous,
and the creep tended to be stable within 2 days. The change
process of the creep curve is consistent with the creep law when
the vertical stress is 50 and 100 kPa.

Traditional rheological model theory regards the soil as a
linear body and uses linear rheological theory to study the
rheological problem of soil. The linear creep model shows a
linear relationship between strain and stress when subjected to
external stress. However, many studies now believe that the
constitutive relationship of soil is different at different times
and strain increases nonlinearly. For the nonlinear creep
model, the stress-strain relationship is viscoelastic. On the
basis of the direct shear creep test data, regression analysis
was performed on the parameters of the Burgers model. The
results in Table 6 indicate that the fitting effect of the model is
better under high vertical stress. In general, this model can be
used to describe the nonlinear creep behavior of expansive soil
under different stress states and has certain applicability.
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FIGURE 6 | Results of direct shear tests at the vertical stress: (A) 50 kPa; (B) 100 kPa; (C) 200 kPa; (D) 300 kPa.
TABLE 6 | Fitting parameters of Burgers model.
Vertical stress Shear stress E., (kPa) Ey (kPa) fm (KPa-min) 1, (kKPa-min) R? (%)
(kPa) (kPa)
50 25.5 2.80E + 05 1.50E + 05 4.56E + 09 1.63E + 08 88.54
42.5 4.25E + 05 4.25E + 04 5.94E + 08 4.25E + 07 93.49
93.5 9.35E + 05 9.35E + 04 2.22E + 08 9.35E + 07 80.23
100 25.5 2.98E + 08 1.77E + 05 9.59E + 09 8.25E + 07 99.84
42.5 4.72E + 08 1.57E + 05 1.56E + 09 3.91E + 07 96.62
93.5 1.04E + 09 3.62E + 04 5.70E + 08 3.02E + 06 99.60
200 255 2.83E + 08 5.26E + 05 2.63E + 09 4.43E + 07 93.53
42.5 4.70E + 08 3.50E + 05 1.70E + 09 8.44E + 06 98.37
127.5 1.45E + 09 2.60E + 04 6.89E + 08 4.37E + 05 99.82
170 1.94E + 09 4.96E + 04 3.07E + 08 8.35E + 05 98.38
204 2.33E + 09 4.25E + 04 4.43E + 08 7.15E + 05 99.83
300 25.5 2.82E + 08 2.26E + 05 3.12E + 09 2.22E + 07 98.87
42.5 4.90E + 08 2.70E + 05 5.71E + 09 4.55E + 06 99.12
127.5 1.45E + 09 6.67E + 04 9.26E + 08 1.12E + 06 99.72
170 1.94E + 09 1.37E + 05 6.46E + 08 2.31E + 06 99.54
204 2.33E + 09 1.67E + 05 5.86E + 08 2.80E + 06 98.24

4.3 Seepage Analysis Subjected to Rainfall
Infiltration

The process of rainfall infiltration was simulated by the Geo-
studio/Seep software. Figure 7 shows the slope humidity field at
different rainfall times, subjected by the rainfall intensity of

20 mm/day. In the model, the moisture content of the soil
increased gradually with continuous rainfall. The shallower the
depth was, the earlier the start of water content increase was. The
influence of rainfall infiltration on the soil moisture content of the
slope gradually developed from the surface soil to its depth. The

Frontiers in Earth Science | www.frontiersin.org

November 2021 | Volume 9 | Article 783273


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Yao et al.

SWCC and Creeping of Expansive Soil

FIGURE 7 | Humidity field under the 20 mm/day rainfall at: (A) 1 day; (B) 2 days; (C) 3 days; (D) 5 days.
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FIGURE 8 | Matric suction along the slope depth at: (A) the top and (B) the foot of the slope.
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influence of the depth of rainfall infiltration gradually increased
with the rainfall duration, and the nearer the slope was, the
greater the increase in water content was. After the rainfall, the
water content in the expansive soil was replenished by rain and
infiltrated along the slope. Given the poor permeability of clay,
the rainfall only gathered above the slope foot when the rainfall
lasted for 3 days.

The unsaturated seepage process of expansive soil was
accompanied by the change in matric suction. Figure 8 shows
the suction variation along the depth at the foot and top of the
slope during rainfall, according to the above distribution of water
content. The results show that the matric suction changes
obviously in the expansive soil but has no effect on the
ordinary clay. A positive correlation existed between the range
of suction and the depth of rainfall infiltration because the rainfall
intensity was greater than the soil infiltration capacity.
Meanwhile, the matric suction of the expansive soil near the
top of the slope was significantly higher than that near the foot of
the slope.

4.4 Influence of Rainfall Infiltration on Slope
Stability

The matric suction of soil changes constantly with rainfall, and
also affects the shear properties of expansive soil slope. As it
displayed in Figure 3, the computation results of the humidity
were obtained by the Geo-studio model and were imported into
the slope model in the FLAC3D. Figures 9A, 10A are the
distributions of pore water pressure before and after the
rainfall. In the initial state, the pore water pressure presents
gradient changes along the gravity direction. After the rainfall
for 5days, the pore water pressure increased within a certain
region in the slope, which was related to the influence depth of
rainfall infiltration.

The increase in humidity led to the strength softening of
expansive soil, which affected the shear strain and displacement
of the slope. Figures 9B, 10B illustrate the effect of the rainfall
infiltration on the slope stability. As the rain occurred, the
maximum shear surface of the slope moved down and the
sliding speed increased at the foot of the slope. Meanwhile, the
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FIGURE 9 | Distribution of (A) pore water pressure and (B) shear strain after reduction (T = O days).

FIGURE 10 | Distribution of (A) pore water pressure and (B) shear strain after reduction (T = 5 days).
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FIGURE 11 | Changes of safety factor with different rainfall conditions.

safety factor of stability analysis decreased from the initial value of
1.917 to 1.743. It was seen clearly that the seepage formed near the
slope surface and flowed to the foot of the slope. As a result, the
most dangerous sliding surface moved to the foot of the slope, and

the slope was gradually losing stability. Figure 11 shows the
change in the safety factor of the expansive soil slope under
different rainfall conditions. the higher the rainfall intensity was,
the higher the rainfall infiltration rate and the deeper the rainfall
infiltration were. With the increase of rainfall intensity under the
same infiltration rate, the more water infiltrating the soil was, the
faster the soil water content increase was.

4.5 Influence of Creep Behavior on Slope
Stability

Furthermore, the long-term performance of the slope is related to
the creep process of expansive soil, which may last for months or
years. Based on the CVISC model, the viscoelastic-plastic
deformation of the expansive slope was calculated in the above
simulation. Figure 12 shows the contours of the horizontal
displacement during different creep times. The model was in a
naturel water distribution, as shown in Figure 9A. On the one
hand, the displacement of the slope increased obviously over time
and the maximum displacement occurred at the foot of the slope.
On the other hand, the deformation within the clay layer was at a
low level with the time, due to no assignment of the creep model
for it.

According to the stability analysis, the expansive soil slope can
easily slip along the horizontal direction at the foot of the slope.
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FIGURE 12 | Changes of x-displacement of slope at: (A) 1 year; (B) 3 years; (C) 5 years; (D) 7 years.
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Therefore, Figure 13A shows the change of horizontal
displacement at the foot of the slope with time was measured
in the above model. It did not take the rainfall into account. The
test results show that the horizontal displacement of the slope foot
gradually increased with the extension of time. The displacement
increased greatly in 1-3 years, but the creep was stable after
7 years. The maximum displacement was approximately 3.69 cm.
Meanwhile, the long-term creep behavior also led to slope
stability attenuation. However, compared with the creep failure
of the expansive soil, the rainfall infiltration is a rapid and
significant effect on the stability of the slope. Figure 13B

shows safety factors of the slope considering the rainfall of
5days after the long-term creep process. The result in the
absence of rainfall shows that the slope safety factor decreased
from 1.917 to 1.859, while the time increased from 0 to 7 years.
The occurrence of rainfall further accelerated the failure of the
slope because the wetting of the slope reduced the maximum
strength of the slope. For 5 days suffered by 20 mm/d rainfall, the
safety factor reduced 0.083 over time. For no rainfall, the safety
factor only decreased 0.058. It implies that the influence of the
creep behavior on the slope stability was also enhanced with the
increase of rainfall intensity.
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4.6 Discussion
The analyses have shown that the rainfall and the creep

behavior are significant over time that is related to the
stability of the expansive soil slope. Previous studies
suggested that the depth of rainfall infiltration ranged from
1.0 to 3.5m, and it was possible to occur a passive failure
within the softened soil layer at shallow depths (Zhan et al,,
2007; Pei et al., 2020). The increase in water content was
detrimental for the slope stability of the unsaturated soil, as it
mentioned in Eq. 4. Furthermore, the creep deformation
exacerbated the failure process of the unsaturated slope. In
this study, the effects of the stress state on the SWCC and creep
properties were obtained at laboratory. The corresponding
models and parameters were assigned into the slope
simulation. The ranges of matric suction were positively
correlated with the depth of rainfall infiltration. This was
consistent with the filed results reported by Wang et al.
(2017), who found that the displacement of the slope was
mainly along the horizontal direction and the deformation rate
depended on the rainfall intensity and duration.

The numerical model was considering the long-term creep
deformance of the slope. The result shows that there was a
period of rapid growth in the horizontal displacement at the
slope foot. Besides, the occurrence of rainfall may accelerate this
failure of the slope. Therefore, the creep behavior of the
expansive soil slope could be under-estimated in the slope
design. Further study should be carried out to investigate the
effect of the long-term creep on micro-cracks and hydraulic
properties of the expansive soil. In addition, the current study
only analyzed the effect of the rainfall on the slope stability
before and after the creep process, and further study should
consider both dry-wet cycles and creep time of this investigated
soil on the slope deformation. At last, some treatment and
modified soil should be applied to further consider the effects of
rainfall and creep on SWCC and slope stability, including the
soil-rock mixture (Yao et al., 2022).

5 CONCLUSION

This study investigated the effect of the rainfall infiltration on the
stability of the expansive soil slope before and after long-term
creep proceed. Experimental tests were performed to obtain the
SWCC and creep behavior of the unsaturated expansive soil. A
pressure plate apparatus was used to measure the SWCCs of
different compaction degrees and stress conditions. Meanwhile,
the Burgers model was applied to describe the creep behavior
under different stress conditions. Both Geo-studio software and
FLAC3D were combined to calculate the stability of the expansive
soil slope under rainfall infiltration. The main findings of this
paper were presented as following.

(1) The Van-Genuchten model had a good fitting effect with the
results of SWCC. For the SWCC, there was an obvious
turning point, distinguishing between the boundary effect

SWCC and Creeping of Expansive Soil

stage and the transition stage. As the compaction degree or
the vertical stress increased, it presents a general trend with a
lower desorption rate in the SWCC.

The nonlinearity of the creep behavior was affected by creep
time and stress level on the expansive soil. The longer the
creep time and the higher the stress level, the higher the
nonlinear degree. The fitting results show that the Burgers
model can be used to characterize the creep behavior of
expansive soil.

Rainfall infiltration has a great influence on the stability of the
expansive soil slope. With the increase of rainfall time, the
safety factor decreased gradually. Meanwhile, the most
dangerous slide of the slope moves towards the foot of
the slope.

The preliminary analyses have shown that there was a period
of rapid growth in the horizontal displacement at the slope
foot, considering the long-term creep model. This
phenomenon could reduce the slope stability. Besides, its
influence on the safety factor was further enhanced with the
increase of rainfall intensity.
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