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Abstract
Large-scale physical model test on expansive soil slope at a shallow depth is conducted with the aim of monitoring moisture
content and swelling deformation. In this paper, a wedge-shaped model box with a bevel at the bottom was developed to reflect
the actual channel slope in the South-to-North Water Transfer Project. The results provide an improved understanding of the
physical behavior and failure mode of a saturated-unsaturated expansive soil slope subjected to moisture content variation.
Showing that, after rainfall, the surface soil quickly became saturated, with the deeper soil moisture remaining unchanged.
Infiltration depth, speed, and saturation region reduced with the increasing height along the slope. Surface displacement increased
from slope foot to slope shoulder, and significantly attenuated towards the depth. Horizontal displacement was about 1/3–1/2 of
the vertical displacement. The larger the increment of the soil moisture, the greater the surface deformation. Soil showed
dehydration shrinkage with fissures first appearing in the soil surface and expands downward with continuing evaporation.
The junction of saturated-unsaturated zone and the wet-dry interface were the areas of stress concentration. Swelling effect led to
stress field redistribution in the expansive soil slope, and it was the most important factor causing expansive soil shallow slope
failure.
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Introduction

Expansive soil slope instability and landslide are seasonal, and
environmental factor is one of the main effects (Dhowian
1981; Ruwaih 1984; Houston et al. 2011; Dafalla and
Shamrani 2012). Slope instability, embankment slump, and
channel landslides caused by climate change are widespread
(Liao 1984; Ai-Homoud et al. 1996; Liu 1997; Shi et al. 2002;
Meisina 2004; Xeidakis et al. 2004).

The mid-route of the South-to-North Water Transfer
Project has a total length of over 1472 km, among which
expansive soil area will cover about 340 km (Fig. 1).

Expansive soils are mainly Middle Pleistocene alluvial and
flood sedimentary clay, Lower Pleistocene flood sedimentary
clay, and Neogene hard clay. Strong expansive soil is mainly
distributed in the Xingtai-Handan area and Nanyang Basin.

Nanyang area is in the transition zone from subtropical to
warm temperate zone. It is a typical monsoon humid climate
with four distinct seasons, plenty of sunshine, and abundant
rainfall. The Nanyang Basin is a fault-type inland basin
formed since the Mesozoic and Cenozoic. The strong expan-
sive soils in the area are mainlyMiddle and Lower Pleistocene
flood sedimentary clays and Neogene lacustrine sedimentary
clays, including brown clay and gray-green clay. The thick-
ness of brown clay is generally 10 to 25 m, which is often
sandwiched with gravel layers, coarse sand layers, fine sand
and silt layers, or lens bodies. It is rich in black spherical
manganese nodules with particle size of 2 to 4 mm. Gray-
green clay is the main body of the strong expansive soil in
the Nanyang Basin. It is formed in a deep-water reduction
environment. Its lithology is relatively uniform and its thick-
ness is large, which can reach hundreds of meters. This kind of
clay is mainly gray-green or light green, and it is gray-white
after drying.
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According to available statistics, it has been more than 40
slides of all kinds in the mid-route of the South-to-North
Water Transfer Project since 2011. Because of the working
condition of the channel and the soil’s sensitiveness to water,
the stability of expansive slope is important to the safety and
functionality of the channel.

In general, the continuous or repeated rainfall is the main
cause of landslides (He et al. 2018). Under rainfall conditions,
with the water infiltration, expansive soils, which are rich in
hydrophilic minerals such as montmorillonite and illite
(Dhowian 1981; Sridharan et al. 1990; Abduljauwad et al.
1992; Mutaz et al. 2011; Mutaz and Dafalla 2014), absorb a
large amount of water (Sivapullaiah et al. 1987; Gadre and
Chandrasekaran 1994; Basma et al. 1996), on the one hand,
there is a great expansion (Dakshanamurthy 1979; Tisot and
Aboushook 1983; Al-Shamrani and Al-Mhaidib 1999; Al-
Shamrani and Dhowian 2003; Chen and Ng 2005), on the
other hand, the shear strength of expansive soil continues to
decrease with the growth of the saturation, eventually accu-
mulating excessive deformation, and landslides occur (Bao
2004; Huang and Wu 2007). It has some significance for
landslide prediction, prevention, and treatment to study the
deformation of expansive soil slope under rainfall conditions.

Due to the particularity of deformation and instability of
expansive soil slope, the swelling deformation after absorbing

water becomes one of the main research contents (Basma 1991;
Zhan et al. 2007; Yilmaz and Kaynar 2011; Cheng et al. 2014).
A lot of researches were conducted by the means of long-term
monitoring, centrifuge model tests, and indoor model tests (Ng
et al. 2003; Zhan et al. 2007). However, the existing expansive
soil slope deformation test models were often modified on the
basis of the clay soil slope test models, basically using the
methods of clay soil slope deformation test, when the slope
deform to a certain degree, it reaches ultimate state, the sliding
surface is often considered as the arc-shaped, which is difficult
to reflect the low permeability, shallow depth of large deforma-
tion, deformation and failure obviously controlled by fissures
and many other features (Liu et al. 2008; Yin et al. 2010; Yin
and Xu 2011; Zhou et al. 2013; Kong et al. 2017). In addition,
some slopes with slow slopes and high safety factors still have
landslides, which is difficult to explain in general soil mechan-
ics theory. Therefore, in order to solve the defects, improve-
ments are needed for the existing test devices and methods, and
also deformation and failure mode and mechanism of expan-
sive soil are still needed for further study.

In this paper, relying on the typical channel section of the
middle route of the South-to-North Water Transfer Project,
expansive soil slope model was established according to the
real proportion. Considering the depth of the atmosphere in-
fluence, combining peculiar engineering geological

Fig. 1 Expansive soil distribution
in the mid-route of the South-to-
North Water Transfer Project
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characteristics such as permeability, swelling, and developing
fissures of expansive soil, large-scale physical model test on
expansive soil slope swelling at a shallow depth was carried
out. In the model test, strong expansive soil was used, because
of the low hydraulic conductivity of the soil, a wedge-shaped
model box with a bevel at the bottomwas designed to simulate
the real working conditions and save the filling soils. And
also, a low-rate water supply rainfall device with needles
was used to carry out small-scale drip-type rainfall. Then,
through dynamic monitoring of the moisture content and de-
formation of the soil during rainfall, the characteristics of
moisture infiltration, surface and deep deformation of differ-
ent parts of the slope, and the relationship between soil defor-
mation and changes of moisture content were analyzed, which
was conducted with the aim of studying the failure mode of
the shallow expansive soil slop, providing a theoretical basis
for the engineering design and construction.

Large-scale static model test of expansive soil
slope

Overview of static model test system

The expansive soil used in the static model test was sampled
from the mid-route of the South-to-North Water Transfer
Project Nanyang segment, it was a typical strong expansive
soil (brown and gray-green clay). Physical and mechanical
properties of material maintained good similarity, and the in-
dex of strong expansive soil physical properties are listed in
Table 1. The expansive soil is mainly composed of fine parti-
cles, the silt particles (< 0.05 mm) content is about 90%, the
clay particles (< 0.005 mm) account for 31%, and the rubber
particles (< 0.002 mm) content is about 14%. In the expansive
soil, clastic minerals such as quartz and feldspar account for
61.23%, clay minerals account for 38.77%, including 21.57%
of montmorillonite and 2.70% of illite. The permeability of
strong expansive soil is poor and the saturated permeability
coefficient is about 10−8 to 10−9 m/s.

The geometry and dimensions of the model showed similar-
ity with the actual slope morphology. Experimental prototype
was Nanyang segment TS95 + 640 ~ TS95 + 850 of the South-
to-NorthWater Transfer Project channel, the slope ratio was 1:2.

Strong expansive soil showed low hydraulic conductivity,
water infiltration was difficult on the slope surface, and soil

had a limited depth of water absorption and expansion defor-
mation. The thickness of the filled soil was 0.7 m. The model
box was designed as a wedge-shaped box with a bevel at the
bottom, which could simulate the real working conditions and
save the filling materials. The box size was 5.4 m × 2.11 m ×
1.3 m, and slope ratio was 1:2 (Fig. 2).

The soil was filled in a stepped layer, and the slope was
finally cut at a slope ratio of 1:2. Soil filling process is shown
in Fig. 3. The test soil should control the moisture content and
dry density. In order to ensure the water penetration and pre-
vent water loss in the form of surface runoff, the original soil
moisture content was appropriately reduced to 60%, so the
soil moisture content was controlled by about 17 to 20%.
The soil should maintain a large density to avoid collapse
due to the large porosity of the soil after absorbing water.
Therefore, the dry density of the soil should be close to or
reach the maximum dry density of the original soil, the dry
density of the test soil was about 1.5 g/cm3. At the time of
filling, the method of manual sub-layer compaction was used,
and the dry density of the soil was repeatedly checked during
the compaction process to meet the requirements.

Due to the limitation of the size of the model box, the
expansive soil easily adhered to the box after encountering
water, which caused the boundary soil to restrain the internal
soil, restricted the development of the expansion force and the
sliding force, and caused the distortion of the stress field and
the deformation field and restricted the formation and devel-
opment of landslides. Therefore, the inner sidewalls of the
model box should be ground and cleaned, and a layer of
Vaseline should be evenly applied to eliminate adverse bound-
ary effects.

Monitoring components and layout solutions

During the test, the deformation and moisture content of the
slope soil were monitored. The monitoring contents and com-
ponents used were as follows.

PR2/4 soil profile moisture measuring device produced by
British DELTA-Twas used to monitor soil moisture content, 4
moisture sensors were distributed at depths of 10, 20, 30,
40 cm, and data collection was carried out using HH2 hand-
held soil moisture meter. Spring retractable displacement sen-
sors with 50 mm measuring range and 5/1000 accuracy were
used to monitor soil surface deformation. Settlement plate and

Table 1 Strong expansive soil physical properties index

Soil type Moisture content /% Density/
(g/cm3)

Relative
density

Liquid limit /% Plastic limit /% Plasticity
index

Free expansion /%

Strong expansive soil 27.7 1.94 2.70 89.03 29.30 59.73 109
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displacement sensors were used to monitor internal vertical
deformation.

Seven typical sections of the slope were selected: slope
bottom center (A′), slope foot (A), 1/6 slope height (B′), 1/3
slope height (B), 1/2 slope height (C), 2/3 slope height (D),
and slope shoulder (E). The layout of the monitoring compo-
nents is shown in Fig. 4.

The depth of the settlement plate was 0.2 and 0.4 m, re-
spectively. Two displacement sensors were arranged at each
monitoring point on the surface of the slope to measure the
horizontal and vertical displacements of the surface soil.
When combined with the settlement plate, it was mounted
on the platform installed at the top of the settlement plate
(Fig. 5).

Test method and process control

Shallow fissure was one of the key factors that determine the
nature of strong expansive soil slope. After filling, the slope
was subjected to artificial compaction, the surface was smooth
and the internal soil uniformity and compactness were also
good. Therefore, the static treatment of the soil after filling
ensured the uniform distribution of the moisture content inside
the soil and at the same time formed an expansive soil slope
with fissures.

In the different positions of the slope, a special rainfall
device was used to carry out small-scale drip-type rainfall on
the slope surface and the slope water naturally flew down. The
rainfall device was a water pipe spanning both sides of the

Fig. 3 Soil filling process

Slope ra
tio

 1:2

Filling soil

Model box

Fig. 2 Model box filling soil
schematic diagram (unit mm)
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model box (Fig. 5). One end of the water pipe was equipped
with an air valve. The middle of the water pipe was connected
to the water supply pipe and the flow was controlled by a
valve. The water dripped into the soil through the water pipe

to the needles, ensuring the demand for low-rate water supply,
and also avoiding damage to the sensors caused by the large-
scale water supply. The rainfall conditions were low-intensity
continuous rainfall that controlled the total amount of rainfall.

Displacement 

sensor clamp

Displacement 

sensor pad

Settlement plate

Displacement 

sensor pad

Magnetic 

block

Rainfall device

Fig. 5 Displacement sensors layout and fixing method

Displacement sensor

Settlement plate

Soil profile moisture
measuring device

  A   B   C   D   E

  A   B   C   D   E

  A'

  A'

  B'

  B'

Fig. 4 Model test monitoring
components layout schematic
(unit, mm)
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The daily rainfall was 4 to 8 h, and the daily rainfall was
controlled to about 10 mm, artificially simulating natural light
rain.

The simulated rainfall was carried out in three stages, the
first stage was the rainfall stage, which lasted for 16 days, the
rainfall was 120 mm. The second stage was the natural evap-
oration stage, which lasted for 36 days, and the daily evapo-
ration was measured by laboratory test, which was 0.69mm/d.
The third stage was the rainfall stage, which lasted for 14 days
and the rainfall was 120 mm.

In the initial period of rainfall, intensive monitoring should
be carried out for each physical quantity and the physical
quantity was monitored 2 to 3 times per day. After that, each
physical quantity wasmonitored 1 to 2 times per day. After the
start of the test, the deformation characteristics of the slope
should be recorded and described from time to time. If a land-
slide occurred, the number, location, scale, and form of the
landslide should be recorded in detail.

Variation characteristics of slope moisture
content field

Distribution of slope moisture content at different
times

As the simulated rainfall progressed, water flew down
the slope and gradually infiltrated into the slope soil. At
different moments of rainfall, the slope moisture content
distribution showed different states. The PR2/4 soil pro-
file moisture measuring device was used in combination
with surface soil sampling to test the volumetric mois-
ture content of the slope soil at different depths.
Through Kriging interpolation, the moisture content
field contour map was drawn. Figure 6 shows the dis-
tribution of transient moisture content fields in the soil
within 40 cm depth of the slope before the start of
rainfall and at 10, 60, and 120 mm.

It can be seen that after the slope had been left for a
sufficient period of time, the moisture content of the soil
in the slope was basically the same at the beginning of the
test, which was between 17 and 20%. When water began
to infiltrate, due to the existence of a large number of
fissures in the soil, the water quickly infiltrated through
the fissures. When the rainfall was 10 mm, the change of
the moisture content field was obvious. The soil moisture
content had a layered distribution and decreased from
shallow part to deep part. The moisture content of the
surface soil increased, which had increased to 24% to
30%, and the moisture content of the deep soil did not
change significantly. When the rainfall reached 60 mm,
the contour of the soil moisture content was basically
parallel to the slope surface, slightly inclined towards
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Fig. 6 Slope transient moisture distributions on different rainfall (unit,
%). a 0 mm; b 10 mm; c 60 mm; d 120 mm
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the foot of the slope, the soil moisture content stratifica-
tion was significant, and the moisture content of each
layer of soil was relatively uniform. At the end of the
staged rainfall, the contour line of the soil moisture con-
tent field was similar to that of the rainfall of 60 mm, and
it only increased in the soil moisture content value, indi-
cating that the seepage had become in equilibrium and
water infiltration was stable and uniform.

Time-course variation of soil moisture content
in slope

Select 5 sections of slope foot, 1/3 slope height, 1/2 slope
height, 2/3 slope height, and slope shoulder as the soil mois-
ture content field observation section. Figure 7 shows the
time-course curves of soil moisture content at different depths
of these 5 different sections.

It can be seen that, due to the characteristics of the
rainfall device and the special simulated rainfall method,
the typical time-course curve of the moisture content
field showed starting stage-rapid growth stage-slow
growth stage-stable stage, and the soil moisture content
of different sections and different depths changed with
time differently, showing their own characteristics or
missing at some typical stages.

At the same section, the closer to the surface soil, the
faster the moisture content increased in the initial stage of
water infiltration. The surface moisture content began to
increase rapidly and remained unchanged for most of the
time. With the increase of depth, the change of soil mois-
ture content showed obvious hysteresis, and the situation
gradually changed to slowly increased with infiltration
until it remained basically unchanged. Taking the section
of 1/2 slope height as an example, the moisture content of
the soil within 10 cm of the surface increased the fastest
at the beginning, and after reaching a certain value, it did
not change with the infiltration. The initial moisture con-
tent of the soil at the depth of 20 cm increased rapidly.
The moisture content of the soil at the depth of 20 to
30 cm had been in a slow growth stage from the begin-
ning to the end of the infiltration, while the moisture con-
tent of the soil at the depth of 40 cm had never occurred
obvious changes.

For different sections, from the foot to the shoulder of
the slope, along the increase of the height of the slope, the
growth rate of the surface soil moisture content was getting
slower and slower in the initial stage and the moisture
content of the deep soil was less and less obvious with
time. In the 1/2 slope height, the moisture content of the
soil at the depth of 20 cm slowly increased with time, and
at the depth of 30 to 40 cm, the moisture content of the soil
was basically unchanged with the infiltration. At the slope

shoulder, the depth of the soil moisture content is un-
changed with the infiltration decreased to 20 cm.

Spatial distribution and variation of soil moisture
content in slope

Figure 8 shows the relationships in soil moisture content dis-
tribution with rainfall in different slope sections. As can be
seen,

(1) Moisture variation in slope foot was the most signif-
icant, when the rainfall was 10 mm, the saturation of
the surface soil reached about 80%, When the rainfall
was 20 mm, the soil within the 30-cm depth was
close to saturation. With the infiltration, in the fol-
lowing depth of the slope foot, the soil moisture con-
tent was stable in a highly saturated state, and the
soil moisture content at 40 cm depth is slowly in-
creased with the infiltration, and the final saturation
was maintained at about 50%.

(2) In the sections above the slope foot and below the
slope shoulder, variation of soil moisture content with
infiltration was basically similar. Surface soil ap-
proach saturation during rainfall was 30 mm, and then
maintained the state of 80 to 90% saturation. Moisture
content of soil at the depth of 15 to 25 cm continued
to increase over time; finally, saturation of the soil
close to the slope foot became relatively high. The
moisture content of the deep soil was basically un-
changed with the infiltration and was maintained near
the initial value.

(3) The moisture content of the soil changed only at a depth
of 20 cm at the shoulder of the slope, and the moisture
content of the soil below 20 cm remained stable at the
initial value with the infiltration. The moisture content of
each depth soil did not increase slowly with the infiltra-
tion, and it was stable when it increased to a certain
value. The stable value of surface saturation was about
80 to 85%, and it was 55% in the depth of 20 cm and
45% below 20 cm depth.

From the above analysis, it could be considered that the soil
moisture content of the slope increased slowly with the infil-
tration, and generally reached a stable value. The occurrence
of the stable value was related to the depth and rainfall.
Combined with the model results, for the poor permeability
strong expansive soil, under the continuous rain mode, the
rainfall reached 30 mm, the surface soil moisture content
was saturated and stable, and when the rainfall reached
90 mm, the overall moisture content of the slope reached a
stable state.
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Slope swelling deformation characteristics
and evolution law

Fissure characteristics and soil surface state

At the beginning of rainfall, the deformation of the soil ap-
peared as the contraction and closure of the fissures. With the

supply of water, part of the water gradually infiltrated from the
surface of the soil, and most of the water migrated rapidly
through the fissures and entered the interior of the slope, caus-
ing the soil to swell and expand and the fissures to gradually
close. Figure 9 shows the variation characteristics of the local
fissures morphology below the slope shoulder at different
stages of rainfall. It can be seen that at the initial stage of
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rainfall, the change of the fissures was not obvious. When the
rainfall reached 20 mm, the width of the fissures was signifi-
cantly reduced compared with the rainfall of 5 mm, and the
fissures with a larger width shrank significantly. The fissures
contracted and the number of fissures did not change signifi-
cantly. When the rainfall reached 60 mm, most of the main
fissures had disappeared, and the number of fissures had been
greatly reduced. After this period, the fissures in the soil had
been basically closed.

With the continuous supply of water, the deformation of the
soil appeared as a local and overall uplift. After the fissures
were completely closed, the deformation of the soil would
continue to develop in an unconstrained direction due to the
swelling effect of the expansive soil. Irregular uplift occurred
on the surface of the soil and became uneven. At different
locations on the same section, due to the unevenness of the
stress, the surface deformation of the soil was different, the
part with higher degree of compaction and less fissures, due to
the poor permeability of the expansive soil, which was diffi-
cult for water to infiltrate, and obvious expansion deformation
occurred locally on the surface. But overall, the deformation
characteristics of different parts of the slope were more
obvious.

Slope swelling deformation variation process

Figure 10 shows the surface displacement of the slope, it went
through the starting stage-rapid growth stage-slow growth
stage-stable stage, and the variation of the surface displace-
ment and the formation mechanism were different at each
stage.

At the starting stage, the deformation lagged behind the
change of moisture content. The development of surface de-
formation took some time. At the same time, the water quickly
entered the soil along the fissures, and the soil around the
fissures were deformed. At this time, most of the deformation
was due to the shrinkage and closure of the fissures. The
expansion deformation at the stage is small, and the deforma-
tion rate was also slow, but the duration was short, generally
ending when the rainfall reached 10 mm and mainly affected
by the development of the fissures.

At the rapid growth stage, the closure of the fissures caused
the lateral constraint of the soil deformation, and the deforma-
tion of the soil developed towards the free direction. At this
stage, the soil swelling effect was obvious. This stage lasted
until the rainfall reached 30 to 40 mm, which was mainly
affected by the expansion and contraction characteristics and
permeability characteristics of the soil.

At the slow growth stage, the infiltration amount was re-
stricted by the soil permeability coefficient and the surface
runoff, and gradually became smaller. The soil was near satu-
ration, most of the deformation had been completed, and the
residual deformation was small. This stage was the main stage
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of soil deformation, which lasted for a long time, but the
amount of deformation was small and it was still affected by
the expansion and contraction characteristics and permeability
characteristics of the soil.

At the stable stage, the seepage field of the slope had
reached a stable state, moisture content remained unchanged,
and swelling deformation basically stopped.

Spatial distribution of slope swelling deformation

Figure 11 shows surface deformations at different locations of
the slope at different rainfall moments.

When the rainfall was 10 mm, the vertical displacement of
each point on the slope was small and similar, which was less
than 5 mm. When the rainfall reached 30 mm and later, the
vertical displacement distribution of the slope gradually de-
creased from the slope foot to the slope shoulder. The defor-
mation of the slope foot was about 3 times of the deformation
of the slope shoulder. The vertical displacement was basically
linear distribution along the slope. When the rainfall was
120 mm, the vertical displacement reached 30mm at the slope
foot and 12 mm at the slope shoulder.

At each stage of rainfall, the horizontal displacement of the
slope was generally smaller at the upper part of the slope and
larger at the lower part of the slope. When the rainfall reached
120 mm, the maximum horizontal displacement occurred at 1/
6 slope height, about 13 mm. This was because the horizontal

deformation of the slope foot was laterally constrained by the
surrounding soil, while the vertical deformation could be de-
veloped. The horizontal displacements in the middle and up-
per parts of the slope are not much different, about 5 to 8 mm,
and the horizontal displacement was about 1/3 to 1/2 of the
vertical displacement.

Figure 12 shows the deep vertical displacements of slope
shoulder, slope central, and slope foot at different times. The
vertical displacement decreased rapidly with depth, the closer
to the slope foot, the more obvious the vertical displacement
attenuation with the depth. Vertical displacement at the surface
of the slope foot was about six times of that at 20 cm depth and
7 to 8 times of that at 40 cm depth; vertical displacement at the
surface of the slope shoulder was 4 times of that at 20 cm
depth and about 6 times of that at 40 cm depth.

Evolution law of fissure during dehumidification
of the slope

Evaporation started after the rainfall, slope soil was
dehumidified under the condition of the daily evaporation of
0.69 mm for 52 days.

According to the monitoring results, the water was lost
during the evaporation process, but there was no considerable
vertical displacement and horizontal displacement on the
slope surface. Themaximum attenuation of the slope displace-
ment was only about 2 mm. The shrinkage effect of expansive

Fig. 9 Fissures morphology of
the slope surface at different
rainfall times
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soil was very obvious. After losing water, the volume was
rapidly reduced and shrinkage occurred. This shrinkage effect
was manifested by fissures propagation and propagation. The
evolution of fissures in soil is generally divided into three
stages: fissures generation, fissures propagation, and fissures
stability. When the stress state at a certain point in the soil met
certain conditions, fissures began to occur. Under the condi-
tion of continued water loss, the fissures would expand in the
direction of expansion, accompanied by new fissures. In the
process of fissures generation and development, when the
fissures developed to a certain extent, continuous changes in
the direction of expansion would occur, and at the same time,
new fissures continued to be generated, resulting in continu-
ous changes in the stress field, which in turn led to parts where
the stress met the conditions for fissure development and new
fissures appeared. Eventually, the fissures continued to devel-
op and cut each other, forming a complex fissure network.
Taking the surface of the slope as the reference surface, the
normal deformation of each point did not occur, but it showed
significant tangential deformation, which caused the soil area

on the slope surface to decrease and the volume of the soil to
shrink.

Correlation between the deformation field
and the moisture content field

The volumetric moisture content increment was used as the
seepage variable, and the initial soil moisture content of the
slope was taken as the initial zero point. At different times
during the rainfall, the soil moisture content increment value
at different depths was extracted from each typical section and
compared with surface deformation of the same section
(Fig. 13). Under unconstrained conditions, the surface defor-
mation could be arbitrarily developed and the increase of
moisture content was the dominant factor causing the defor-
mation of the soil, and the surface deformation was actually
the macroscopic performance of the accumulation of the in-
ternal soil deformation. Therefore, the larger the accumulated
moisture increment, the greater the surface deformation, and
deformation affected by this law was more significant. At the
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Fig. 10 Slope surface swelling deformation curves. a Vertical displacement; b horizontal displacement
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same section of the slope, the change of the moisture content
in the internal soil was the same, but the vertical deformation
was more affected by the change of the moisture content than
the horizontal deformation. The swelling effect was expressed

in the form of deformation without external constraints, and it
will be expressed in the form of stress when the deformation is
limited by the external constraints. Therefore, the expansive
soil expands after water absorption and the internal stress field
of the slope changes. The vertical stress does not change
much, only in the vicinity of the slope surface, the saturation
zone expands due to the infiltration, and the vertical stress in
the local area increases slightly. However, the horizontal stress
and shear stress increase significantly and the stress redistri-
bution occurs.

At some moment during the test, the instant incremental
moisture contents of soil at the depth of 0 to 40 cm of each
section of the slope were averaged and compared with the
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slope surface vertical displacement. The results are shown in
Fig. 14.

Vertical displacements basic had the linear relationship
with the average incremental moisture content, and vertical
displacements of the different sections with the same average
incremental moisture content were similar, concentrated with-
in a certain range. The linear relationships between vertical
displacement s1 and the average incremental moisture content
Δw of each section could be gotten:

Slope foot:

s1 ¼ 1:7983Δw−3:4911;R ¼ 0:9625 ð1Þ

1/3 slope height:

s1 ¼ 1:7333Δw−2:2933;R ¼ 0:9676 ð2Þ

1/2 slope height:

s1 ¼ 1:8054Δw−3:1901;R ¼ 0:9810 ð3Þ

2/3 slope height:

s1 ¼ 1:9466Δw−7:3363;R ¼ 0:9432 ð4Þ

Slope shoulder:

s1 ¼ 2:1137Δw−9:2171;R ¼ 0:7424 ð5Þ

The swelling effect of expansive soil must be closely relat-
ed to the change of the moisture in the soil. In the areas where
the moisture content changed drastically, the expansion of the
soil was correspondingly larger. Therefore, the expansion of
the soil in the saturated-unsaturated boundary region and the
wet-dry interface played an important controlling role in the
swelling effect. The number and extent of these areas affected
the deformation of the expansive soil, which was reflected in
the deformation of the slope surface. It could be seen from the
relationship between the increase of the moisture content in

various parts of the slope and the vertical deformation of the
surface that the slope angles of the linear relationships were
smaller at the bottom and the lower part of the slope, that was
because when the infiltration in the soil reached a certain level,
the range of the soil at the bottom and the lower part of the
slope which reached saturation was the largest, the seepage in
the saturated soil was basically stable, and the soil no longer
absorbed water and expanded. Although the moisture content
of the soil changed greatly, the surface deformation was rela-
tively small. The closer to the upper part of the slope until to
the slope shoulder, the larger the slope angle of the linear
relationship, indicating that in the middle and upper part of
the slope, the steep infiltration could be maintained for a long
time. Most of the deep soils had not reached saturation, and
there were some areas where the moisture content changes
drastically, such as the saturated-unsaturated boundary regions
and the wet-dry interfaces, so the swelling effect was more
significantly affected by the changes of moisture content.

Because the linear relationships of each section between
vertical displacement and the average incremental moisture
content were close, the correlation coefficients were high.
The slopes and intercepts of these linear equations were aver-
aged respectively. The following formula could be used for
estimating the surface vertical deformation of expansive soil
slope under the condition of known the moisture content field.

s1 ¼ 1:88Δw−5:11 Δw > 3%
� �

ð6Þ

Discussions

For the instability of expansive soil slopes, the fissurability,
overconsolidation of expansive soil, and soil strength soften-
ing after moisture absorption are generally considered to be
the main causes of this problem. Fissures of various types and
sizes in the soil not only destroy the structure and homogene-
ity of the soil but also accelerate the infiltration of water. The
dry-wet cycle further leads to the development of fissures and
reduces the strength of the soil. In addition, overconsolidation
causes slope excavation unloading expansion and strain soft-
ening, which results in an increase in shear stress, a decrease in
soil strength, and eventually a landslide. In the slope stability
analysis, the effect of the above factors is comprehensively
reflected by the decrease of the shear strength. However, a
large number of engineering examples show that expansive
soil landslides can still occur at very slow slope ratios. In this
case, even if the shear strength of the soil is set to the residual
strength, the stability calculation shows that the safety factor
of the slope is still high. Theoretically, no sliding will occur in
the slope, but in fact a landslide does occur (Cheng et al.
2014). In the Nanyang Basin area, expansive soil landslides
often have a common feature, that is, when the surface of the
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slope is protected and fissures are not developed, the slope
also partially or entirely slides, and the depth of the sliding
surface is basically within 2 m. For these landslides, the
strength index obtained from the test is used for stability cal-
culation and the safety factor is much greater than 1.0. The
safety factor calculated using the residual strength index is
also greater than 1.0, which cannot reflect the true state of
the landslide.

The deformation and instability mechanism of shallow ex-
pansive soil slope was analyzed based on the test results and
phenomena, combined with engineering slope investigation
and numerical analysis.

In the semi-infinite space state, water is uniformly infiltrat-
ed, although the expansive soil expands and increases in vol-
ume after water absorption, the soil is in an iso-stress state, on
the same plane, the expansion is the same everywhere in the
soil, and no obvious shear stress is generated inside the soil, so
that instability failure does not occur.

After excavation forms an expansive soil slope, affected by
atmospheric environment, wet and dry cycles, and other fac-
tors, a dense fissure network is formed in the shallow layer of
the soil, and these fissures are mostly small fissures formed by
expansion and shrinkage, not the structural fissures that con-
trol the stability of the slope, but these fissures provide good
channels for water infiltration. Water infiltrates into the interi-
or of the slope through fissures and soil, and the expansive soil
changes from unsaturated to saturated within a certain range
of the shallow slope. The model test revealed that the infiltra-
tion was limited to the range of several tens of centimeters
below the slope surface, which was much smaller than the
depth of atmospheric influence of natural slopes (2 to 3 m),
and was related to the duration of the model test. The natural
slope is a macroscopic state that finally forms after several
years of dry and wet cycles, and the duration of the model test
is only hundreds of hours. However, the moisture content
distribution and change process caused by rainfall infiltration
on the slope revealed by the model test was sufficient to pro-
vide a reference for the actual slope. The test results showed
that even for homogeneous expansive soil slopes, the soil
moisture content of the slope caused by rainfall also showed
obvious uneven spatial and temporal distribution. The mois-
ture content in the surface layer of the soil near the middle and
lower slopes firstly increased; under the suction of the deep
unsaturated soil, it gradually expanded to the deep and upper
part of the slope. The depth of water infiltration in the lower
part of the slope was relatively large. The infiltration further
occurred with the rainfall, the wetting front in the soil contin-
uously moved downward, and the saturated-unsaturated infil-
tration zone expanded deep into the slope. When the shallow
soil reached saturation and a local saturation zone was formed,
the soil moisture content in the deep slope tended to change
slowly. Therefore, the external hydraulic action causes an un-
even distribution of the slope moisture content field.

From the results of a large number of tests, after the mois-
ture content of the expansive soil changes, its strength de-
crease is very obvious and there is no doubt that the slope
stability is affected by it. However, for shallow landslides of
expansive soil, practice has also proved that considering only
the decrease in strength still cannot truly reflect the fact that
the slope of the expansive soil is not stable, especially for the
situation of low groundwater level, rainfall will only cause
temporary saturation area or stagnation area of the shallow
slope, it is not possible to form a stable infiltration line. It
can be seen that there are other key factors that affect and
control the shallow sliding of the expansive soil slopes.

If the swelling effect of expansive soil is considered, the
situation is different. The slope deformation process is basi-
cally synchronized with the rainfall process. The expansion
deformation mainly occurs during the rainfall period.
Although the deformation occurs during the intermittent rain-
fall period, the deformation is very slow. Due to the spatio-
temporal inhomogeneity of the distribution of soil moisture
content in the slope, the expansion and development of differ-
ent parts of the slope are not synchronized, and the magnitude
of the expansion is greatly different. The soil in the middle and
lower slope where the moisture content changes first, its
swelling deformation also increases first.

The expansive soil expands after water absorption and the
internal stress field of the slope changes. According to the
investigation and statistics of dozens of landslides in the pro-
ject, combined with some numerical simulation studies (Ding
2014), it can be found that after the expansion of the expansive
soil, the vertical stress does not change much, only in the
vicinity of the slope surface, the saturation zone expands due
to the infiltration, and the vertical stress in the local area in-
creases slightly. However, the horizontal stress and shear
stress increase significantly, and the stress redistribution oc-
curs. Controlled by the moisture content of the soil, the effects
of this stress concentration are mainly in two regions, one is
the saturated-unsaturated boundary region and the other is the
wet-dry interface. After the soil absorbs water, the stress con-
centration zone is formed in the saturated-unsaturated bound-
ary region and the wet-dry interface, and a large shear stress is
generated, resulting in local shear deformation. With the infil-
tration, the expansion deformation expands with the saturated-
unsaturated infiltration zone and the wet-dry interface to the
deep part of the slope, forming multiple shear planes, and the
slope is unstable.

In addition, since the expansion deformation of expansive
soil is controlled by the moisture content of the soil, it also has
obvious spatial and temporal heterogeneity. The stress con-
centration zone is first formed near the foot of the slope, and
local deformation and sliding occur. As the infiltration pro-
gresses, the soil expansion causes the stress concentration
zone to expand until it penetrates. Finally, a stress concentra-
tion zone penetrating the slope is formed, resulting in the
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overall sliding of the slope. This sliding failure mode creates
multiple shear failure surfaces with significant traction sliding
characteristics. This is consistent with the shallow landslide
characteristics of expansive soil slopes observed in a large
number of engineering practices.

Therefore, the swelling effect of expansive soil is the most
fundamental reason for the shallow sliding of the slopes, and
the fissurability and soil strength softening after moisture ab-
sorption promote the occurrence of the sliding.

Conclusions

Strong expansive soil suffers moisture action leading to swell-
ing deformation at a very limited depth. Based on that, large-
scale physical model test on expansive soil slope swelling at a
shallow depth was carried out. A wedge-shaped model box
with a bevel at the bottom was designed and a low-rate water
supply rainfall device with needles was used to supply small-
scale drip-type rainfall. The characteristics of moisture infil-
tration, surface and deep deformation of different parts of the
slope, and relationship between soil deformation and changes
of moisture content were analyzed. It was found that the mois-
ture content and the surface displacement of the slope showed
starting stage, rapid growth stage, slow growth stage, and
stable stage. The closer the soil was to the surface layer, the
more quickly it became saturated in the initial stage of infil-
tration. As the height along the slope increased, the rate of
increase of the moisture content in the surface layer became
slower and slower. With the increase of the depth in the soil,
the change of moisture content showed obvious hysteresis.
The moisture changed at the slope foot was the most signifi-
cant, and the infiltration depth and saturation zone became
smaller as the slope height increased. Surface displacement
increases from slope foot to slope shoulder and significantly
attenuate towards the depth. Horizontal displacement is about
1/3–1/2 of the vertical displacement. The larger the increment
of the soil moisture, the greater the surface deformation. Soil
shows dehydration shrinkage with fissures first appearing in
the soil surface and expands downward with continuing evap-
oration. The vertical deformation was more affected by the
change of the moisture content than the horizontal deforma-
tion. Vertical displacements basic had the linear relationship
with the average incremental moisture content, which showed
some differences in different parts of the slope, because the
expansion of the soil in the saturated-unsaturated boundary
region and the wet-dry interface played an important control-
ling role in the swelling effect.

The external hydraulic action causes an uneven distribution
of the slope moisture content field, which will cause the ex-
pansive soil to expand, the vertical stress does not change
much, the horizontal stress and shear stress increase signifi-
cantly, and the stress redistribution occurs. The stress

concentration zone is formed in the unsaturated-saturated
boundary region and the wet-dry interface, causing local shear
failure, and gradually expanding to the deep part of the slope,
eventually forming multiple shear planes, and the slope is
unstable. So the swelling effect of expansive soil is the most
fundamental reason for the shallow sliding of the slopes, and
the fissurability and soil strength softening after moisture ab-
sorption promote the occurrence of the sliding.
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