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A large number of instability cases and laboratory tests of expansive soil slopes show that its shallow layer destruction happens because
of the insufficient shear strength under the usual action of low stress and repeated dry-wet cycles.We can obtain the strength nonlinear
distribution law fitted by generalized power function based on a series of shear strength tests of expansive soil considering low stress
and can construct the numerical model considering the nonlinear strength distribution by FISH, to realize the shear strength dynamic
distribution with the vertical stress. Based on the numerical model, the whole-process contrastive analysis has been conducted on the
stress field, the slip surface depth, and the seepage field of plain soil and reinforced expansive soil cut slope under different rainfall
conditions. Besides, the mechanics characteristic of the geogrid under various design schemes has been compared and analyzed. A
further explanation has been given for the expansive soil cut slope prone to shallow layer failure after rainfall and on the effect of
geogrid reinforcement. The numerical results provide a reference for slope stability analysis in rainy expansive soil areas.

1. Introduction

Being regarded as the “cancer in engineering,” expansive soils
are found in more than 40 countries and regions in the world
[1]. Expansive soil is very prone to collapse due to its unique
expansibility, fissure, and overconsolidation [2]. Collapse
destruction can happen even at a slope ratio of 1 : 4~1 : 6.

Generally, the shallower burial depth of the expansive soil
makes smaller overburden pressure and a greater influence of
dry-wet cycles. More cracks would occur in the soil, causing
more severe intensity attenuation [3]. Moreover, the conven-
tional shear tests are conducted under high stress (100, 200,
300, and 400kPa or 50, 100, 200, and 300kPa) according to
the specification. We adopt linear regression for the strength
parameter values. The results, however, often differ significantly
from reality. The most common failure mode of expansive soil
slope is shallow layer slipping [2, 4, 5]. When the thickness of
the sliding body is less than 1.5m, the vertical pressure of the
sliding soil becomes less than 30kPa. As the measured shear

strength of the soil is often nonlinear [6–8], the strength param-
eters that match actual engineering conditions can be obtained
only when conducting the shear test under low stress.

The action of water is another important external factor
affecting the stability of expansive soil slopes, as many expan-
sive soil slopes become unstable in the rainy season or after a
heavy rainfall [9–14]. The influence of water on the expansive
soil slopes can be analyzed by several aspects: firstly, the
increase of water content will change the physical and
mechanical properties of expansive soil significantly, mainly
causing an increase in porosity, a decrease of intergranular
coupling force, etc. Meanwhile, a large number of desiccation
cracks occur in the shallow layer of the expansive soil slopes
under the action of the atmospheric dry-wet cycle, and the
cracks cause a large amount of rainwater infiltration, which
results in a decrease or even loss of the matric suction, even-
tually leading to a decrease in the shear strength [4, 15–17].
Moreover, some scholars have proposed that the influence
of the current static and dynamic load on the slope stability
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should also be considered from the perspective of seepage
force during rainfall infiltration [14, 18–20]. In essence,
expansive soil slope seepage, under rainfall, is a typical unsat-
urated soil seepage problem. Thus, the influence of multifield
hydraulic coupling must be considered for the instability fail-
ure caused by rainfall in expansive soil slopes. At present,
there are two ways to solve real scientific and engineering
problems. In the first way, pure mathematical methods are
used to derive analytical solutions [21, 22], while in the sec-
ond, numerical methods are used to produce approximate
numerical solutions [23, 24]. During the rapid advancement
of the emerging computational geoscience field, researchers
have obtained many analytical solutions for complicated
geoscientific problems, in which both temperature and
pore-fluid flow (i.e., seepage flow) have been considered.
Consequently, such advanced numerical methods can also
be used to investigate the shallow layer destruction of expan-
sive soil slopes under rainfall and geogrid reinforcement.

The conventional treatment methods for expansive soil
areas were mostly “soil replacement” or “modification treat-
ment,” which not only caused a great waste of resources but
also destroyed the ecological environment. The physicochem-
ical reaction for chemical modification, in particular, will
improve the conversion products in the soil greatly, resulting
in the change of pH, which will have a long-term negative
impact on vegetation growth. Nowadays, more attention is
paid to the harmony and protection of the ecological environ-
ment. Hence, future research on expansive soil should be
focused on environment-friendly methods. Soil reinforce-
ment, a mechanical means of stabilizing weak soil, involves
the use of fibrous materials, which can be in the form of geo-
synthetics (geogrid, geotextile, geocomposite, and geonet) or
randomly distributed fibers of natural or synthetic origin
[25, 26]. Many researchers have used geotechnical analysis
software to simulate and optimize the flexible support of the
expansive soil slopes and have achieved remarkable results in
China [2, 27–29]. However, it is still necessary to further
explore the failure mechanism of the expensive soil slope’s
shallow layer and the stress characteristics of geogrid under
different rainfall conditions while also considering the nonlin-
ear distribution of soil strength of expansive soil slopes.

In this paper, the strength nonlinear distribution law,
fitted by a generalized power function, is obtained based on
a series of shear strength tests of expansive soil. The numer-
ical model considering the nonlinear strength distribution is
constructed by FISH to realize the shear strength dynamic
distribution with the vertical stress of the slope. Based on
the numerical model, the whole-process contrastive analysis
has been conducted on the stress field, the slip surface depth,
and the seepage field of plain soil and reinforced expansive
soil cut slopes under different rainfall conditions. Addition-
ally, the mechanical characteristic of the geogrid surface
under different design schemes is also analyzed.

2. Shallow Layer Failure Model of Expansive
Soil Slope

It has been observed that the failure depth of expensive soil
slopes is usually between 0.5m and 2.0m [30]. At these

depths, the dry-wet cycle of the soil is significant due to the
atmospheric effect, and the effective normal stresses are
mostly between 5 kPa and 35 kPa, much smaller than the
vertical pressure (50, 100, 200, and 300 kPa) applied to the
specimen in the conventional shear test. It is, however, inap-
propriate to analyze the slope stability using the conventional
shear test strength parameters. Therefore, we carried out the
strength shear test, considering the time of different dry-wet
cycles under low-stress conditions, to obtain the shear
strength parameters suitable for the effective normal stress
on the slope sliding surface. The specific test and operating
procedures are detailed in the literature [31]. The series
shear test results show that the shear strength increases
nonlinearly with the increase of vertical pressure, especially
for the low-stress section, which can be well fitted by a
generalized power function:

τ = SNL σjA, n, Tð Þ ≡ PaA
σ

Pa
+ T

� �n

: ð1Þ

Here, Pa stands for atmospheric pressure, fA, n, Tg are
nondimensional strength parameters, and SNLðσjA, n, TÞ is
a nonlinear strength function. The notation SNLðσÞ = SNL
ðσjA, n, TÞ emphasizes the dependence of strength functions
on their parameters. Particularly, A is the scale parameter
controlling the magnitude of shear strength, T is a shifting
parameter controlling the location of the envelope on the σ
axis (tNL = PaT is the tensile strength associated with SNL
ðσÞ = SNLðσjA, n, TÞ, with T representing a nondimen-
sional tensile strength), and n controls the curvature of
the envelope [7]. Here, A > 0, 1/2 ≤ n ≤ 1, T ≥ 0. When n = 1,
A = tan φ, and T = ðc/PaÞ tan φ, Equation (1) becomes the
expression of Mohr-Coulomb (MC) strength norm. Figure 1
shows the failure envelopes of the generalized power function
in Equation (1).

2.1. Test Analysis of the Nonlinear Shear Strength. Almost all
expansive soil slope failures are in the form of shallow layer
slipping failure, and the overburden pressure of the soil above
the slip surface is less than the value specified in the conven-
tional shear test. The dry-wet cyclic shear test with loading
has been carried out on undisturbed soil [7, 31, 32], reveal-
ing the effects of dry-wet cycles, especially of low stress, on
the nonlinear shear strength of expansive soil. The test
results are presented in Table 1. (Since the point of this
work is the shallow layer destruction law of expansive soil
slope under rainfall and application of geogrid reinforce-
ment, here is a brief introduction of the shear strength of
expansive soil under wet-dry cycles with loading. To make
it easier to understand, some related studies are available
for References [7, 31, 32].)

Table 1 shows nonlinear strength characterization
parameters and conventional shear strength parameters,
which indicates that the effect of a dry-wet cycle, with loading
on shear strength, is significantly higher in the low-stress
section than that for the high-stress section. It thus explains
why the expansive soil slope that has just been excavated is
usually very stable; the shallow layer damages happen during
a certain rainfall period or after rainfall. The distribution

2 Geofluids



parameter should also be considered in the stability analysis
of the expansive soil slope to obtain a more reasonable
simulation result.

2.2. Construction of the Strength Nonlinear Distribution
Model. We construct a numerical model considering the
nonlinear distribution of strength based on the results of
the above soil shear strength test by adopting the generalized
power function to fit the nonlinear strength formula and
introducing it into FLAC2D by FISH. To verify the rational-
ity of the numerical model of the expansive soil slope with
nonlinear strength distribution, the conventional model

and the nonlinear distribution model have been established,
respectively, with rainfall intensity of 55mm/d and dura-
tion of 4 d. The strength parameters in the conventional
model are c = 30 kPa, φ = 20; the fitting parameters in the
contrastive model are A = 0:4691, n = 0:8352, and T =
0:0352; other soil parameters are the same. In this way, a
comparative analysis has been conducted on the effect of
the nonlinear distribution of soil strength on the tability
of slopes under rainfall infiltration. It must be noted that
due to the limitation of using a commercial computer code
(i.e., FLAC2D), the effect of chemical reactions is not
considered in this study.

Table 1: Undisturbed soil dry-wet cycles shear strength parameters with loading.

Wet/dry cycle number
Dimensionless parameters

Intercept of the fitted curve on y-axis
75-300 (kPa)

A T N C (kPa) Φ (°)

0 0.5665 0.4617 0.9889 26.7 30.4 28.5

2 0.6111 0.2535 0.9495 16.8 23.7 28.6

4 0.6900 0.0724 0.8731 7.1 21.6 28.4

6 0.7074 0.0094 0.8417 1.4 19.3 28.1

8 0.7176 0.0000 0.8444 0.0 20.8 28.2

Step 44061
Flow time 1.7280E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01
Factor of safety 1.92
Max. shear strain increment

0.00E+00
2.50E-03
5.00E-03
7.50E-03
1.00E-02
1.25E-02
1.50E-02
1.75E-02
2.00E-02

Contour interval = 2.50E-03
Extrap. by averaging
Velocity vectors
max vector = 7.079E-06

(a) Without support

Step 47652
Flow time 3.4560E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01
Factor of safety 0.88
Max. shear strain increment

0.00E+00
1.00E-01
2.00E-01
3.00E-01
4.00E-01
5.00E-01
6.00E-01
7.00E-01

Contour interval = 1.00E-01
Extrap. by averaging
Velocity vectors
max vector = 3.148E-04

(b) With support

Figure 1: Comparison of shear strain increment for different calculation models.
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Figure 1 shows the safety factor and shear strain incre-
ment distribution using the two models. It can be seen that
the slope safety factor obtained by the conventional model
is relatively high (F’s = 1:92), and the safety factor is low
(F’s = 0:88) on adopting the nonlinear strength parameters,
in consistence with the engineering practice of the shallow
layer collapse of the expansive soil slope.

3. Comparative Analysis of the Geogrid
Reinforcement Treatment under
Rainfall Conditions

3.1. Project Overview. Nanning-Youyiguan Expressway is an
important part of the Hengkun Highway (G275). It connects
directly to the No.1 Highway in Vietnam, with a total length
of 220 km. It receives an average annual rainfall of 1200mm
and undergoes a significant dry-wet cycle effect. Typical
weathered residual gray expansive soil is found in the road
section, and the soil parameters obtained by the laboratory
test are shown in Table 2. As it is located in the hot and
humid area of the south, the maximum daily rainfall exceeds
120mm during the rainy season. Affected by the dry and wet
circulation of the atmosphere, small collapse occurs in some
slopes after several months of excavation (Figure 2). As the
rainfall continues, severe sliding damages occur to 23 slopes
in an expansive soil area along the Nanyou road.

3.2. Model Specification. We establish a plain soil cut slope
(model I) and reinforced expansive soil cut slope (model II)
based on the above research in Sections 2.1 and 2.2. The
strength parameter values with 8 dry-wet cycles of undis-
turbed soil are used in model II, i.e., A = 0:4691, n = 0:8352,
and T = 0:0352. Other physical and mechanical parameters

are listed in Table 2. The parameters of geogrid and rein-
forced soil interface are mentioned in Table 3.

The slope mode is based on the actual size of the expan-
sive soil slope encountered in Nanyou road engineering. The
cut slope has a height of 6m and a slope ratio of 1 : 1.5. Under
the action of the dry-wet cycle, fissures of the expansive soil
slope develop randomly and form a network; as the rainwater
enters, it flows along the fissures. In view of this, we use a
stratification equivalent method to divide the expansive
surface soil into three layers according to the degree of
weathering, namely, the completely weathered layer, the
weakly weathered layer, and the unweathered layer.

We set the strong weathering layer as 1.0m thick, the
weak weathering layer as 2.0m thick, and the lower slope soil
as the unweathered layer. The saturated permeability coeffi-
cients of the strong, weak, and unweathered layers have been
set to be 2:3 × 10–6m/s, 2:3 × 10–7m/s, and 2:3 × 10–8m/s,
respectively. Provided that the groundwater is 1m deep, the
left and right sides of the model are pressure boundaries,
i.e., the permeable boundaries; the bottom side is the
seepage-free boundary. When the intensity of rainfall is less
than the soil permeability coefficient, the slopes are treated
as flow boundaries. Otherwise, they are calculated as bound-
aries of fixed water levels.

We set the rainfall intensity to be 55mm/d (converted to
6:32 × 10–7m/s for calculation in FLAC2D) [7, 33, 34].
Generally, the expansive soil slope will not be destroyed
under the condition of light rain or moderate rain (the rain-
fall intensity is 20~50mm/d); hence, only hard rain condi-
tion has been discussed in this paper.

3.3. Contrastive Analysis of Reinforced and Unreinforced
Expansive Soil. The changes of unreinforced soil and

Table 3: The parameters of geogrid and reinforced soil interface.

Geogrid
type

Thickness
(m)

Modulus of
elasticity (MPa)

Interfacial shear
stiffness (kN/m)

Reinforcement
interval (m)

Reinforcement
length (m)

Interface
pseudocohesion

(kPa)

Interface
pseudofriction

angle (°)

RS 35PP 5E − 4 450 4:7E3 0.5 3.5 10 10

Figure 2: Collapse of expansive soil slopes.

Table 2: Expansive soil parameters of Nanyou Highway at K136+00-K136+370.

Ratio,
Gs

Natural moisture
content (%)

Standard absorption moisture
content (%)

Free expansion
ratio (%)

Plasticity
index (%)

Plasticity limit
(%)

Liquid limit
(m2/g)

2.71 30.34 6.3 57.5 39.8 31.5 71.2
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Step 41489
Flow time 8.6420E+04
–1.167E+00 < x < 2.217E+01
5.667E+00 < y < 1.767E+01

Max. shear strain increment
0.00E+00
2.50E-03
5.00E-03
7.50E-03
1.00E-02
1.25E-02
1.50E-02

Contour interval = 2.50E-03
Extrap. by averaging
Boundary plot

0 5E 0
Factor of safety 2.07

Factor of safety 1.22

Factor of safety 1.92

Step 44061
Flow time 1.7280E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01

Max. shear strain increment
0.00E+00
2.50E-03
5.00E-03
7.50E-03
1.00E-02
1.25E-02
1.50E-02
1.75E-02
2.00E-02

Contour interval = 2.50E-03
Extrap. by averaging
Boundary plot

0 5E 0

Step 46864
Flow time 2.5922E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01

Max. shear strain increment

0.00E+00
2.50E-03
5.00E-03
7.50E-03
1.00E-02
1.25E-02
1.50E-02
1.75E-02
2.00E-02
2.25E-02

Contour interval = 2.50E-03
Extrap. by averaging
Boundary plot

0 5E 0

1 day

2 day

3 day

Step 46333
Flow time 3.4560E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01

Max. shear strain increment

0.00E+00
5.00E-03
1.00E-02
1.50E-02
2.00E-02
2.50E-02

Contour interval = 5.00E-03
Extrap. by averaging
Boundary plot

0 5E 0

Step 48639
Flow time 4.3202E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01

Max. shear strain increment

0.00E+00
5.00E-03
1.00E-02
1.50E-02
2.00E-02
2.50E-02
3.00E-02

Contour interval = 5.00E-03
Extrap. by averaging
Boundary plot

0 5E 0

Factor of safety 1.08

Step 54633
Flow time 5.1841E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01

Max. shear strain increment

0.00E+00
2.50E-02
5.00E-02
7.50E-02
1.00E-01
1.25E-01
1.50E-01
1.75E-01
2.00E-01
2.25E-01

Contour interval = 2.50E-02
Extrap. by averaging
Boundary plot

0 5E 0

Factor of safety 0.96

4 day

5 day

6 day

Factor of safety 1.50

(a) Without support

Figure 3: Continued.

5Geofluids



Step 52514
Flow time 3.4560E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01

Boundary plot

0 5E 0
Max. shear strain increment

0.00E+00
2.50E-03
5.00E-03
7.50E-03
1.00E-02
1.25E-02
1.50E-02
1.75E-02

Contour interval = 2.50E-03
Extrap. by averaging
Factor of safety 1.94

Step 50628
Flow time 4.3202E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01

Boundary plot

0 5E 0

Max. shear strain increment

0.00E+00
1.00E-03
2.00E-03
3.00E-03
4.00E-03
5.00E-03
6.00E-03
7.00E-03

Contour interval = 1.00E-03
Extrap. by averaging
Factor of safety 1.86

Step 62347
Flow time 5.1841E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01

Boundary plot

0 5E 0
Max. shear strain increment

0.00E+00
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02
6.00E-02
7.00E-02

Contour interval = 1.00E-02
Extrap. by averaging
Factor of safety 1.75

4 day

5 day

6 day

Step 41516
Flow time 8.6420E+04
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01

Boundary plot

0 5E 0
Max. shear strain increment

0.00E+00
2.50E-03
5.00E-03
7.50E-03
1.00E-02
1.25E-02
1.50E-02
1.75E-02
2.00E-02

Contour interval = 2.50E-03
Extrap. by averaging
Factor of safety 2.53

Step 46379
Flow time 1.7280E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01

Boundary plot

0 5E 0

Max. shear strain increment

0.00E+00
1.00E-03
2.00E-03
3.00E-03
4.00E-03
5.00E-03

Contour interval = 1.00E-03
Extrap. by averaging
Factor of safety 2.30

Step 46517
Flow time 2.5922E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01

Boundary plot

0 5E 0

Max. shear strain increment

0.00E+00
1.00E-03
2.00E-03
3.00E-03
4.00E-03
5.00E-03

Contour interval = 1.00E-03
Extrap. by averaging
Factor of safety 2.24

1 day

3 day

2 day

(b) With support

Figure 3: The shear strain increment of plain soil and reinforced expansive soil slope under different rainfall durations.
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Figure 4: Comparison of the safety factor and slip surface depth between plain soil and reinforced expansive soil slope.
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Step 41516
Flow time 8.6420E+04
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01
X-displacement contours

–4.00E-02
–3.50E-02
–3.00E-02
–2.50E-02
–2.00E-02
–1.50E-02
–1.00E-02
–5.00E-03
0.00E+00

Contour interval = 5.00E-03
Displacement vectors
max vector = 4.433E-02

0 1E-1

Step 44061
Flow time 1.7280E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01
X-displacement contours

–4.00E-02
–3.50E-02
–3.00E-02
–2.50E-02
–2.00E-02
–1.50E-02
–1.00E-02
–5.00E-03
0.00E+00

Contour interval = 5.00E-03
Displacement vectors
max vector = 4.379E-02

0 1E-1

Step 46864
Flow time 2.5922E+05
–1.167E+00 < x <2.217E+01
–5.667E+00 < y <1.767E+01
X-displacement contours

–2.00E-02
–1.75E-02
–1.50E-02
–1.25E-02
–1.00E-02
–7.50E-03
–5.00E-03
–2.50E-03
0.00E+00

Contour interval = 2.50E-03
Displacement vectors
max vector = 2.519E-02

0 5E-2

Step 46333
Flow time 3.4560E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01
X-displacement contours

–2.00E-02
–1.75E-02
–1.50E-02
–1.25E-02
–1.00E-02
–7.50E-03
–5.00E-03
–2.50E-03
0.00E+00

Contour interval = 2.50E-03
Displacement vectors
max vector = 2.936E-02

0 5E-2

Step 48639
Flow time 4.3202E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01

X-displacement contours
–2.50E-02
–2.00E-02
–1.50E-02
–1.00E-02
–5.00E-03
0.00E+00

Contour interval = 5.00E-03
Displacement vectors
max vector = 3.394E-02

0 1E-1

Step 54633
Flow time 5.1841E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01
X-displacement contours

–1.75E-01
–1.50E-01
–1.25E-01
–1.00E-01
–7.50E-02
–5.00E-02
–2.50E-02
0.00E+00

Contour interval = 2.50E-02
Displacement vectors
max vector = 2.273E-01

0 5E-1

Max vector = 3.7 cm

Max vector = 4.4 cm 2 day

Max vector = 2.5 cm

Max vector = 2.9 cm 4 day

Max vector = 3.4 cm 5 day

Max vector = 22.7 cm 6 day

1 day

3 day

(a) Without support

Figure 5: Continued.
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reinforced expansive soil cut slope, in the course of continu-
ous rain for six days, are shown in Figures 3 and 4. The
potential slip surface of the unreinforced expansive soil cut
slope is deep at the initial stage of the rainfall. After three
days of continuous rainfall, the potential slip surface becomes
shallow; its buried depth changes from 2.9m to 0.6m. The
safety factors also reduce significantly from the original
2.07 to 0.96 after six days of rainfall. As a result, shallow layer
collapse occurs at the slope. However, the potential slip
surface of the reinforced expansive soil cut slope changes to
2.4m from 3.1m during the 6-day rainfall period; the safety
factors are all greater than 1.75.

The horizontal displacement variations of the slope
caused by continuous rainfall are shown in Figure 5. As the
rainfall continues, the horizontal displacement of the cut
slope soil increases continuously, and longer rainfall duration
makes a greater rate of horizontal displacement increase.
After continuous rainfall for 6 days, the horizontal displace-
ment of the slope increases sharply, from 3.4 cm to 22.7 cm.
At this time, the shallow slippage causes the overall failure
of the expansive soil cut slope, which is consistent with the
results obtained from the previous safety factor.

It is found that geogrid reinforcement treatment reduces
the maximum displacement of the expansive soil cut slope
significantly. For example, after rainfall for three days, the
maximum displacement of the plain soil slope is 2.5 cm,
while the maximum displacement of the reinforced slope is
1.2 cm, lesser by about 50%. It is worth noting that the
maximum displacement of the plain soil slope occurs in the
shallow surface, and the failure occurs at about 1m depth.
The maximum displacement of the reinforced slope soil does
not appear in the shallow layer. Instead, it turns to the inside
of the slope and reduces the maximum displacement vector
significantly. This shows the transfer of the potential slip sur-
face to the inside of the expansive soil slope because of the
inhibition effect of the geogrid.

It should be noted that the maximum displacement of
unreinforced expansive soil cut slope is greater than the dis-
placements in the subsequent stages of the rainfall, during the
initial stage of rainfall (at the beginning 1–2 days). This is
because the potential slip surface appears inside the slope,
with a large displacement, during the early stage of rainfall.
As the rainfall duration increases, the water content of the
soil increases, and the transient saturation zone appears in
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0 2E-2

Step 50628
Flow time 4.3202E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01
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Figure 5: Horizontal displacement and total displacement of plain soil and reinforced expansive soil cut slopes for different rainfall durations.
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Step 41489
Flow time 8.6420E+04
–1.167E+00 < x < 2.217E+01
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(a) Without support

Figure 6: Continued.
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the superficial layer of the slope. The matric suction
decreases to 0, and the soil strength becomes low, causing
the potential slip surface of the slope to change gradually
from deep sliding to shallow sliding damage. In contrast,
the maximum displacement of the slope in the subsequent
stage is relatively small. However, it grows with the increase
in rainfall duration.

The changes of the seepage field on unreinforced and
reinforced expansive soil slopes can be observed when
the rainfall duration is one day, three days, and five days,
respectively, to explore the effect of geogrid reinforcement
on the seepage field distribution of expansive soil cut slope
(see Figure 6).

The comparative analysis shows that there is no signif-
icant difference in the seepage field distribution between
the two expansive soil slope models studied. It is believed
that the geogrid reinforcement has a minute influence on
the water migration and distribution in the slope. Also, a
slope section is set at the foot of the slope (see Figure 7).
The pore water press distribution is recorded to further
explore the influence of geogrid reinforcement on the water
migration of expansive soil slope. The result is presented in
Figure 8, where the x-coordinate is the distance to the
vertex of the section.

It can be seen that the expansive soil has a large suction in
the initial state and the surface soil reaches –40 kPa. There is

Step 41516
Flow time 8.6420E+04
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01
Saturation contours
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9.00E-01
1.00E+00

Contour interval = 5.00E-02
Flow vectors
⁎ vectors of zero length ⁎
Boundary plot

0 5E 0
Step 46517
Flow time 2.5922E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01
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8.00E-01
9.00E-01
1.00E+00

Contour interval = 5.00E-02
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⁎ vectors of zero length ⁎
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Flow time 5.1841E+05
–1.167E+00 < x < 2.217E+01
–5.667E+00 < y < 1.767E+01
Saturation contours
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6.00E-01
7.00E-01
8.00E-01
9.00E-01
1.00E+00

Contour interval = 5.00E-02
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⁎ vectors of zero length ⁎
Boundary plot

0 5E 0

1 day

3 day

5 day

(b) With support

Figure 6: Seepage field distribution of plain soil and reinforced expansive soil cut slope for different rainfall durations.
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a saturation zone, of about 1m, at the bottom of the slope
because of the influence of groundwater. As the rainfall dura-
tion increases, water gradually penetrates the soil, making the
matrix suction of the surface soil decrease continuously.
After five days of rainfall, a positive pore water press appears
in the surface soil, which indicates that the strong weathered
zone has reached its saturation. Compared to the unrein-
forced soil slopes, the pore press distribution of the rein-
forced slopes does not change much, and its distributive
law is basically consistent with that of the unreinforced soil
slope. This further indicates that the geogrid reinforcement
has less impact on water migration and distribution in the
expansive soil cut slope.

3.4. Optimization of the Geogrid Reinforcement Parameter.
Geogrids play a vital role in maintaining the stability of rein-
forced expansive soil slopes. In order to further explore the
influence of the reinforcement interval and the interaction
between the geogrid and soil on the stress and strain of the
reinforced slope soil, a numerical simulation has been con-
ducted for the reinforced slope with a length of 3.5m, grid
interval of 0.5m, and four kinds of reinforcement intervals
(0.25m, 0.5m, 0.75m, and 1.0m). Figures 9–12 show the
geogrid’s axial force distribution, the shear stress distribution
of the slope, the variation of the geogrid’s maximum axial
force with the height, and the horizontal displacement distri-
bution of the slope. It can be seen that the variations of the
maximum axial force with the height for grids under different
reinforced interval conditions are basically the same—they
first increase and then decrease. A smaller reinforced interval

makes a smaller maximum value. For example, the maxi-
mum axial forces of four slope grids with the reinforced
interval of 0.25m, 0.5m, 0.75m, and 1.0m are 1.499 kN,
2.545 kN, 3.235 kN, and 5.300 kN, respectively; the horizontal
displacements of the slope increase first and then decrease
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Figure 7: Slope section.

0 10 20 30 40 50 60

–5000

–4000

–3000

–2000

–1000

0

1000

Po
re

 w
at

er
 p

re
ss

ur
e (

kP
a)

Distance to vertex of the section (m)

Initial state
Rainfall duration = 1 day
Rainfall duration = 3 days
Rainfall duration = 5 days

Figure 8: Distribution of pore pressure during different rainfall
durations.

11Geofluids



with the increase of height, and the value increases with
larger reinforced interval. When the reinforced interval
increases from 0.25m to 0.75m, the displacement difference
remains relatively stable; however, it varies greatly when the
reinforced interval increases from 0.75m to 1.0m. The max-
imum displacements can be 1.17m, 1.80m, 2.43m, and
4.75m, respectively. The safety factors decrease with the
increase of reinforcement interval, which is 1.33, 1.17,
1.11, and 1.06, respectively.

The positions of the most dangerous sliding surfaces are
basically the same, and the maximum shear strain increment

of the shear surface decreases with the reinforcement inter-
val. Therefore, the reinforcement interval has a great influ-
ence on the stability of the expansive soil slope, and a
smaller interval makes better stability of the slope. The rea-
sons are the following: smaller reinforcement interval makes
more layers of the slope, and less thick reinforced soil makes
less moisture absorption, expansion, and softening; the
increased number of geogrids leads to less load-carrying
and better integrity, thus enhancing the ability to limit the
horizontal deformation of the slope. However, for actual
engineering, the reinforcement interval should not be small.
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Figure 9: Shear stress distribution of slopes with different reinforced intervals (τxy).
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Figure 10: Axial force distribution of slopes with different reinforced intervals.
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It should be determined depending upon the actual engineer-
ing conditions, construction operability, economics, and
other factors.

4. Conclusions

(1) The nonlinear distribution law of strength, fitted by a
generalized power function, has been obtained based
on a series of shear strength tests of expansive soil,
considering low stress and dry-wet cycles. The numer-
ical model of the expansive soil slope, considering
nonlinear strength and dry-wet cycles, has been con-
structed directly. The model is theoretically more rea-
sonable than the conventional model; its simulation
results are more in line with the engineering practice

(2) Analysis and evaluation have been conducted on the
stability of an expansive soil slope in Nanning Outer

Ring Expressway, and the safety factor value and
the depth of slip surface have been obtained under
different rainfall and reinforcement conditions. The
results can be used to provide references for the
stability analysis of expansive soil slopes in hot
and humid regions

(3) The reinforcement interval has a huge impact on the
stability of the expansive soil slopes, and a smaller
interval gives better stability to the slope. However,
for actual engineering, the reinforcement interval
should not be small. It should be determined depend-
ing on the actual engineering conditions, construc-
tion operability, economics, and other factors

(4) It should be noted that the use of commercial com-
puter codes in this study has certain limitations. For
example, the effect of chemical reactions on the shal-
low layer destruction of expansive soil slopes could
not be considered. Additionally, the horizontal and
vertical infinite extension of the soil mass cannot be
simulated in the numerical model. These factors
should be considered in future studies
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