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Physical model tests on expansive soil slopes
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Abstract: A series of large-scale static model tests on a compacted expansive soil slope under artificial rainfall are conducted
for real-time monitoring of water content and swelling deformation. The monitoring results show that the distribution of water
content in the slope is nonuniform in space and time, which results in the nonuniform distribution of swelling deformation at the
drying-wetting interface. According to the survey of failure surface by excavation after landslide, it is observed that local shear
ruptures firstly take place at the drying-wetting interface within the shallow layer of slope, and then extend downwards
gradually with water infiltration, and multiple shear sliding surfaces are produced at different depths and areas, which connect
further with each other and finally lead to an overall landslide. The traditional limit equilibrium method can not correctly
simulate the progressive landslide of expansive soil slopes. The finite element method with expansive model is adopted, and the
safety factor of the model test slope is calculated to be 0.92 using the strength reduction technique. Both the physical model
tests and the finite element analysis prove that the essential influence factor of expansive soil slope stability is the swelling
deformation instead of the over-consolidation effect and fissure presence.
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0 Introduction

The expansive soil (ES) is known as "trouble soil"
or "expensive soil" because of the long-term potential
instability, recurrent risk and high costs of maintenance.
the
properties of ES, such as swelling-shrinkage behavior,

Lo 13
fissure presence and over-consolidation effect, etc ',

Geotechnical engineers summarized special

Lots of significant damages of geotechnical structures
were induced worldwide by ES. China is one of the
countries with a wide distribution of ES, and the ES
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. . . 4-6
engineering problems are very serious'™.

Slope failure, including landslide and collapse, can
easily occur in expansive soil area. By means of
investigation on large number of expansive soil slope
(ESS) failure instances, the typical characteristics of
landslide of ESS are summarized to be shallow layer
(generally not more than 3 m), tractive sliding, gentle
motion and seasonal occurrence, which are closely
associated ~with  swelling-shrinkage, crack and
over-consolidation behavior of ES. Basma et al’.
studied the swell-shrinkage behavior of expansive clays
and considered that cyclic swelling process leads to a
gradual destruction of the contacts in the clay structure.
Zhan'"® investigated the behavior of an unsaturated
studied the

mechanism of rain-induced landslips in the in-situ

medium expansive clay and failure

unsaturated expansive soil slope. There are some
engineers who consider that failure of ESS is only
caused by the strength reduction after several
drying-wetting cycles, so the limit equilibrium method is
still used to evaluate stability of ESS. But the safety
factor which is calculated even using a smaller value
than the residual strength of ES is still large, and disagrees
with the fact that some filling expansive soil slopes slide

1°1 S0, the strength reduction cannot

after once rainfal
fully explain the instability of ESS, and the soil strength is
not the only key index in stability analysis.

During recent years, Yangtze River Scientific
Research Institute (YRSRI) has been committed to the
research  on and treatment

failure mechanism

technologies of ESS, which is closely related to
South-to-North Water Transfer Project (SNWTP) ['*%]
For this purpose, a series of laboratory experiments,
large-scale static model tests, centrifugal model tests,
numerical analyses and in-situ slope failure tests are
performed. Some new viewpoints are formed concerning
shallow progressive landslide and deep failure of ESS.
This paper only focuses on the shallow landslide of
compacted expansive soil slope which is irrespective of
over-consolidation effect and swelling-shrinkage cracks,
and mainly introduces the large-scale static model tests
and the corresponding finite element analysis. From the
test results and numerical analyses, the key effect of the
swelling expansion on the shallow progressive failure

process of ESS is revealed and analyzed.

1 Properties of compacted expansive
soils
1.1 Basic physical properties
The expansive soils used in the static model tests
are sampled from the channel of SNWTP in Handan,
Hebei
China's "Specification of Soil Test (SL237-1999)", are

performed in order to evaluate physical properties of

Province. Laboratory tests, complying with

compacted expansive soils. Additionally, clay mineral
composition is also assessed. From Table 1, it can be
noted that the clay mineral is mostly montmorillonite
with over 40 percent. The free-swelling index given by
free swell tests is 124%, showing that the expansion

degree of Handan expansive soils is high.

Table 1 Physical properties and mineral composition of expansive soils

Consistency limits

Grain size

Compaction

52.2  Maximum dry unit weight, ydmax/(kN'm’S) 16.8
47.8  Optimum water content, w,,/% 19.9

30.8

Liquid limit/% 81.2  Silt (>0.005 mm)/%
Plastic limit /% 32.9 Fine silt (<0.005 mm)/%
Shrinkage limit/% 15.1  Clay (<0.002 mm)/%
Plasticity index/% 48.3

Natural field condition Expansion
Specific gravity, G 2.75 Free swelling index/%
Water content, w/% 33.0 Degree of expansion
Dry unit weight, 7¢/(kN-m*) 13.9  Expansive force/kPa
Void ratio, e 0.998
Saturation degree, S;/% 92.8

Soil classification: CH

Percentage of total non-clay minerals
124 Quartz/% 36
High Alkali feldspar/% 6
64.6  Anorthose/% 11
Percentage of total clay minerals/%
Montmorillonite/% 41
Kaolinite/% 6
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1.2 Expansion
Huder-Amberg (1970) drew a conclusion that the
relationship between expansion swelling and logarithm
of expansion stress is linear through uniaxial expansion
strain tests, and this linear law was proved by other
scholars "' In this paper, for Handan ES, a series of
triaxial swelling tests are conducted. The tests data show
that the relationship between volume expansive ratio &,
and mean principal stress o, can be generalized as:
g, =a+bln(l+o,) , (D
where, &, is the volume expansive ratio (%) caused by

full moisture absorption of soil; o, is the mean

principal stress (kPa); a, b are the coefficients related to
initial moisture content. When the degree of compaction
is 0.95 and the initial water content is 26% for Handan

ES, a=31.17 and b=-6.31 (shown in Fig. 1).
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Fig. 1 Relationship between volume expansive ratio and stress
by triaxial swelling test (wy,=26%)
1.3 Mechanical properties
Fig. 2 shows the strength envelope of compacted
expansive soils obtained from consolidated-drained
triaxial tests. The strength parameters under high stress
of 100~400 kPa are ¢ =27.0 kPaand p = 14.4° .
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Fig. 2 Strength envelope of compacted expansive soils

2 Large-scale static model tests of
expansive soil slopes
2.1 Overview of static model test system
The large-scale static model test system of YRSRI
consists of a steel model box 6 m in length, 2 m in width

and 2.8 m in height, a loading system, an environmental
simulation system and a measuring system. One lateral
side of the model box is made of special glass so that
slope failure process can be observed (see Fig. 3). The
environmental simulation system includes a rainfall
generator, an evaporation device and a set of
water-supplying network. Artificial rainfall is generated
by a group of spray nozzles which can control rainfall
and rainfall pattern. Actual infiltration rate can be
back-calculated by two flow meters installed at inlet pipe
and outlet pipe with the diameter of 0.1 m. In addition,
the measuring system can not only measure the real-time
deformation, earth pressure, soil suction and water
content, but also monitor water level, flow, temperature

and slope runoff.

Fig. 3 Photo of large-scale static model test system of YRSRI
2.2 Test procedure and monitoring arrangement

Firstly, soil samples are prepared according to the
initial moisture content of 20%, then compacted to the
dry density of 1.60 g/lem’ (degree of compaction is 0.95)
using the layered roller compacted method. While
dumping and compacting the soils, some necessary
transducers are placed at the designated locations. After
soil sample height reaches the specified value, test
technicians shape it into a slope with a slope ratio of 1 :
1.5. Finally,
equipments are installed.

The test plans are listed in Table 2. The first test

QI1-1 does not set the soil foundation and neglects the

displacement transducers and rainfall

drainage of model box, and then the second test Q1-2
ameliorates the above two handicaps to study the effect
of high rainfall on slope stability. The third test Q1-3
changes the rainfall ways and focuses on the slope
stability under the condition of low-intensity continuing
rainfall. In all the three model tests, landslides occurr due

to rainfall infiltration and the sliding processes are
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Table 2 Static model test plans of compacted expansive soil slopes

No. Soils Slope sizes

Hydrologic conditions

+ without foundation
Compacted )
) ) + slope ratio: 1: 1.5
Ql-1 high expansive
+ height of slope: 2.5 m

soils )
* crest width: 2.5 m
+ foundation thickness: 0.5 m
+ slope ratio: 1:1.5
Compacted

) ) + height of slope: 2.0 m
Q1-2 high expansive )
] ¢ crest width: 1.75 m
soils

+ without drainage in model box;
+ high rainfall (the infiltration intensity of 1.7~8.1

mm/h) in range of slope surface

¢ drainage in model box;
+ high rainfall (the infiltration intensity of 8.6~12.3

mm/h) in range of slope surface and the crest

+ distance between the slope toe to box

boundary: 0.85 m
Compacted
Q1-3 high expansive ¢ the same as the test Q1-2

soils

+ drainage in model box;
+ low-intensity continuing rainfall (average

infiltration intensity of 0.53 mm/h)

similar. Therefore, in this paper, the test Q1-3 is mainly
discussed and analyzed as a representative.

Fig. 4 shows a typical monitoring diagram for the
test QI-3. In test Q1-3, monitored variables mainly
include moisture content and swelling deformation. The
water content is obtained by two ways, one is to use the
PR2 Profile Probe which can measure soil moisture over
time at 4 depths down to 40 cm, and the other is by the
drying method with drilled soil samples during the test
process. In addition, the soil deformation is measured by
(LVDT) and
inclinometer probes. All transducers are calibrated

some  displacement transducers
before tests. Moreover, some special landmarks are
formed by filling black fine soils into drill holes at the
cross-sectional profile after the slope model is shaped,
that is to observe clearly the shear deformation status
inside the slope. As the diameters of the drilling holes
are very small and their depths are only 0.5 m, these
landmarks in slope don't affect the slope integrity.

1750 1000

0 SEl: internal displacement point
® L1: surface displacement point

SE20100

500 500 500 500

Dimension: mm
Fig. 4 Arrangement diagram of measuring instrument of static
model test Q1-3.
2.3 Test results
2.3.1 Moisture content

The time step of rainfall distribution in test Q1-3
can be shown as follows:

0~12h,41~52h, 108~153 h, 238~266 h, 338~
341 h, and 360~363 h are the rainfall periods, and 12~
41 h, 52~108 h, 153~238 h, 266~338 h, 341~360 h,
and 363~385 h are the rainfall break periods.

The initial water contents at different depths of the
compacted expansive soil slope are between 19.6% and
24.4%. The real-time water contents are obtained by
drilling during tests. Fig. 5 shows the water content
distribution with depth at different time.

The water content at shallow depth of 0.2 m
increases rapidly to more than 30% in the first 100 h, and
then keeps stable between 40% and 45%, which means
that the soils are nearly saturated. With rainfall, water
gradually infiltrates downwards. The water content at
depth of 0.3~0.4 m at 238 h increases to more than
40%.

Water content/%
018 20 22 24 26 28 30 32 3436 38 40 42 44 46 48 50
T

T T T T T T T T T T N T T 1
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o xox 1
0.6 X ¢ A
[J * A
£ 08 e ~
210f * 0
& ° A © Before rainfall
A 12f . ©96h
141} x 153 h
[ % 266 h
L6 360 h
1.8} + 385 h-after sliding—at the upper of slope
20L A 385 h-after sliding—at the lower of slope

Fig. 5 Water content distribution of expansive soil slopes in
test Q1-3
At the same time, many cracks are observed in the
lower part of ESS through the glass side of the model
box. Horizontal displacement of ESS is considerably
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large and several tensile cracks also occurr at the top of
the slope. Further on, the water content at depth of 0.5 m
changes significantly during 266 to 338 h. After
occurrence of landslide at 385 h, the water content below
depth of 0.6 m shows little change and almost maintains
the initial value at the upside of landslide, but the
infiltration depth is about 0.8 m at lower part of slope.
2.3.2 Swelling deformation

The displacement-time curves at some typical
measuring points are shown in Fig. 6. The swelling
deformation induced by rainfall infiltration shows the
following characteristics:

(1) The continuous swelling deformation is in
accordance with the variation process of soil water
content. Moreover, the swelling deformation distributes
nonuniformly in space and time. The deforming rate in
the middle and lower parts of the slope is significantly
larger than that in the other parts. The maximum
swelling deformation at the measuring point L5 is about
82 mm.

(2) At the crest and shoulder of slope, expansive
soil swells firstly with rainfall. But after a period of time,
the soil water content at the shallow slope increases
rapidly to near saturation and some tension cracks occur
at the slope shoulder. Then the slope slides down, at this
time, the soil displacement is shown as settlement.

(3) After landslide, the horizontal displacement in
middle slope reaches about 20 cm, and about 10 cm at

the top of slope.
Ly
X3,
100 %3 150
B T8 .~
£ 7 s P
= ] 40
K] &
= =
§ 30 §
< 5
=} 20 o
4 —e— measuring point L4 )
) —— measuring point L5 K
g —e— measuring point L7 —410 3
& -~ water content at depth of 0.1 m
3} — water content at depth of 0.4 m
L L L 1

L . 0
0 50 100 150 200 250 300 350 400

time/h
Fig. 6 Swelling deformation-time curves at typical measuring
points of ESS

2.3.3 Slope failure

After rainfall for 27 h in test Q1-3, a crack is first
formed in the lower part of the slope (about 0.5 m above
the slope toe). Observed through the glass, with rainfall
continuing, the crack develops further. At 257 h, many
local tension cracks are clearly observed in the middle

and lower parts of the slope. The horizontal displacement
of the slope is visible and a penetrating crack at slope
crest is formed. At 385 h, local collapse occurs in the
lower slope where the first crack occurrs. Afterwards,
overall landslide is triggered and lasts for 2 min.

After sliding, the slope is excavated and some soil
samples are taken near sliding surface for indoor tests.
The test results show that the consolidated-drained shear
strength of soil decreases to ccp of 13.1 kPa and ¢cp of
6.2°

In addition, by taking a picture and measuring the
of the
cross-sectional profile after excavation, the inner shear

displacements special landmarks at the
deformation of ESS can be shown in Fig. 7. It is clearly
indicated that shear dislocations firstly occur in multiple
shallow places of the slope, then develops further to
connect with each other, and finally forms a large shear

band.

(a) Photo of the axis profile

Slope contour line after sliding

Con]eclural sliding sutface at depth of 0.1 m
/Con]ectural sliding surface at depth of 0.3 m

Conjectural sliding surface

\H
$-2-2 ‘

S-2- 3
5 2_4\

526527 ‘

(b) Conjectural sliding surfaces
Fig. 7 Landslide of model test Q1-3

Sliding surfaces can be conjectured as shown in
Fig.7(b). It is indicated that local sliding surface extends
gradually from the shallow layer of the slope to a deep
area, and finally forms a large-area collapse. Two
obvious sliding surfaces are respectively at depths of 0.1
and 0.3 m. The maximum shearing displacement is up to
about 20 cm at the depth of 0.3 m. Compared with those
at the measuring point L5 and the landmark S-2-5(both
positions are close), the swelling deformation and
shear displacement are both larger.
2.3.4 Brief summary

The static model tests reflect visually some failure
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of ESS,
progressive failure and tractive sliding behavior. For the

characteristics such as shallow sliding,
layered roller compacted filling slope, there are no
over-consolidation effect and swelling-shrinkage cracks
induced by drying-wetting cycles. The nonuniform
swelling deformation caused by water infiltration is thus
the key reason for soil strength reduction and shallow

sliding failure of ESS.

3 Finite element analysis with expansive
model

At first, the safety factor of the slope of the static
model test Q1-3 is calculated by the traditional limit
equilibrium method. It is 5.2 under saturated shear
strength of compacted ES (ccp 27.0 kPa, ¢, 14.4° ),
and even still 1.9 under shear strength after sliding (ccp
13.1 kPa, ¢, 6.2° ). Both values of the safety factor do
not agree with those under the sliding state of the model
tests because the traditional limit equilibrium analysis
model is based only on soil strength and the influence of
the swelling deformation on slope stability can not be
reflected. Therefore, the limit equilibrium method is
unsuitable for analyzing shallow sliding failure of ESS.

In this paper, to further discuss the mechanism of
the shallow landslide induced by swelling deformation,
nonlinear finite element analysis for the static model test
QI1-3 is carried out. The safety factor is calculated by
using the strength reduction technique.

The ideal elastic-plastic model of ES and the
Mohr-Coulomb failure criteria are used in ABAQUS
finite element program. The soil strength parameters are
shown in Table 3. The elastic modulus is defined by
secant modulus corresponding to the peak strain because
the failure of the expansive soil slope occurs at the
shallow layer.

Table 3 Parameters of FEM analysis

Coefficient of

Srtrf::gtt hrs Wet Elastic Poisson’ expansive
paramete density  modulus Orljtsi(()) s model

¢ ¢/(°) /Ngem®) /MPa a b
/kPa
27.0 14.4 2.00 1.0 0.3 31.17 -6.31

To reflect correctly the expansion properties of ES
in FEM, a hygroscopic area at shallow layer of ESS with
depth of 0.5 m is simulated according to the static model
tests. Then, the expansive model is adopted (see
"expansion") to calculate the swelling deformation of ES
induced by water content increasing from the initial

condition to the saturation. Afterwards, the swelling
deformation is applied as the initial strain of each
element in the designated area to iterate and get
equivalent plastic strain distribution. According to the
strength reduction technique, the safety factor of the
slope is obtained when a yield surface forms, and for the
model test Q1-3, it is 0.92. Fig. 8 shows stress contours
and equivalent plastic strain distribution.

Comparing the difference of stress state between
self-weight condition and moisture infiltration state,
some knowledge can be acquired:

(1) By the expansive model adopted in this paper, it
can be noted that changes of moisture content will
clearly lead to stress field redistribution. Normal stress o,
changes significantly at slope toe. Tangential stress o,
increases in hygroscopic area and decreases in the lower
part of the slope. Shear stress 7y, is significantly larger at
drying-wetting interface, and it changes obviously at the
top and toe of the slope.

(2) The safety factor of model test slope is 0.92
calculated by FEM with expansive model and strength
reduction method. It shows that FEM with expansive
model can well agree with the model test results and is

better than the traditional limit equilibrate method.

4  Shallow landslide mechanism of
expansive soil slope caused by
swelling deformation

By making static model tests and finite element
analyses, the failure mechanism of shallow landslide of

ESS can be discussed further.

Instability of ESS is closely related to change of
hydraulic conditions. With rainfall infiltration, spatial
and temporal distribution of water content of the slope is
highly nonuniform. Soil water content at shallow layer of
the slope increases quickly and forms a near saturation zone
to prevent water from infiltrating to the deep area of the
slope.

Due to the nonuniform spatial and temporal
distribution of water content, the swelling deformation at
different parts of slope doesn’t synchronize even if
expansive soils are homogeneously compacted and no
cracks exist in the slope. At the drying-wetting interface,
the swelling deformation is constrained, therefore large
shear stress is produced and shear deformation becomes
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Fig. 8 Stress field and equivalent plastic strain of FEM of ESS

larger. When the local shear stress reaches the limit state,
local failure will occur, as similar to the static model
tests. Finally, multiple shear bands are connected with
each other to trigger an overall landslide. Therefore, the
characteristics of instability of shallow layer of ESS
show obvious progressive tractive behavior.

5 Conclusions

Using a series of large-scale static model tests and
nonlinear FEM with expansive model, the stability of
shallow layer of expansive soil slopes is studied. A
typical progressive sliding process is illustrated and
analyzed properly. The main conclusions are drawn as
follows:

(1) The failure mode of shallow sliding of
expansive soil slopes can be named as the "shallow
progressive landslide of ESS induced by swelling
deformation”". The key reason for the slope failure is
nonuniform distribution of swelling deformation due to
moisture infiltration, especially at the drying-wetting
surface. It leads to slope stress field redistribution and
strength reduction of expansive soils. Finally, local shear
dislocation develops to form an overall landslide.

(2) For this type of shallow sliding of ESS induced
by swelling deformation, the traditional limit equilibrium
method is inapplicable. The finite element method with
expansive model combined with the strength reduction
technique can be more appropriate to properly evaluate
the slope stability.
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