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Abstract

Rainfall is one of the most important factors contributing to landslides, and
gentle bedding incline, high-rainfall induced landslides are common through-
out the world. Field observations and theoretical analyses have been used to
assess slope instability caused by permeability variation. In this study, the in-
fluence of rainfall infiltration on gentle bedding incline slope behaviour was
investigated using a centrifuge physical simulation test. The magnitude, pat-
tern and development of pore water and earth pressure at the interface; the
shear failure surface features; and the corresponding deformation and failure
processes were considered. A model with interbedded sand and mud was cre-
ated, and a centrifuge was used to simulate both natural and rainfall condi-
tions. The weak intercalation was composed of single-material silty clay, and
the landslide mass was composed of red-bed sandstone. A combination of
photography, pore water pressure measurements and earth pressure meas-
urements were used to examine the relationship between the pore water
pressure, earth pressure and failure modes. When the slope experiences over-
all instability, the curves of the earth pressure and pore water pressure dra-
matically decrease. The results reveal that the failure shear surface largely de-
pends on the differential creep caused by the properties of the rock mass and
the rainfall infiltration.

Keywords
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1. Introduction

Landslides are common geological events around the world that often result in

many casualties and large economic losses. China has one of the highest inci-
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dences of landslides globally. The economic losses caused by landslides in China
amount to billions of dollars every year [1]. Among the different types of land-
slide triggers, rainfall, particularly in the context of rainstorms, is an important
factor, and rainfall-induced landslides create significant hazards in many parts of
the world, particularly in mountainous areas at the beginning of the rainy season
[2]. Bedding-controlled landslides in alternating mudstone and sandstone beds
on cataclinal slopes are common in China. They are characterized by gentle bed
dip angles, and usually exhibit slow creep movements throughout the year.
However, during the rainy season, they can have sudden accelerations and un-
dergo large displacements [3]. For example, the Huashengdi landslide located in
Yiliang County of Yunnan Province, China, was a rainfall-induced landslide that
caused many casualties and considerable economic losses.

Rainfall-induced landslides often occur in soil slopes over shallow, imperme-
able bedrock due to a rise in the water table from rainfall, which accelerates the
slope failure process [4] [5] [6]. The unit weight of the soil increases, and water
pressure in the pores increases as the rainfall infiltrates, and both factors con-
tribute to the occurrence of a landslide [7] [8]. Son Nguyen et al used probabil-
istic analyses to assess the stability of unsaturated soil slopes exposed to rainfall
[9]. G. Fausto et al identified the rainfall conditions that triggered landslides
using cumulative and continuous rainfall data, combined with detailed informa-
tion regarding the time of the landslide occurrence [10]. F. Mario and B. Fran-
cesca proposed a modification of the conventional threshold model to assess the
probability of rainfall-induced landslide reactivation [11]. D. N. Se’rgio et al fo-
cused on pore water pressure generation in soils with different permeabilities
and corresponding slope failure modes [12]. In existing landslides, heavy rainfall
during the rainy season can trigger rapid acceleration, but slow creep displace-
ments can be observed throughout the year [13]. Fan et al [14] suggested that
hydrostatic pressure can be responsible for landslide initiation, based on stability
analyses and laboratory scale models. Although many studies have focused on
rainfall-induced landslides, studies on the deformation and failure process of
rainfall-induced landslides have mainly concentrated on soil landslides, as op-
posed to gentle bedding incline landslides, on which fewer studies have focused.

Physical modelling plays an important role in understanding landslide trig-
gering mechanisms and is performed to validate theoretical and empirical as-
sumptions [15]. The theories and concepts of centrifuge modelling have been
described in various papers. This method has been widely used in geotechnical
phenomena research [16] [17]. The concept of simulating rainfall in centrifuge
slope model tests was introduced in the early 1990s considering the soil moisture
content conservation [18]. Kimura et al [19] performed centrifuge tests of slope
models made of sandy loam to investigate the effect of heavy rain on their stabil-
ity. Matziaris ef al [20] presented three series of centrifuge model tests on soil
slopes to determine the rainfall characteristics that cause soil slope failure initia-
tion with respect to soil properties and slope geometry. Although many studies

have focused on this topic, the centrifuge simulation tests have mainly focused
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on soil landslides; few studies have attempted to simulate the deformation and
failure processes of bedding rock landslides using centrifuge tests.

In this paper, the deformation and failure processes of smooth, gentle bedding
incline rainfall-induced landslides are investigated using centrifuge physical
simulation testing in both natural and rainfall conditions. In particular, this
study focuses on the 1) magnitude, pattern and development of pore water and
earth pressure at the interface; 2) the slope response in terms of the failure mode,
including specific details, such as the exact location of the shear surface; and 3)

the deformation and failure process of rainfall-induced landslides.

2. Experimental Methods

In this section, the similarity ratio is described first, followed by a description of
the experimental material. Then, the experimental equipment and measurement
devices are presented. The variable factors and experimental procedures are also

discussed.

2.1. Similarity Ratio

Mathematically speaking, similarity refers to the fact that two figures have ex-
actly the same shape, one of which can be transformed into another by zooming
in, zooming out, panning or rotating. Rock and soil behaviour depends on its
stress level and stress history, and the in-situ stress varies with depth; thus, these
features must be replicated during centrifuge modelling. In the scaled physical
model, gravity must be simulated by using a centrifugal machine if gravity can-
not be neglected [21]. Compared to common solid mechanics problems, an ad-
ditional independent variable, pg; is considered in the slope displacement, stress
and strain distribution functions. These physical quantity distributions are func-
tions of the length, soil material properties, forces (including the body force and

surface pressure), and coordinates.
@ =f(l,ll,l” -'-;El,vl,Ez,vz;s,plg,ng,w;d)
o= g(l,l’,l” -~‘;El,vl,Ez,vz;s,plg,ng,w;d)
£= h(l,ll,l” ~~-;E,,vl,Ez,vz;s,plg,ng,w;d)

where w is the deformation vector; ois the stress tensor; € is the strain tensor; /is
the geometry length used to characterize the geometry properties; E| and E, are
the elastic moduli of the slope body and soil material of the sliding zone, respec-
tively; v, and v, are the Poisson’s ratios of the slope body and soil material of the
sliding zone, respectively; s is the surface pressure; p, and p, are the densities of
the slope body and soil material of the sliding zone, respectively; gis the gravita-
tional acceleration; w is the constrained displacement vector; and d is the dis-
placement vector.

Dimensionless functions of the displacements, stresses and strains are ob-

tained using dimensional analysis. The component forms can be written as
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Gravity can then be simulated using centripetal acceleration in the centrifugal
model.

AR =[mgc
E, E, »

where subscript indices m and p represent the scaled centrifugal model and the

prototype, respectively. vis the rotation velocity, and R is the rotation radius.

(p), (W/R), (E), (),
(p), (2), (£), (),

(), (V/R), (&), (1),
(n), (o), (E), O,

One of the most common reasons for rainfall-triggered landslides is static liq-

N

uefaction [22]. The internal mechanism of static liquefaction is an abrupt in-
crease in pore pressure [23], which reduces the soil shear strength and leads to
slope instability. Thus, when analysing rain-reduced landslides, the seepage force
should be considered in a slope similarity analysis. The seepage velocity, seepage
force and seepage time scaling laws are analysed in this section.
The seepage velocity is determined by Darcy’s law:
Ah

u=ki=k—
Al

(1, (0, (), (),
(), ~ (1), (), (o),

where u is the seepage velocity, kis the coefficient, 7is the hydraulic gradient, AA
is the hydraulic head loss, A/is the seepage distance between particles in the mi-
crostructure, and y,,, is the ratio of the centripetal acceleration over the gravita-
tional acceleration during the critical instability state.

For the seepage force:
J =p,gie

pu(/R)iAL) [ pwgiAlj
14

E E,

m

(p.), (7/R), (E), (a),
(p.), (g), (&), (A, 7,
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where Jis the seepage force vector, p, is the density of water, and e is a unit vec-
tor in the seepage direction.
The seepage time can be obtained by the ratio of the length over the seepage

velocity:

(1), _(0), (), 1

0, (O, @), Nr,

In this research, the centrifuge slope model is based on a prototype model of

the Huashengdi landslide located in Yiliang County of Yunnan Province, China,
which was a rainfall-induced landslide. The landslide was approximately 780 m
long east to west, with an average slope gradient of 15%. The full landscape and
landform of the landslide are shown in Figure 1. Bedrock in the Huashengdi
landslide area is composed mainly of Middle Jurassic (J,sn) Shuining Formation
(purple-red sandstone and sandy mudstone interbedded). The bedrock of the
study area is composed of alternatively layered hard rock (sandstone) and soft
rock (strongly weathered mudstone); the weak interlayer is formed of strong
weathered mudstone under the action of water. All experiments are arranged in
15-degree slope layers, and divided into three layers: basement rock, a masonry
slope with a stable and rough-cemented surface; weak intercalation, sin-
gle-material silty clay; and the landslide mass, red-bed sandstone. In situ red-bed
sandstone blocks and clay interlayer are used to simulate the layers, so the den-
sity and elasticity modulus similarity ratios of the landslide mass are equal to 1,
and the density and elasticity modulus similarity ratios of weak intercalation are
1.54 and 1.21, respectively. The length of the Huashengdi landslide was 780 m,
and the maximum acceleration in the centrifuge test is 150 g. According to the
formulas above, the detailed experimental similarity ratios are shown in Table 1.
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Figure 1. Relationships between the cohesive pressure, internal friction angle, coefficient
of stability and moisture content.
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Table 1. Scaling parameters involved in this study (Where subscript indices m and p
represent the scaled centrifugal model and the prototype, respectively).

Parameter Expression

Ch: isti (1),
aracteristic geometry length of the slope 0)

Density of the slope body Ep' ; =

i),

Density of the soil material of the sliding zone Epz ;”

P ),

Acceleration (Zg)"

(v/R),

. (£),
Elastic modulus of the slope body (£)
EZ

Elastic modulus of the soil material of the sliding zone EE ;”
. | (w),
eepage velocity )
(A1)

Seepage length of microstructure particles (Al)p
(1),

Seepage time

2.2. Material

The main factor affecting the mechanical properties of the weak intercalation is
the moisture content; thus, the following considerations were adopted to deter-
mine the moisture content: 1) the C and ¢ values were determined from direct
shear tests and 2) the C and ¢ values were input into GeoStudio for slope stabil-
ity analysis. Four groups of experiments were performed to determine the mois-
ture content (Figure 2), and the moisture content that was the most adverse to
slope stability was chosen as the primary moisture content. In those tests, the
material of the weak intercalation is clay and the direct shear tests are performed
on samples compacted at dry and wet moisture contents (w = 5%, 15%, 20% and
25%). The results indicate that the material’s cohesive force of weak intercalation
fluctuates with moisture content changes (within a certain range); When the
moisture content is equal to 15%, peak cohesion value is obtained, and the
moisture content called optimum moisture content. On the dry side of the op-
timum moisture content (w = 5%), cohesion tends to decrease due to clay ag-
gregation, which leads to soil granulation. The cohesion reduction on the wet
side (w = 20% and 25%) is caused by the formation of thicker water films around
clay particles in the clay-water system [24]. The internal friction angle of the
weak intercalation material decreases with increased moisture content (Figure
2). Below the optimum moisture content, when the clay is relatively dry (w =
5%), matric suction produces a resistance to slippage at the contact points be-

tween the aggregates. However, the role of clay aggregates on the frictional
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Figure 2. Experimental arrangement. Transducers were placed near the layers’ surface
contact (weak intercalation and sandstone) (left); diagram of the earth pressure and pore
water pressure gauge positions (right).

behaviour of the clay is substantially reduced at approximately the optimum
moisture content. The decrease in angle of friction with increasing moisture
content (w = 20% and 25%) is attributed to decreasing suction values [25]. For
the natural condition, the slope stability calculated by GeoStudio used finite ele-
ment analysis to calculate the slope stress distribution, and the Mohr-Coulomb
failure criterion is used to obtain the distribution of failure points and the plastic
zone. Finally, the stability coefficient is obtained. The rainfall control condition
is 250 mm/d; at this time, the rainfall intensity is greater than the permeability
coefficient of the soil. Water flow occurs on the rock and soil surfaces, and the
rainfall does not enter the soil completely. The boundary condition is the head
boundary. Based on the numerical experimental results (Figure 1), when the
moisture content in the weak intercalation is controlled at approximately 20
percent, the coefficient of stability in the natural condition is 1.12, and the slope
is basically stable; in the rainfall condition, the coefficient of stability is less than
1, and the slope is unstable.

According to the field investigation, there are two sets of dominant joints un-
der the long-term geological process in the Huashengdi landslide. The occur-
rence of the first structural plane was 285° - 300° £ 70° - 80°, and the second was
183° - 195" £75° - 80° (the two occurrences are nearly perpendicular, one is
nearly horizontal, and the other is nearly perpendicular to the horizontal direc-
tion along the slope direction), while the length of the joint fissure was 10 - 60
m. However, for the landslide mass, the small samples did not always represent
the entire ground profile, and the existence of macrostructures, such as fissures
and layering in the original sample, could not be scaled to the corresponding
geometric size. There was a relatively large difference between the actual distri-
bution of the stratum and the experimental one; According to the field investi-
gation, the control structural planes were selected. In order to simulate joint fis-
sures as much as possible, the red-bed sandstone was cut to simulate the control

structural planes in the horizontal direction and the slope direction.
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2.3. Equipment and Testing Procedure

2.3.1. Laboratory Experimental Equipment

All of the tests were conducted using a TLJ-500 geotechnical centrifuge, the
largest geotechnical centrifuge in China, at the State Key Laboratory of Geohaz-
ard Prevention and Geoenvironment Protection at the Chengdu University of
Technology. Our experiments were conducted in a rectangular model box that
was 1.2 m long, 0.8 m high and 1 m wide. However, only a portion of the box
was used, as our models were typically 1 m long and 54 cm high (Figure 2 and
Figure 3). The lateral sides were made of glass to allow the slope failure process
to be observed.

An artificial rainfall simulator composed of a metallic porous plate and multi-
ple nozzles were placed at the top of the model box, from which water infiltrated
for the experiments via downward infiltration (Figure 2(b)). Three earth pres-
sure and six pore water pressure transducers (8 mm in diameter, with a range of
0.5 MPa, an accuracy of 1% FS, a 6 - 12 VDC power supply, a 0 - 2 VDC output
voltage, an allowable overload of 120% FS, and a temperature range of 0°C -
45°C) produced by the Institute of Systems Engineering, part of the Chinese
Academy of Engineering Physics were inserted at the desired locations in the
weak intercalation. A site plan for the sensors is shown in Figure 2. To minimize
the interference between the sensors, we set them at a distance of no less than 6
times their radius from each other. Furthermore, to ensure that the pore water
pressure was measured correctly, the space between the head of the transducer
and cap was filled with water to avoid entrapping air bubbles. The transducers
were calibrated before each test by submerging them in a tank of water at a
depth of 10 cm and recording the corresponding values. In every test, the posi-
tive pore water pressure and earth pressure were recorded, and the failure mode
was observed by photographs with a high-speed video camera (Figure 3(a) and
Figure 3(b)).

Transducer

High speed camera

N

Figure 3. (a) Slope model and high-speed video camera; (b)
Distribution of the joints and local enlarged drawing of the
model.
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2.3.2. Experimental Procedure

Before the experiment, the model was weighed to calculate the centre of gravity
for the centrifuge counterweight. Then, the experiments were performed under
two conditions: natural and rainfall. In the rainfall condition, the water infil-
trated from the top of the upper layer via artificial rainfall. During the testing
process, considering the bearing capacity and safety factors of the centrifuge, the
centrifugal acceleration was loaded step-by-step to avoid breaking the centrifuge
under the action of inertia. The experimental procedure steps can be summa-
rized as follows:

1) The centrifugal acceleration increased from 0 g to 20 g, the rock and soil
mass was tightly compacted, and the man-made inhomogeneity during the
model-making process was adjusted.

2) After the rock and soil mass became tightly compacted, the acceleration
was increased to 50 g. After the centrifuge reached a stable state, the acceleration
was increased to 100 g, during which any settlement cracks were observed.

3) The acceleration was then increased from 100 g to 120 g. For the rainfall
condition, the first artificial rainfall was performed with the rainfall infiltrating
from the top of the upper layer to the weak intercalation.

4) The acceleration was then increased from 120 g to 140 g. For the rainfall
condition, the soil of the weak intercalation was softened.

5) The acceleration was increased to 150 g, and a uniform rotation was main-
tained until the slope failed. For the rainfall condition, there was continuous
rainfall before and during landslides.

6) The high-speed video camera recorded the failure process.

3. Results and Deformation and Failure Process
3.1. Results

For convenience, the results are analysed in both the natural operating condition
and the rainfall condition, with each condition maintaining the same layer posi-
tion and infiltration direction. In this study, failure is defined when slope defor-
mation is observed by the unaided eye. Under natural conditions, the slope ex-
hibited a small tensile crack parallel to the alignment of the landslide, which cre-
ated ladder-type damage; however, there was no clear downward offset (Figure
4(a) and Figure 4(b)). However, for the rainfall conditions, the slides occur
within a short period of time, and the tensile fractures at the rear of the slope
body are obvious (Figure 5(b)). In addition, the sandstone in the lower layer
largely breaks off (Figure 4(c) and Figure 4(d)).

3.2. Deformation and Failure Process

This section describes the deformation and failure process of the landslide model
in the rainfall condition. The experimental process illustrates that the slope first
experienced consolidation and sedimentation before tensile cracks appeared at

the trailing edge. These tensile cracks developed inward as the slope deformation
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W8%123434 7504

Figure 4. (a) The small cracks are on the trailing edge of the right sides in the natural op-
erating condition; (b) The ladder-type damage is on the trailing edge of the left sides in
the natural operating condition; (c) and (d) Fractured sandstone in the contact surface
area of the weak intercalated layer and sandstone.

Tensile crack

Figure 5. (a) The model before the centrifuge test; (b) The model after the rainfall condi-
tion centrifuge test, showing the overall slope instability that emerged.

increased, and the slope gradually became completely unstable. The deformation
and failure process can be divided into the following stages based on experi-
mental records provided by the high-speed camera and post-analysis:

1) Overall sedimentation. The rock and soil mass were tightly compacted in
this stage, and the man-made inhomogeneity (created during the model-making
process) was adjusted (Figure 6(a)).

2) Tensile crack formation at the trailing edge. A tensile crack appeared at the
trailing edge due to the centrifugal force, and then rapidly expanded. Tensile
crack penetration occurred at the top of the slope, and as the width of the tensile
crack increased, the tensile crack developed into a main crack (Figure 6(b) and
Figure 6(c)).

3) Development of secondary cracks at the leading edge. With increased cen-

trifugal acceleration, the tensile crack at the trailing edge continued to propagate
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Lz

Tensile cracks] 1

Figure 6. (a) The man-made inhomogeneity was adjusted. (b) and (c) Tensile
cracks at the trailing edge: development, expansion, and penetration; (d) Secon-
dary cracks at the leading-edge development stage; (e) Stage of shearing out in
the front edge, secondary extension crack development at the trailing edge, and
shear failure development; (f) Overall instability stage.

and an extrusion front, secondary crack developed toward the leading edge of
the slope (Figure 6(d)), and the sandstone in the lower layer formed shear
cracks at the same time.

4) Shearing out in the front edge, development of secondary extension cracks
at the trailing edge, and shear fajlure development. With increasing deforma-
tion, the slope continued to deform in the direction of open space (Figure 6(e)).

5) Overall instability stage. After the extensive development of secondary
cracks and shearing out in the front edge, total shear failure began to develop,
and the overall instability of the slope emerged. After this, the sliding process
finished within a short period of time (Figure 6(f)).

4. Discussion

The main objective of our experiment was to examine the deformation and fail-
ure processes of smooth, gentle bedding incline, rainfall-induced landslides, par-
ticularly focusing on the magnitude, pattern and development of the pore water
and earth pressure at the interface, and the slope response in terms of failure

mode, including specific details, such as the exact location of the shear surface.

4.1. Earth Pressure and Pore Water Pressure

4.1.1. Natural Condition
The earth pressure consistently increased with increases in the centrifugal accel-
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eration during the centrifugal loading. This increasing trend of measured values
at gauge #3 was greater than the trend at gauge #2, and the trend at gauge #2 was
also greater than that at gauge #1 (Figure 7(a)). This result illustrates that the
landslide thrust was continuously extruding toward the leading edge, which in-
duced an increase in the value of the earth pressure measured at the leading
edge.

Deformation and cracks will contribute to pore water runoff, so if deforma-
tion or cracks occurred in the slope, the pore water pressure will obviously de-
crease. The measured pore water pressure at gauge #1, located on the left side of
the trailing edge of the landslide, fluctuated considerably, indicating that there
was continuous sedimentation or deformation. Following the test, we observed a
small crack near the left side of the trailing edge of the landslide body, which was
the most obvious one of the entire experiment. However, because this crack was
located near the border, the fluctuation of the curve may also be related to bor-
der effects. The pore water pressure increased with increasing centrifugal accel-
eration during centrifugal loading at #2 and #4, but it began to decrease after the
centrifugal acceleration reached 150 g. The pressures at #3, #6 and #5 reveal that
the slope deformed locally (Figure 7(b) and Figure 7(c)) because deformation

leads to water loss and a pore water pressure decrease.

4.1.2. Rainfall Conditions

In the course of this test, the relationship between the earth pressure and the
centrifugal acceleration was measured, as shown in Figure 7(d). The measured
values of the earth pressure increased continuously with increases in the cen-
trifugal acceleration during centrifugal loading. For the water pressure, no sig-
nificant decreasing trend appears in the curves, and the pore water pressure con-
tinues to increase with the rainfall (Figure 7(e) and Figure 7(f)). The earth
pressure and pore water pressure curves experienced a sudden decrease at t =
2680 s. Compared with the trend in the pore water pressure curves with time in
the natural operating condition model, this shows that the permeation of rainfall

into the landslide area increased the water pressure in the cracks.

4.2. Failure Mechanisms

Direct shear tests on the weak interlayer were carried out to see the difference
after the centrifuge test. Four identical soil samples are taken to test the shear
stress when shear failure occurs under different vertical pressures. The least
square method is used to minimize the sum of squares of deviations between
points and straight lines, and the equation of fitting straight lines, friction angle
and cohesion are determined accordingly. Figure 8 shows the results of the di-
rect shear test of the weak interlayer in unsaturated and saturated conditions
before and after the centrifuge test. Before the centrifuge test and after the natu-
ral condition centrifuge test, the cohesion and internal friction angle of the un-
saturated weak interlayer are ¢ = 40.16 kPa, ¢ = 20" and ¢ = 30.2 kPa, ¢ = 17.5°,

respectively. For the saturated weak interlayer after the rainfall condition
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Figure 7. (a) Earth pressure curves vs. time in the natural operating condition model; (b) and (c) Pore water pressure curves with
time in the natural operating condition model; (d) Earth pressure curves with time in the rainfall condition model; (e) and (f) Pore
water pressure curves with time in the rainfall condition model.

centrifuge test, the cohesion and internal friction angle of the unsaturated weak

interlayer are ¢ = 15.4 kPa and ¢ = 14°.

Comparing the results, a marked difference is observed between the values

measured in the direct shear tests. The results show that the soil strength not

only decreased in the rainfall condition but also decreased in the natural condi-

tion. The unsaturated soils are becoming saturated due to rainfall infiltration,

and the shear strength is weakened because matric suction decreases. However,

the strength of unsaturated soil (after the centrifuge test) was also smaller than
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Figure 8. The relationship between the normal stress and shear stress.

that was not experienced the centrifuge test. What’s more, after the experiment,
there is no breaking off in the surface sandstone, whereas the sandstone in the
lower layer largely breaks off. Thus, the squeeze damage mainly occurred in the
contact surface area of the weak intercalated layer and sandstone (Figure 4(c)
and Figure 4(d)). The interesting phenomenon reflects that a slow creep process
happened in the slope with the soil strength decrease, which led to the small ten-
sile cracks that developed, but the slope remained basically stable. With rainfall
penetration, the slope creep increased, and the small cracks also developed fur-
ther. Finally, the persistent rain will trigger the deformation of the slope’s rapid
acceleration in a short time, and the overall slope slid suddenly. Extensive plastic
deformation occurs in the weak intercalated layer because silty clay is a
low-intensity soft rock, and it softens when exposed to water. In contrast, sand-
stone exhibits significant brittle deformation because it is a hard rock with high
strength. Under the effect of centrifugal force, high-dip joints formed in the
thick sandstone layer due to differential creep. Head pressure was generated
when the surface water infiltrated down along the joints, which produced a dila-
tancy effect and accelerated the differential deformation of the weak intercalated
layer, sandstone and extension of high-dip joints, giving rise to early slope crack
formation. The weak intercalated layer generated a stress concentration under
the centrifugal force, forming an interlayer shear zone, and as a result, the
structural connection was broken as joint fissures developed. Then, the artificial
rainfall continued after 150 g, and the rainfall infiltration caused already-shattered
sandstone blocks to fracture further under the effect of fissure water pressure,
and the sliding force also increased in saturated conditions. Additionally, the
weak intercalated layer continued to soften in water, resulting in further strength

decreases.

5. Conclusions

Gentle bedding incline, rainfall-induced landslide deformation and failure proc-
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esses and mechanisms were examined via a centrifuge physical simulation test.
For weak interlayer soil, the reduction of the cohesion on the wet side of opti-
mum moisture content is attributed to the formation of thicker water films
around clay particles in the clay-water system. Whereas the internal friction an-
gle of the weak interlayer soil decreased with increases in the moisture content.
Below the optimum moisture content, the clay is relatively dry, and matric
suction seems to generate a resistance to slippage at the contacts between the
aggregates. However, the role of clay aggregates on the frictional behaviour of
the clay is substantially reduced at approximately the optimum moisture con-
tent.

The deformation and failure processes of the landslide model were divided
into five stages: 1) overall sedimentation; 2) tensile crack formation at the trail-
ing edge; 3) development of secondary cracks at the leading edge; 4) shearing out
in the front edge; and 5) overall instability.

A tensile crack appeared at the trailing edge due to the centrifugal force and
then rapidly expanded. Tensile crack penetration occurred at the top of the
slope, and as the width of the tensile crack increased, the tensile crack developed
into a main crack. Except for the overall instability of the slope, the sandstone in
the lower layer largely breaks off. The failure shear surface largely depends on
the differential creep caused by the properties of the rock mass and the rainfall
infiltration. An initial stage of slow sliding occurs. The landslide was induced by
permeation of rainfall, which generated an unbalanced sliding force and de-
creased the shear resistance of the sliding zone soil. Early rainfall infiltration fol-
lowed by a subsequent heavy rainfall is necessary to initiate landslides in gently

inclined beds.
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List of Symbols

Parameter Symbol Dimension
Deformation vector © L
Stress tensor c ML™'T™?
Strain tensor € 1
Gravitational acceleration g LT
Seepage force J ML7T™?
Surface pressure s ML™'T?
Constrained displacement vector w L
Displacement vector d L
Unit vector of the seepage direction e 1
Geometry length / L
Rotation radius R L
Hydraulic head loss Ah L
Seepage distance in the microstructure between particles Al L
Rotation velocity v LT
Seepage velocity u LT
Seepage coefficient k 1
Hydraulic gradient i 1
Seepage time t T
Ratio of centripetal acceleration over gravitational acceleration Vip 1
Elastic modulus of the slope body E ML'T?
Elastic modulus of the sliding zone E ML™'T™?
Poisson’s ratio of the slope body 12 1
Poisson’s ratio of the sliding zone vy 1
Density of the slope body P ML
Density of the sliding zone P ML
Density of water P ML
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