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Abstract: Many slope failures have been observed in deep-cutting gorges in Southwest China due to
rainfall events. This study conducted model-based tests of the failure of a gently dipping accumula-
tion slope caused by intermittent rainfall. The physical model was established by configuring soil
samples based on similarity theory and direct shear test data. Intermittent rainfall was simulated by
supplying surface runoff and bottom pressure water of the slope. The deformation, earth pressure,
and pore pressure were observed during the test using a series of transducers. The results of this
research showed that slope failure was first initiated at the toe of the slope. Staged sliding failure
then occurred, which spread the unstable zone to the trailing edge of the slope. As infiltration of
rainwater continued, the pore pressure increased and the matric suction and effective stress at the
bedrock surface decreased, causing failure of the slope.

Keywords: gently dipping accumulation layer slope; intermittent rainfall; physical model;
deformation; pore pressure

1. Introduction

Gently dipping accumulation slopes are widely distributed in deep-cut canyons in
southwestern China [1–4]. The slope inclination is about 0◦ to 10◦, which is less than the
internal friction angle of the soil body. According to the traditional limit equilibrium theory,
the safety factor of the slope is high, and it is difficult to trigger sliding under normal
circumstances, but the gently dipping accumulation landslides frequently occur under
rainfall. For example, in September 2011, more than 1000 gently dipping landslides occurred
in Nanjiang County, Sichuan, China, severely affecting local villages and farmland [5]. In
September 2014, four gently dipping landslides occurred in Jiangkou Town, Yunyang
County, Chongqing, China. Forty-five houses were razed to the ground, fields were turned
into barren slopes, roads were washed away, and infrastructure was severely damaged [6].
In May 2022, a landslide occurred from Jiantuo Bay to Luoqi K1728 in Chongqing, China.
The landslide volume was about 300 m3, blocking road traffic.

Rainstorms are the most frequent cause of landslides in China [7–9]. Guo et al. (2019)
showed that accumulation slopes may be subject to successive failure with increasing water
content[10]. Cho et al. (2014) showed that there was a rapid increase in the moisture content
of unsaturated soils due to rainfall, and suggested that this resulted in a decrease in matric
suction, leading to landslides [11]. Scaringi et al. (2018) concluded that the shear strength
of the soil-bedrock interface of the accumulation layer may decrease with an increase in
the creep slip rate of the slope [12]. Continuous infiltration of rainwater will increase the
pore water pressure and can induce soil liquefaction, leading to flow slide [13–15]. In
general, there is a relatively impervious layer inside the gently dipping accumulation layer
slope which causes the build-up of high pore water pressure areas in some parts of the
slope [16]. Tohari et al. (2007) conducted a series of experiments on a model slope[17]; the
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results showed that the foot of the slope would become saturated first under the action of
rainfall, and local failure would then occur in the saturated zone. Many theoretical methods
have been developed to reveal the temporal and spatial dependence of rainfall-induced
landslides and to monitor the process of movement in large-scale landslides. However, the
physical process of initiation of a gently dipping accumulation landslide under the action
of intermittent rain is still unclear.

Physical modelling has become one of the most effective methods for solving such
landslide problems and can achieve a high level of similarity with a natural slope. In
addition, the rainfall-induced successive failures of accumulation layer slopes have been
extensively studied using physical model tests [18,19]. In particular, in research by Ram
et al. (2014), the configuration of the physical model was composed of a transparent
rectangular sink with an adjustable slope [9]. The soil in this model was medium-grained
silica sand S6, and the model allowed for the use of different inclinations. Ram et al. (2014)
found that when the moisture content near the toe was almost at full saturation, the shear
strength decreased due to an increase in pore pressure, resulting in the sudden failure of
the toe of the slope [9]. This was then extended upwards retrogressively, over multiple
slides. The initial failure characteristics of this slope are similar to those found by [20].

Most studies of rainfall-induced landslides consider the sliding mechanism, defor-
mation characteristics, and rainfall types; however, they rarely consider the influence of
intermittent rainfall on the deformation and failure characteristics of gently dipping accu-
mulation landslides. In this paper, a typical intermittent rainfall-induced landslide of a
gently dipping accumulation slope was chosen for a physical modelling test. Intermittent
rainfall conditions were used in the test. This study involved detailed observation of the
successive failure processes and the collection of monitoring data including displacement,
earth pressure, and pore water pressure. The deformation characteristics and mechanisms
of intermittent rainfall-induced gently dipping accumulation landslides were investigated.

2. Case History

Longquanyi District is located in the middle of the Longquan Mountains, 28 km east
of Chengdu City (Figure 1a). In this region, the mountainous area is about 12 km wide, and
the ridge is 20 km long, accounting for 40% of the area. Landslide hazards are frequent
and very destructive in this area. More than 30 landslides of gently dipping accumulation
slopes have occurred over the past eight years. The locations of these landslides are mainly
distributed over the front side of the mountain. For instance, Zhongjiashan landslide has a
slope length of 192 m, width of 70 m, and a volume of 87.360 m3 [21].

Figure 1. Cont.



Water 2022, 14, 1770 3 of 17

Figure 1. (a) Location of the study area; (b) first failure in 2015; (c) second failure in 2018; and
(d) photograph of the Yingtaogou landslide.

In this area, the average annual rainfall is 1077 mm, while the average annual evapora-
tion is 668 mm. May to September are the months with the highest rainfall [1] (Figure 2a),
therefore a large number of landslides of gently dipping accumulation slopes would occur
during and after this period of time. The occurrence of landslides after heavy rainfall indi-
cates that the shear strength of the accumulation layer changes throughout the infiltration
of rainwater.
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A new gently dipping accumulation landslide occurred at Yingtaogou on 23 June
2018. This landslide was located on a gentle slope (gradient: 0◦–16◦) on the east side of the
sludge reservoir in Longquanyi District (location: N 30◦39′07”, E 104◦21′39”) (Figure 1b–d).
Figure 2b shows the daily rainfall data for Yingtaogou in 2018 and water table data obtained
using numerical simulation [1]. This landslide was a typical retrogressive failure caused by
intermittent rainfall, with an overall length of 200 m and height of 47 m. The deposition
buried the exposed bedrock at the foot of the slope and further sliding occurred down
to the sludge reservoir (Figure 3). The remaining deposition was distributed along the
gradient slip zone in blocks (Figure 1d). The accumulation was composed of the Quaternary
Holocene artificial fill layer and slope residual layer. The main components were silty clay,
weathered sand, and mudstone fragments, with an average thickness of 6 m. The bedrock
was composed of argillaceous sandstone from the Penglaizhen Formation of the Upper
Jurassic. The main sliding zone was a thin clay layer (Figure 3). Several transverse tension
cracks and landslide steps were observed at the surface of the landslide.

Figure 2. (a) Variation in evaporation and rainfall for each month; (b) rainfall distribution and
pressure head in 2018.
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Figure 3. Landslide profile.

3. Experimental Methodology
3.1. Model Facility and Materials

Physical model tests were conducted using the self-designed landslide model test
bench facility at the Key Laboratory of Mountain Surface Processes and Ecological Regula-
tion, Chinese Academy of Sciences at the Institute of Mountain Hazards and Environment
(CAS) (Figure 4). A rectangular soil box of length 3 m, width 0.5 m and depth 1 m with an
adjustable longitudinal slope was used for the test. The axis of rotation and a lifting device
were used to adjust the longitudinal slope of the soil box. The borders on both sidewalls
of the model were made of transparent plexiglass and baffle. The test soil mix included
barite grains, silty clay, mixed sand, surfactant, and talcum. Figure 5 shows the material
composition ratio of the test soil. At the bottom of the test box, wood grids and silty clay
were used instead of bedrock (Figure 6). A groundwater simulator was installed at the
bottom of the soil box to control the water table. A slope surface runoff simulator was
installed on the back wall of the tank to control the water flow on the slope surface. The
upper accumulation layer was constructed using test soil with a moisture content of 30%.
The model was assembled to form the final slope geometry (as shown in Figure 6), i.e., a
slope model of length 2.3 m, width 0.52 m, height 0.3 m, and with 14◦ inclination angle.

Figure 4. Model test bench.
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Figure 5. Composition and ratio of soil mixture.

Figure 6. Schematic of the model.

3.2. Model Similarity

Based on the similarity principle, the similarity relationship was established as fol-
lows [22]:

Φ(γ, c, ϕ, L, E, v, R, σ, ε, y) = 0 (1)

Φ(c/γL, ϕ, E/γL, v, R/γL, σ/γL, ε, y/L) = 0 (2)

where γ is bulk density; c is cohesion; ϕ is internal friction angle; L is thickness of accumu-
lation; E is elastic modulus; v is Poisson’s ratio; R is shear strength; σ is stress; ε is strain;
and y is displacement. Similar criteria are as follows: π1 = c/γL, π2 = ϕ, π3 = E/γL,
π4 = v, π5 = R/γL, π6 = σ/γL, π7 = ε, π8 = y/L. Based on the size of the landslide
prototype and the earth box, we set the geometric similarity ratio to CL = 20, the severity
similarity ratio to Cγ = 1, and the other similarities as follows.

CE = Cσ = CR = Cc = Cy = 20

Cε = Cv = Cϕ = 1
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The test soil sample with a moisture content of 30% and actual soil sample meet a
similar properties. The properties of the test and real soils with the moisture content of 30%
are summarised in Table 1.

Table 1. Soil properties.

Property Real Soil Test Soil

Density 1.95 1.95
Cohesion 13.0 0.63

Internal friction angle 12.0 10.8
Poisson’s ratio 0.26 0.28

Elastic modulus 31058 2099

3.3. Instrumentation

The measurement system included an observation system, transducers, and an image
capture system. The observation system used nine paper tapes and 45 monitoring points to
monitor the displacement of the soil, and the exact locations are shown in Figure 7. The
displacement of the paper tape and paper points was regularly measured to determine the
deformation characteristics of the slope. Three pore pressure transducers (S1–S3), three
inclinometers and six earth pressure transducers were embedded in the model over three
longitudinal sections (Figure 7).

Figure 7. Distribution map of monitoring equipment (a) plan view; (b) side view.

The pore pressure transducers were cylindrical, with a length of 150 mm and a water
inlet aperture of 18 mm. They were able to measure pore pressures of up 300 kPa, with a
resolution of 0.1 kPa. The steel belt underwent bending with the deformation of the soil,
and the relative displacement of the soil layers could be obtained from the strain gauges
on the steel belt (Figure 6). The earth pressure sensor was a cylinder 25 mm in diameter
and 15 mm in thickness, with a maximum measurement value of 200 kPa. Three digital
cameras were used to capture the slow deformation and transient failure of the slope, and
these were placed at the front, side and top of the soil box (Figure 6).

3.4. Intermittent Rainfall Modelling

The back of the Yingtaogou slope is a round, chair-shaped catchment area, of which
the lithology was mainly weathered argillaceous sandstone. Rainfall tends to gather at the
steep rear edge to form slope surface runoff (Figure 1d). Surface water infiltrates downward
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along the cracks and flows within the basal layer until it emerges at the foot of slope. This
has a strong influence on the water table of the accumulation layer slope under the action
of intermittent rainfall (Figure 2b). Therefore, slope surface runoff and the water table are
controlled instead of the impact of rainfall on a slope. (Figure 6). To simulate surface runoff
caused by rainfall, a sink of length 52 cm, height 60 cm and thickness 3 cm was designed
and placed at the back of the model slope (Figure 8). Rectangular holes 5 cm long and
1 cm wide were distributed over the upper wall of the sink. These holes were distributed
so water in the sink could be discharged to the slope surface. The amount of overflow
runoff could be controlled by the flow meter and pressure valve (Figure 8). To simulate the
water table caused by rainfall, a perforated pipe of 10 mm in diameter was designed and
embedded under the model slope (Figure 8). Two rows of holes 1 mm in diameter were
distributed on both sides of the pipe, through which water in the pipe could be introduced
to the slope. The water pressure in the porous pipe could be adjusted by air compressors,
pressure tanks, and pressure valves to control the water table.

Figure 8. Equivalent rainfall simulation system.

According to the rainfall characteristics of the rainy season in 2018 and the field survey
data, the effect of rainfall on the slope of the accumulation layer is mainly manifested
as rainfall converges in the chair-shaped steep slope area behind the accumulation layer
slope to form the slope surface runoff to provide a sufficient water source for rainfall
infiltration; a large number of the slopes' surface runoff quickly infiltrates along the pull-
flood interception ditch and the slope surface cracks and converges on the bedrock surface
to form a transient groundwater level. Therefore, according to the influence of rainfall on
the slope, the rainfall is divided into two control methods, namely slope surface runoff
control and groundwater level control.

The eight rains in Yingtaogou were generalised into a peak shaped intermittent rainfall.
Each time the torrential rain slope soil reached a saturated state, the average thickness from
the impervious bedrock to the slope surface was 6 m, i.e., the pore pressure of the bedrock
surface was 60 kPa.

Calculate slope surface runoff based on rainfall and catchment area
The runoffs for the model slope were calculated as 3120 mm3/min, 6240 mm3/min,

9360 mm3/min and 124,800 mm3/min, and the water table control pressure was 3 kPa
(Figure 9).
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Figure 9. Intermittent rainfall test programme.

There was no groundwater in the model prior to the physical test. Firstly, all of the
runoff and pressure valves were closed, and the model slope was left for 24 h to reach
equilibrium. After this resting stage, it was assumed that the model slope was in a steady
state. The test was started by adding water to the sink to a height of 30 cm, and the pore
pressure at the boundary line of the base cover in the middle of the slope reached 3 kPa.
The test was carried out according to the test program shown in Figure 8. In this program
the duration of the rainfall was 1 h and the time between rainfall events was 30 min.

4. Test Results
4.1. Deformation and Failurecharacteristic

The slope subsided and gradually slipped during the intermittent rainfall test
(Figure 10). The toe of the slope subsided during the first rain (Figure 11c,d), and the
subsidence and slip increased rapidly during the period after the first rainfall, with slip
and subsidence occurring at the foot of the slope and slip at the middle of the slope
(Figure 11a,c). During the interval between 90 and 180 min of the test, the slip curve rose
sharply, indicating that the model had entered a creep slip stage, and the maximum slip
was 40.8 mm at the front surface of the slope. Between 180 and 340 min, the subsidence
increased by 30 mm and the slippage increased by 57 mm at the foot of the slope (Figure 11).
Between 340 and 430 min, the subsidence curve of the trailing edge of the slope, indicating
that the trailing edge slope had reached a new equilibrium (Figure 11c,d). The trailing edge
slope was deformed again after 430 min, due to failure of the middle slope. After 500 min,
the displacement curve converged, indicating that the residual slope had reached a new
equilibrium. There was a minor amount of slip and subsidence after 500 min (Figure 11).
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Figure 10. (a) 130 min, (b) 280 min (c) 340 min and (d) 600 min.

Figure 11. Slope displacement curve. (a) Horizontal displacement of slope surface, (b) Horizontal
displacement of profile, (c) Vertical displacement of slope surface, (d) Vertical displacement of profile.
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The slope model failed three times during the test. A local failure with the slope runoff
of 9360 mm was first triggered at the toe of the slope during the third heavy rain (Figure 10a).
After the end of the fourth period of rainfall, a local failure with a blocky sliding body
occurred at the front of the slope (Figure 10b). The second local failure occurred as the
water in the transient saturation zone continued to penetrate downward (Figure 10c). This
failure originated at the base-cover interface at the lower part of the slope, which connected
with the transverse crack to form a failure surface. This failure caused rapid deformation
of the adjacent sliding bodies. After the end of the fifth period of rainfall, the third local
failure was triggered close to the origin of the second one (Figure 10d). It is worth noting
that two of the three local failures were causes between periods of rainfall in which there
was not much water supply or deformation (Figure 11). This suggests that gently inclined
accumulation layer slope failures may be triggered after rainfall and slope deformation.

In this test, no sudden local failure occurred during the first rainfall, even when the
soil at the foot of the slope was fully saturated (Figure 10a). The first local failure occurred
during the third rainfall period after the shear deformation of the slope foot and the
formation of the main crack (Figure 11). Hence, the test results indicated that the sudden
failure of the slope is not only related to the rise in the water table and the development
of pore-water pressure, but also to the creep displacement, cracks and permeability of the
slope. Although the rainfall and water tables changed during our physical model tests, the
second and third failures both occurred in the interval during which the possibility of a
rise in the water table was limited. Figure 11a,b show that the slope underwent long-term
horizontal shear deformation at the position of the sliding belt before local failure. This
provides evidence that the influence of the rise in the water table can be eliminated during
the model test. It may be speculated that these local failures are caused by liquefaction of
the soil in the sliding zone due to shear deformation. The gradual decrease in earth pressure
due to the shear deformation in the sliding zone in test results confirms this hypothesis.
Firstly, this physical model test showed that transverse tension cracks are first formed
on the slope, and that the first local failure is triggered at the toe of the slope. Following
this, the second local failure at the front of the slope is triggered. Secondly, the third local
failure is triggered in the middle of the slope. Finally, the main cracks spread to form
multiple sliding steps and sliding surfaces on the slope. These processes are characterised
by regressive landslides.

Figure 12 shows a simplified slope model during the test, including cracks, the water
table, and three failures. Firstly, following a subsidence, many tiny cracks were distributed
over the surface of the slope. Secondly, these tiny cracks began to connect to each other to
form multiple transverse main cracks. Thirdly, a main crack developed rapidly at the foot
of the slope after two rainfalls, and this formed the origin of the first failures (Figure 12a).
After the first local failure at the toe of the slope, main cracks adjacent to the sliding surface
developed rapidly (Figure 12b). Main cracks adjacent to the sliding surface then rapidly
developed and formed the boundary between the second and third failures after the first
local failure had occurred at the toe of the slope (Figure 12c). Finally, open tension cracks
formed the boundaries of multiple failures after the third local failure (Figure 12d). The
failure process of the slope model was characterised by successive failures. It should
be noted that all local failures occurred at the front face of the slope which was almost
completely saturated and that the cracks adjacent to the failure surface only begin to
develop rapidly after the front face was destroyed.

According to the paper tape’s deformation data, it can be seen that the relative dis-
placement of the bottom layer in the vertical direction is the largest, and the displacement
of the front part of the slope is the largest in the horizontal direction (Figures 11 and 12).
These strong deformation zones are concentrated around the water table, suggesting that
the soil creep characteristics may be related to soil moisture content and saturation time.
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Figure 12. Water table, cracks and failure of the slope at (a) 130 min, (b) 280 min (c) 340 min and
(d) 600 min.

4.2. Response of Pore Water Pressure

The position of the pore pressure transducer in the model is shown in Figure 7, in
which S2 and the pressure gauge were used for water table control. The pore water pressure
monitoring data is shown in Figure 13. The pore pressure curves for the pore water pressure
transducers S1 and S2 began to flatten after approximately 22 min of the test, indicating
that the soil at the front of the slope was saturated. The S3 pore pressure curve at the rear
of the slope began to flatten after approximately 28 min, indicating that the water table
had stabilised. Over the course of the intermittent rainfall, the pore pressure curves at S1
and S2 increased and decreased periodically, indicating the generation and dissipation
of pore pressure. However, the pore pressure at S3 in the back of the slope was almost
constant. The first and the third local failures resulted in the pore pressure at S1 and S2
first increasing and then continuously decreasing, but there was no obvious response of
the pore pressure transducers to the second local failure. This is because the first and third
local failures were triggered near the pore pressure transducers, and the pore pressure
transducer was pulled out after local failure.

Figure 13. Pore water pressure time history.
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4.3. Earth Pressure

The earth pressure data is shown in Figure 14. The earth pressure on the bedrock
surface increased significantly, according to the all transducers, with the continuous rainfall
at the beginning of the test. Following that, T1 and T2 showed that pressure decreased
gradually, indicating the occurrence of local creep slip at the front of the slope. When
the first main crack occurred (Figure 10a), T1 and T2 showed a sudden pressure decrease
(Figure 14), which was due to the soil on the upper part of the transducers becoming
separated by the main crack. When the second local failure occurred, the transducer T1
was pulled out and exposed to the air, causing the earth pressure at the S1 transducer to
decrease rapidly, while the earth pressures at the transducers distributed at the middle
and back of the slope did not change significantly. After the second local failure, the earth
pressure on the middle bedrock surface (T3) decreased unsteadily until the third local
failure occurred. When the third local failure occurred, the pressure on T4 (in the middle
part) firstly increased rapidly, and it was pulled out during failure. At the same time, the
earth pressure on T5 and T6 decreased suddenly, due to cracking of the rear slope. As the
intermittent rainfall continued, the pressure on T5 and T6 gradually recovered, due to the
gradual subsidence of the slope and the filling of cracks by the liquefied soil.

Figure 14. Earth pressure measurement time history.

5. Discussion

Accumulation slopes generally have relatively impermeable bedrock surfaces and
loose quaternary accumulation layers, and their topography is mostly a skirt-shaped
depression, meaning that colluvial slopes are vulnerable to rainfall. In general, rainfall-
induced failures are characterised by severe slippage or repeated slow creep along the
underlying bedrock surface [23]. Their failure may be essentially controlled by water table
fluctuations, i.e., between periods of rainfall where a high safety factor is observed and
gradually decreases as rain falls. Water table fluctuations may also be related to rainfall
patterns, such as total rainfall and interval periods between rainfalls [1]. When the water
table is close to the slope surface, especially at the slope toe, this could form a highly
unstable area that may induce local sliding [17]. When the slope creep creates tension
cracks, the surface runoff suspended fine-grained soil is transported into the cracks, and the
sediment in the rainwater is deposited in the cracks, which increases the creep performance
of the slope [24,25].

Data from the Yingtaogou Landslide Survey Report shows that the first local failure
occurred at the foot of the slope in June 2015 (Figure 1b), and that the deformation was
controlled after backfilling and drainage treatment. The slope began to slide again in stages
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due to multiple rainfall events in June 2018 (Figure 1d), and the failure characteristics
are consistent with those of the model slope (Figure 10d). During the model test, many
micro-cracks appeared on the slope. These quickly opened and connected as the adjacent
soil failed, forming the boundary of the next landslide (Figure 12). Figure 13 shows that
the pore pressure at the toe of the slope (S1) increased during the interval after the slope
toe cracked. This shows that the cracks enhanced the infiltration capacity of the slope
surface runoff and the drainage capacity of the slope. During drainage, fine particles in the
middle and upper soil were deposited in the cracks and invade the sliding zone, leading to
differences in the permeability of each layer of soil (Figure 10d). On site, numerous tension
cracks were observed on the slope surface (Figure 15a). A section of one of these cracks was
obtained by slope cutting, as shown in Figure 15b. Although the physical model is much
smaller than the actual slope, these deformation and failure features are similar, indicating
that this test method is effective and that the test results are reasonable.

Figure 15. Characteristics of crack development before slope failure: (a) characteristics of slope
surface cracks; (b) characteristics of section cracks.

The reduced shear strength due to the increase in moisture content is insufficient
to resist the sliding force, a highly unstable zone develops, and failure may be induced
(Ram et al. 2014). This shows that the shear strength of the soil is important for the
stability of the slope. The relationship between the soil moisture content of the slope and
shear strength was investigated (Figure 16). The results showed that the shear strength
parameters decreased rapidly with increasing moisture content. When the moisture was
increased from 18% to 33%, the apparent was increased from 18% to 33%, the apparent
cohesion decreased from 74.8 kPa to 9.7 kPa, and the internal friction angle decreased
from 19◦ to 10.5◦. Due to the decrease in shear strength, creep occurred on the slope. The
uneven subsidence and shear creep deformations of the slope may be responsible for the
micro-cracks on the slope surface. Vanapalli et al. (1996) obtained a simple equation for
predicting soil strength through a large number of experiments:

τf = c′ + (σn − ua) tan ϕ′ + (ua − uw)

[(
θw − θr

θs − θr

)
tan ϕ′

]
(3)

where τf is the peak shear strength, c′ is the apparent cohesion, σn is the total stress of
unsaturated soil, ϕ′ is the angle of internal friction ua and uw are the pore gas pressure and
pore water pressure, and θw, θr and θs are the volumetric, residual and saturated water
content, respectively.
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Figure 16. Relationship between soil moisture content of the slope and shear strength.

Equation (1) indicates that the increase in soil weight, increase in pore-water pressure
and decrease in suction have a major effect on the reduction in shear strength. The model
test found that no local failure occurred when the soil was first saturated. That showed
that the reduction in shear strength due to the increase in the degree of saturation was still
sufficient to stabilise the slope. Figure 12 shows that the thickness of the saturated layer
and the soil immersion time of the slope gradually decreased from the front edge to the
rear edge due to intermittent rainfall and seepage. With an increase in the saturation time,
the shear strengths for different initial dry densities and initial moisture content showed
different decreasing trends. The larger the initial dry density, the smaller the initial moisture
content, and the greater the drop in the shear strength of the soil sample. The decrease in
the cohesion accumulation of soil after saturation was due to the softening and dissolving
effect of water, which destroys the cementation of soil particles (Deng et al. 2013). The
clay particles in the soil mass gather in the main cracks, slip zones and slope toe during
the seepage process (Figures 10d and 15b). The shear strength and permeability of the soil
decreased with the increase in the clay content [26].

Figure 11a,b show that the shear displacement curve of the sliding zone undergoes a
steep rise before the local failures of the slope. The decrease in the residual internal friction
angle with the increase in the clay content [27] may be the reason for the slow increase in
shear rate. The residual strength rapidly decreases as the shear rate increases during shear
deformation [28]. When the shear rate reaches a certain value, it is difficult for water to be
excreted due to the accumulation of clay particles, which can easily lead to complete loss of
the residual strength of the soil and liquefaction, triggering local failure.

6. Conclusions

In this study, a physical modelling method for gently dipping accumulation slopes was
developed. It was combined with the monitoring technique to measure the displacement,
pore water pressure and earth pressure of the slope under the action of intermittent rainfall.
Based on the monitoring data, the influence of intermittent rainfall on the deformation
and failure of the gently dipping accumulation layer slope was discussed. The major
conclusions from this study can be outlined as follows:

(1) Intermittent rainfall-induced failures of gently dipping accumulation slopes are char-
acterised by regressive landslides. Firstly, transverse tension cracks are formed on
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the slope, and the first local failure is caused at the toe of the slope. Following this,
the second local failure is triggered at the front of the slope. The third local failure is
triggered in the middle of the slope. Finally, the main cracks spread, forming multiple
sliding steps and sliding surfaces on the slope. The use of anti-slide piles at the slope
foot of the gently sloping accumulation layer can effectively restrain the occurrence
of landslides.

(2) Before failure, a gently dipping accumulation layer landslide shows long-term creep
deformation, when the clay particles in the soil would converge to the cracks, sliding
zone and slope toe with seepage. The increasing creep displacement and increasing
saturation thickness from the trailing edge to the leading edge of the slope provide
a precondition for the cracking and stage failure of the landslide. Monitoring the
displacement, pore water pressure and earth pressure at the foot of the slope may be
effective for forecasting and the early warning of this type of landslide.

(3) Shear strength testing of the undisturbed soil showed that when the water table
approached the slope surface within this region, the reduced shear strength due to
the increase in moisture content was still sufficient to resist local failure. The shear
strength of the soil in the saturated zone further decreased with an increase in the clay
content, saturated time, creep displacement and creep rate. This eventually led to a
sudden increase in pore water pressure and liquefaction of the soil, triggering local
failure. In the actual project, slope drainage and waterproofing measures should be
taken to prevent the soil at the foot of the slope from being saturated for a long time.
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