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Abstract: Landslides are a serious geohazard worldwide, causing many casualties and considerable
economic losses every year. Rainfall-induced shallow landslides commonly occur in mountainous
regions. Many factors affect an area’s susceptibility, such as rainfall, the soil, and the slope. In this
paper, the effects of rainfall intensity, rainfall pattern, slope gradient, and soil type on landslide
susceptibility are studied. Variables including soil volumetric water content, matrix suction, pore
water pressure, and the total stress throughout the rainfall were measured. The results show that,
under the experimental conditions of this paper, no landslides occurred on a 5° slope. On a 15°
slope, when the rainfall intensity was equal to or less than 80 mm /h with a 1 h duration, landslides
also did not happen. With a rainfall intensity of 120 mm/h, the rainfall pattern in which the
intensity gradually diminishes could not induce landslides. Compared with fine soils, coarser soils
with gravels were found to be prone to landslides. As the volumetric water content rose, the matrix
suction declined from the time that the level of infiltration reached the position of the matrix. The pore
water pressure and the total stress both changed drastically either immediately before or after the
landslide. In addition, the sediment yield depended on the above factors. Steeper slopes, stronger
rainfall, and coarser soils were all found to increase the amount of sediment yield.

Keywords: landslides; artificial rainfall; grain size; rainfall pattern; pore water pressure

1. Introduction

Landslides refer to the geological phenomenon of rock and soil mass sliding along
a slope, these are a type of natural hazard that is widely distributed throughout the
world [1,2]. Landslides cause tens of billions of dollars of economic losses and serious
casualties worldwide every year [3]. In areas with complex geological conditions, landslides
occur more frequently [4-7].

In mountain regions, landslides are often triggered by intensive rainfall [8,9]. Rainfall
and infiltration enhance moisture content, which further decreases the matrix suction and
soil shear strength [10,11]. Rainfall characteristics are often used as criteria for landslide
occurrence [12,13]. The rainfall’s intensity and pattern influence the characteristics of
landslides [14-16]. To date, there have been many studies on the effects of rainfall on
landslides. Research methods include in situ experiments, laboratory experiments, and
numerical simulations [17,18]. The artificial rainfall test is an effective method when used
to study rainfall-induced landslides [19].

Slopes with different soil compositions respond differently to rainfall. Fine particle
migration leads to pore blockage [20] and the soil composition of slopes is closely related
to their landslide susceptibility. Research has showed that a prerequisite for landslides to
occur is that the clay percentage of the soil is higher than 2.5% [21]. The soils in a region
where earthquakes happen often have many coarse particles, such as gravel. The proportion
of gravel in soils has a great influence on the density and void ratio, which determines the
timing and type of landslides [22]. The failure mode is closely related to the grain size [23].
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The type of landslide is usually a gully failure when small gravel content is present and
usually a “layer-by-layer sliding” failure when large gravel content is present [24].

Rainfall and infiltration change the soil characteristics greatly [25]. Some physical
qualities of the soil change during rainfall, such as the water content, matrix suction, pore
water press, and total stress [26,27]. The volumetric water content is the ratio of the volume
of water to the unit volume of soil and it increases during rainfall. Matrix suction is a
sensitive parameter when unsaturated soils encounter rainfall and it is differently affected
for soils with varying levels of rainfall infiltration [28,29]. The pore water press increases
during rainfall and reduces the soil’s shear strength. Slopes with greater inclination have
larger pore water press [30]. Total stress is the basis of stability analyses that are used for
calculating the factor of safety [31]. However, all of the above studies measured one or
several of the physical quantities of the soil and lacked a comprehensive reflection of the
changes in soil properties during landslides.

The landslide is a typical example of gravity-based erosion. The sediment yield of
landslides varies with the presence of a number of factors [32,33]. The time scale of the
impact of a landslide on the sediment yield in the basin is large. To comprehensively
analyze sediment transport, it is necessary to investigate the landslide history of the basin
for at least the preceding 100 years [34]. The landslide sediment yield of soil that is affected
by an earthquake under rainfall has been studied and quantified [35]. One model that
is used to express the contribution of shallow landslides to sediment yield as a rainfall
characteristic function has been established [36]. Another model called SHEETRAN was
established in order to analyze the impact of rainfall on landslides and sediment transport.
It was applied to the Valsassina Basin, which is a wide glaciated valley with a U-shaped
profile. The superficial deposits that are found on the valley’s slopes consist of calcareous-
dolomitic chaotic material with loose and sharp-edged fragments. [37-39]. The effects of
rainfall on sediment yield are obvious and the sediment yield increases with an increase in
the gravel percentage [40,41].

Therefore, the purpose of this paper is to make clear how each factor influences
landslide occurrences. A series of physical model tests that were carried out by an artificial
rainfall system was performed in order to investigate the process and mechanics of slope
failure. The rainfall intensity, rainfall pattern, soil type, and slope gradients each play
a unique role in slope stability. In the process, the main physical parameters of the soil,
including volumetric water content, matrix suction, pore water pressure, and total stress,
were all measured. Based on the detailed measured data, we were able to derive the
relationship between these physical qualities and the timing of landslides. Moreover, the
sediment yield of landslides was quantified and the dependence of the yield on the test
variables was analyzed. The present experimental results contribute to improving the
understanding of landslide mechanisms and mitigating landslide disasters.

2. Materials and Methods
2.1. Experimental System

The artificial rainfall test site that was used in this study is located in the State Key Lab-
oratory of Hydraulics and Mountain River Engineering of Sichuan University. The system
is composed of a reservoir, water pump, water delivery pipe, rain gauge, electromagnetic
flowmeter, nozzle, and valve (Figure 1). It is controlled by computer software and can
be self-adjusted automatically. When the automatic adjustment mode is turned on, the
water pressure and valve opening can be adjusted automatically in order to hold or change
the rainfall intensity. A water content sensor, tensiometer, earth press cell, and pore water
pressure sensor were used in the test (Figure 2c). The flume that was used for the test was
made of impermeable transparent polymer plastic material, with a length of 2 m, a width
of 0.3 m, and a height of 0.8 m. The flume was placed horizontally. The three slope angles
that were set in this research were 5°, 15°, and 30°. The flume, soil, and instruments that
were used are shown in Figure 2.
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Figure 2. Tested samples and experimental apparatus: (a) side view of the slope; (b) soil samples;
(c) measuring apparatuses.

2.2. Experimental Program

The experiment was set up with four variables: rainfall intensity, rainfall pattern,
soil type, and slope gradient (Table 1). Each variable was changed only when the other
variables were kept constant in order to study the relationship between that variable and
landslide susceptibility. Four values of 40 mm/h, 80 mm/h, 120 mm/h, and 160 mm/h
were taken for the rainfall intensity variable when the rainfall pattern was uniform (Tests
no. 1-4). The rainfall pattern variable was set to I, II, II, and IV (test no. 5-7 and 3), these
rainfall intensity change processes are shown in Figure 3.

In tests no. 8-10 and 3, four soil types were used. Three of the soil types were mainly
composed of silt, sand, and gravel, respectively, and the mixed type was a 1:1:1 mixture
of the aforementioned three. The soil compositions were set according to the common
soil types that are seen in Min Jiang River basin in southwest China. The soil that was
used for the tests was collected in nature through systemic screening and mixed. The soil
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compositions are listed in Table 2 and the grain size distribution curves of the soil types are

shown in Figure 4.

Table 1. Test variables.

Test No. Rainfall Intensity (mm/h) Rainfall Pattern Soil Type Slope Gradient (°)
1 40 v Mixed soil 15
2 80 v Mixed soil 15
3 120 v Mixed soil 15
4 160 v Mixed soil 15
5 120 I Mixed soil 15
6 120 I Mixed soil 15
7 120 I Mixed soil 15
8 120 v Silty soil 15
9 120 v Sandy soil 15
10 120 v Gravel soil 15
11 120 v Mixed soil 5
12 120 v Mixed soil 30

Rainfall intensity (mm/h)

[ Rainfall intensity

Il Rainfall intensity Il Rainfall intensity

160 160 160 160

Rainfall intensity (mm/h)
Rainfall intensity (mm/h)
Rainfall intensity (mm/h)

[ Rainfall intensity|
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Figure 3. Rainfall patterns: (a) Pattern I; (b) Pattern II; (c) Pattern III; (d) Pattern IV.
Table 2. Soil composition.
. o 14 0 o o Initial Volume Initial Dry
Soil Type Clay (%) Silt (%) Sand (%) Gravel (%) D5 (mm) Moisture Content (%) Density (g/cm?)
Silty soil 10.2 68.6 21.2 0 0.021 9.1 1.88
Sandy soil 7.1 18.5 744 0 0.71 8.2 1.74
Gravel soil 8.8 16.9 18.6 55.7 2.54 6.5 1.50
Mixed soil 10.2 249 36.7 28.2 1.68 77 1.61
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Figure 4. Grain size distribution curves.
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2.3. Test Procedures

Before the test began, the soil was filled into the flume, with each layer being 10 cm
deep. The soil was paved to the same thickness in each layer and then knocked evenly
with wood blocks. Measuring instruments were embedded in the positions that are shown
in Figure 1. After the preparation was completed, the test started with the commencement
of the rainfall. Each rainfall lasted 1 h. At the end of a test, the amount of sediment that
was yielded by the landslide was measured.

3. Results
3.1. Slope Instability Processes under Different Rainfall Intensities

When a slope encounters rainfall with different intensities, its water content, matrix
suction, pore water pressure, and total stress exhibit different change processes. Water
content is a basic parameter that is used to describe soil’s properties. The volumetric water
content of the tests with higher rainfall intensity were found to rise earlier and the matrix
suction declined earlier, too. When the rainfall intensity was 160 mm/h, the volumetric
water content reached its maximum at about 40 min. When the rainfall intensity was
120 mm/h, the volumetric water content reached its maximum at about 55 min. The water
gradually penetrated downward from the soil’s surface, so the volumetric water content
deeper down within the soil was found to increase later than that of the position near
the surface.

Matrix suction is an important parameter of the mechanical properties of unsaturated
soils. The pores of unsaturated soil are filled with water and air. The water—air interface
has surface tension. In unsaturated soil, through capillary action, the pore water pressure
under the bent liquid surface is less than the pore air pressure. The shrinkage membrane is
subjected to air pressure greater than the water pressure, and this pressure difference is
called matrix suction. The processes of matrix suction that were observed at the different
depths under the different rainfall intensities are shown in Figure 5b. It can be seen from
the figure that the change curve of matrix suction was divided into three stages, namely
the initial stage, steep fall stage, and stable stage. Taking, as an example, the matrix suction
change process that was observed at position I when the rainfall intensity is 160 mm/h,
it was noted that within 22 min of the beginning of rainfall, the change in the soil matrix
suction was not obvious. At 22-42 min, the matrix suction of the slope soil decreased
abruptly. As the infiltration of the rainfall continued to increase, the soil matrix suction
decreased to the minimum and became stable.

Pore water pressure is the pressure of the groundwater that is present in soil or rock,
which acts between particles or pores and is an important indicator of stress changes in
the soil. The variation of pore water pressure that was observed at the different slope
locations under the different rainfall intensities is shown in Figure 5c. The pore water
pressure variation curves during the test were observed in three stages: the initial stage,
surging stage, and slowly increasing stage. It was specifically noted that a greater intensity
of rainfall led to a shorter duration of the initial stage. For example, the initial stage of pore
water pressure at position I lasted about 8 min when the rainfall intensity was 160 mm/h,
and about 24 min when the rainfall intensity was 40 mm/h.

The total stress is the total force per unit area that is acting within a mass of soil.
It increases with the greater depth of the measurement point. Different rainfall intensities
lead to different variation processes of total stress. When the rainfall intensity was small,
the total stress started to increase a short time after the rainfall began and the increase
process was relatively smooth. When the rainfall intensity was higher, the total stress
started to increase at the beginning of the rainfall.

The intensity of the rainfall is closely related to the occurrence of a landslide. When
the intensity of rainfall was 40 mm/h and 80 mm/h, no landslide occurred. For the case
of a rainfall intensity of 120 mm/h, the time of the initial landslide occurrence was about
47 min. For the case of a rainfall intensity of 160 mm/h, the time of the initial landslide
occurrence was about 40 min.
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Figure 5. Variation in measured data when rainfall intensity is different: (a) water content; (b) matrix suction; (c) pore water

pressure; (d) total stress.

3.2. Slope Instability Processes under Different Rainfall Patterns

The changes in the water content, matrix suction, pore water pressure, and total
stress that were observed under the different rainfall patterns are shown in Figure 6. The
volumetric water content that was measured at the measurement points did not change
for a period of time after the onset of rainfall. The volumetric water content of rainfall
pattern I started to increase at the earliest time point. Later, the volumetric water content
of rainfall patterns IV and III started to increase. The volumetric water content of rainfall
pattern Il started to increase last. The rate of the increase in the volumetric water content in
the rainfall pattern I test decreased gradually. The rate of increase in the rainfall pattern
IV test remained constant. The rate of increase in rainfall pattern II and rainfall pattern III
gradually increased.

The matrix suction of the tests with rainfall pattern I and rainfall pattern IV began to
diminish earlier than the matrix suction of pattern II and pattern III. The matrix suction
curve of the tests with rainfall pattern I and rainfall pattern IV began to enter the attenuation
stage at about 20 min, while those of pattern Il and pattern Il began to enter the attenuation
stage at about 35 min. The rainfall of patterns I and IV was relatively large in the initial
stage. The attenuation processes of these tests were similar. In the stable stage, the matrix
suction of the test with patterns I and IV was the smallest, and those of patterns II and III
were relatively large.

In the changing process of pore water pressure, the slow-changing stages of the rainfall
pattern I and IV tests lasted the shortest time. The rate of the curve was very large at the
beginning. After the surge stage, it tended to be smooth. The slow change phase of rainfall
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Figure 6. Variation in measured data when rainfall patterns are different: (a) water content; (b) matrix suction; (c) pore
water pressure; (d) total stress.

Different rainfall patterns cause different response processes of total stress. The soil
response under rainfall pattern I was rapid. The total stress began to rise at 5 min. The
growth rate slowed down at about 20 min. The total stress of the tests with rainfall pattern
II and rainfall pattern Il began to increase by close to the 20 min mark. Compared with
rainfall pattern I, these patterns displayed lag. The total stress of the tests with rainfall
patterns Il and IV suddenly decreased in the later rainfall stage, due to the landslide.

The occurrence of landslides varied under the different rainfall patterns: no landslides
occurred in rainfall pattern I, while landslides did occur in rainfall patterns II, III, and IV.
The first landslide of the test with rainfall pattern II occurred at about 42 min. The first
landslide of the test with rainfall pattern III occurred at about 45 min. The first landslide of
the test with rainfall pattern IV occurred at about 47 min.

3.3. Slope Instability Processes with Different Soil Types

Figure 7 shows the variation of water content, matrix suction, pore water pressure,
and total stress of the slopes with different soil compositions. For the same rainfall intensity,
there was no significant difference in the time at which the volumetric water content started
to rise for the different soils. The volumetric water content for all of them started to increase
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at about 25 min. However, there were large differences in the final volumetric water content
of the different soil types. The upper limit of the volumetric water content was the highest
for the silty soil, at about 36%. The upper limit of the volumetric water content for the
mixed soil was about 30%. The sandy soil had an upper volumetric water content of about
27%. The gravel soil had the lowest upper limit of volumetric water content, which was
about 18%. The volumetric water content of the silty and mixed soils rose very quickly
and reached their maximum water content at about 35 min. The volumetric water content
of the sandy soil rose over a longer period of time and the rate gradually decreased. The
volumetric water content of the gravel soil plateaued after a small increase.
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Figure 7. Variation in m
pressure; (d) total stress.

easured data when soil types are different: (a) water content; (b) matrix suction; (c) pore water

The initial matrix suction of the different soils showed great differences. The initial
matrix suction of the fine-grained soils was higher than that of the coarse-grained soils.
The initial matrix suction of the silty soil was about 78 kPa, that of the sandy soil was about
52 kPa, that of the gravel soil was only about 14 kPa, and that of the mixed soil was about
48 kPa. The changing processes of matrix suction were also different. The matrix suction of
the silty soil at location I entered the diminished stage at about 28 min, decreased sharply
in the time period of 30 ~ 40 min, and finally stabilized at about 20 kPa. The matrix suction
of the sandy soil and mixed soil decreased at about 25 min and the matrix suction of the
sandy soil reached the stable stage at 35 min with a value of 18 kPa. The matrix suction
of the mixed soil continued to decline and finally decreased to about 8 kPa. The matrix
suction of the gravel soil was very small and did not change significantly in the first 30 min
of rainfall. It entered the fluctuating stage at 30 min.
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The soil type had a strong influence on the changing process of pore water pressure.
The increasing process of pore water pressure was longer for the mixed soil. The peak oc-
curred between 30 and 40 min and it reached about 4 kPa. The pore water pressure changes
that were observed in the silty, sandy, and gravel soils can be divided into two stages: a
rapid-increase stage and a stable stage. The increasing stage was seen in approximately the
first 20 min of the test. When the increasing stage was over, the pore water pressure of the
silty soil was greater than that of the sandy soil, and that of the sandy soil was greater than
that of the gravel soil.

The different soil types had different total stress values. At position I, the total stress
was highest in the silty soil. It increased slowly during the time period from 10 to 40 min
and remained constant at about 10 kPa during the time period from 40 to 60 min. The
total stress of the sandy soil varied little in the first 20 min, increased and fluctuated in the
time period from 20-50 min, and decreased abruptly at about 50 min due to the landslide.
The total stress of the gravel soil was the smallest and it increased only slightly during the
rainfall and then stabilized around 4 kPa. The total stress variation pattern of the mixed
soil was similar to that of the sandy soil.

Soil type is a key factor for determining the stability of slopes. Under the fixed rainfall
process and slope conditions that were set in these tests, no landslide occurred when the
soil type was silty or sandy. Landslides were generated when the soil type was gravelly or
mixed. The initial landslide occurrence time was about 39 min for the gravel soil and about
47 min for the mixed soil.

3.4. Slope Instability Processes on Differently Angled Slopes

Figure 8 shows the variation process of matrix suction when the slope gradients were
different. The different slope gradients had little influence on the variation of the volume
water content, the variation of each test was generally similar. The rise speed rate of the
30° slope was less than that of the 5° slope and 15° slope.

The changing process of the matrix suction of the different gradient slopes was
generally similar. For example, in a test with a 30° slope at position I it was observed
that, in the first 25 min of rainfall, the change in the matrix suction was not obvious. At
26—46 min, the matrix suction at this location decreased abruptly. As the infiltration of
the rainfall continued to increase, the soil matrix suction dropped to the minimum level
and then stabilized. Since the precipitation on the steep slope was largely converted into
surface runoff during the rainfall-infiltration process, the infiltration volume was smaller
than that of the gentle slope at the same time. The matrix suction started to decrease earlier
for the tests on the gentle slope than those on the steep slope.

The increasing and stable stages of pore water pressure on the slopes with different
gradients had large differences. Taking location I as an example, when the slope was gentle
(5°), the rising curve of the pore water pressure resembled a convex function. That is, the
function slope was larger at the beginning and the period from 5-12 min accommodated
the concentrated rising section of the pore water pressure process. When the slope was 15°,
the growth of the pore water pressure was approximately linear. When the slope was 30°,
the curve of the pore water pressure increase was similar to the concave function, which
decreased slightly in the time period from 0-15 min and increased rapidly in the time
period from 20-25 min. In the stable stage, the pore water pressure on the 15° slope was
the largest, around 3.2 kPa. The pore water pressure on the 30° slope was about 2.5 kPa
and the pore water pressure on the 5° slope was stable at about 2.8 kPa.

The slope had a significant effect on the changing process of the total stress. For the
case of a 5° slope, the total stress at position I and position II increased linearly throughout
the test. For the case of the 15° slope, the total stress at position II changed very little in
the first 25 min, increased significantly in the time period from 25 to 45 min, and suddenly
decreased at about 47 min due to a landslide. For the case of the 30° slope, the total stress
changed little in the first 40 min at position I, increased continuously from 40 min, and
decreased suddenly at around 50 min due to the landslide.



Appl. Sci. 2021, 11, 11652

10 of 14

30 =
= 5° positon 1
©5° pasiion 2 80
A 5% position 3
;\; 25 = 15% positon 1
= —®— 15° pogiton 2 -
c A 15° position 3 ©
0] o 1
z 20 #—30° position 1 % 60
8 —®— 30° posiion 2 c
5 —4— 30 pogition 3 g B 5° o ogition 1
© 15 1 g ® 5% posiion 2
40 A— 5° "
3 » Position 3
L E #—15° positon 1
= o
© 10 o] - 15° position 2
g = A—15% pogiton s
6 20 1 bl 30: Position 1
> 5 . ®—30 Position 2
A 30° position 3
0 T T - T . T . : \ 0 T T T T T T
0 10 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)
=— 5°
20 1 Position 1
e 5 Pasition 2
A 5% position
15 pogiton 1
E T 1:: Position 2
15 4 Position 3
= it — —%— 30° positon 1
[} e W © —e—30°
5 - [ ;/,‘:/'\1."‘ % \ % i 200 Position 2
p o g X A Position 3
% 8/ \/ oo ®® » = A i 4
o . . a Laddahdidadc {fﬁ Aaa
/ S i -
E_ / = 5° position 1 g 10 A AA aaat ‘_:
Q ©—5° posiion 2 o : A 0098 B
g A 5% position 3 8 s ’,.—ni .'- ol -
o #— 15 pogition 1 '2 , i ° p
o) ®—15° pogiion 2 5 o’ ¢ " - :_' e}
o A—15% positon 3 o’ wom "
= 30° pegiion 1 l’. Hﬂ«I—I‘I—H
—@—30° pegition 2 Pl
A—30° pogiion 3
T T T 0 T T T T T T
40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)
(c) (d)

Figure 8. Variation in measured data when slope gradients are different: (a) water content; (b) matrix suction; (c) pore water

pressure; (d) total stress.

The gradient of the slope was a decisive factor for the occurrence of landslides. No
landslide occurred on the 5° slope. Landslides occurred on both the 15° and 30° slopes.
The initial landslide occurred at about 47 min on the 15° slope and about 33 min on the
30° slope.

4. Discussion

A series of physical model tests for rainfall-induced shallow slides have been carried
out then and reported on in this paper. The soil samples were made according to the
natural soil in the Min Jiang River basin in southwestern China. The different soil types
have unique characteristics. Silty soils are usually well-aggregated, but the aggregates
break down rapidly when wetted, allowing non-aggregated soil particles to be easily
transported [42]. For sandy soil, there is a clear linkage between landslides and sediment
yield [43]. Seismic activity will generate a large amount of gravel soils and make the region
susceptible to geohazards [22]. Therefore, the impact of the typical soil constitution on
the landslides and sediment yield is analyzed in this paper. The sediment yield of the
landslides that resulted from tests with different rainfall intensities, rainfall patterns, slope
gradients, and soil particle compositions is shown in Table 3. All of the soil that slid down
came from within 10 cm of the surface layer of the original mass, so the mass of the soil
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that slid down by landslide, as a percentage of the total mass of the upper 10 cm layer of
the original slope, was used to measure the severity of the landslide.

Table 3. Sediment yield from landslides.

Time of Initial

Test No. Slope (°) Rainfall Intensity (mm/h)  Rainfall Pattern Soil Sample Landslide (min) Sediment Yield (%)
3 15 120 v Mixed soil 47 11.20
4 15 160 v Mixed soil 40 18.20
6 15 120 I Mixed soil 42 14.6
7 15 120 I Mixed soil 45 12.4
10 15 120 v Gravel soil 39 9.80
12 30 120 v Mixed soil 33 24.20

Some research on rainfall-induced shallow landslides has been conducted. A com-
prehensive physics-based Integrated Hydrology Model was set up, which is appliable to
different rainfall characteristics [44]. In this paper, more factors are studied in order to
investigate the mechanisms of rainfall-induced shallow landslides. The impact of the water
content and pore water pressure was analyzed by monitoring a natural slope [45]. However,
the variables of that study are not complete because matrix suction and total stress are
lacking. A distributed one-dimensional modeling approach for predicting shallow-rainfall-
induced landslides was established [46], but the actual landslides are complex. In this
paper, more factors have been considered. The influence of soil depth on the occurrence of
shallow landslides has been previously investigated [43], but evidence of how the rainfall
and soil condition affect a landslide’s occurrence is lacking.

The occurrence of landslides and their sediment yield is related to many factors.
To investigate the effect of one factor and the following comparisons, the other factors were
kept the same. Under a rainfall intensity of 120 mm/h (Test 3), the first landslide occurred
at 39 min. Under a rainfall intensity of 160 mm/h (Test 4), the first landslide occurred
at 47 min. This suggests that the higher the intensity of rainfall, the earlier the initial
landslide occurs. The sediment yield of Test 4 was also larger than that of Test 3. When the
rainfall intensity was 80 mm/h, there was no landslide. This indicates that the occurrence
of landslides under the test conditions requires the rainfall intensity to exceed 80 mm/h.
The rainfall pattern also affected the occurrence of landslides and the first landslide’s
time of occurrence. In the tests with rainfall patterns II, III, and IV (Test 6, 7, and 3), the
first landslides were at 42 min, 45 min, and 47 min, respectively. In the test with rainfall
pattern I, no landslide occurred. For the different soil types, the initial landslide occurrence
times of the gravel soil and the mixed soil were 39 min and 47 min, and the sediment yields
were 9.8% and 11.2%, respectively. No landslide occurred in the silty soil or the sandy soil.
Soils composed of coarse grains were shown to be prone to landslides. The landslide on
the 30° slope (Test 12) occurred earlier, at 33 min, than those which occurred during all of
the tests on the 15° slope. The sediment yield was 24.2%, which was also higher than those
on the 15° slope.

5. Conclusions

Landslides are a gravity-driven mass movement and induce an increase in sediment
yield in the watershed. In this paper, a series of artificial rainfall tests were conducted in
order to investigate rainfall-induced shallow landslides. Four impact factors, including
rainfall intensity, rainfall pattern, soil type, and slope gradient, were set to be studied.
The changing processes of volumetric water content, matrix suction, pore water pressure,
and total stress during rainfall were analyzed. The conclusions were as follows.

The occurrence of rainfall-induced shallow landslides was related to the intensity and
pattern of the rainfall, slope gradient, and soil composition. Landslides were triggered
by rainfall of a certain intensity and, according to the results obtained from the present
tests, the rainfall intensity must exceed 40 mm/h in order to trigger a landslide. The higher
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the rainfall intensity, the earlier the landslide occurs. The rainfall pattern also influenced
landslide generation.

The variables had unique processes of change during the rainfall that occurred under
the different combinations of impact factors. The process of matrix suction consisted of
an initial stage, steep decline stage, and stable stage. With greater intensity of rainfall, the
matrix suction diminished earlier. The pore water pressure continued to rise through the
rainfall and it started to rise earlier when the rainfall intensity was greater. In the tests
with different rainfall patterns, matrix suction began to diminish later when the rainfall
intensity peaked in the middle or late stage (patterns II and III). On the steep slope, soil
water content rose and matrix suction diminished later than on the gentler slopes.

When rainfall-induced shallow landslides occurred, there was a corresponding sig-
nificant change in the physical parameters of the slope. The landslides occurred after the
matrix suction entered the diminished stage. The different soil compositions had sequential
landslide occurrence times, with the silty and sandy types occurring earlier than the grav-
elly and mixed types. The pore water pressure rose briefly before the landslide occurred
and fell back down after the landslide occurred. As the landslides caused rapid local soil
movement, total stress produced rapid changes during the landslides and, in most cases,
obviously decreased.

The sediment yield from the landslides was influenced by various factors. When the
intensity of the rainfall increased, the sediment yield increased. The sediment yield of the
landslides with coarser particle composition was greater than that of the finer soils. The
sediment yield of the 30° slope was significantly higher than that of the 15° slope.
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