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Abstract Rainfall is an important factor to trigger the slope failure such as landslides and
debris flows. First, the relationship between rainfall duration with the initiation of debris
flow and rainfall intensity was mainly studied by the series tests in a box model. Then, the
rainfall induced responses of slopes and the initiation of slope failure were simulated by
using the software FLAC2D based on the soil parameters in Weijia Gully, Beichuan
County, Sichuan Province. The effects of the slope angle, rainfall intensity, soil parameters
on the development of the stress, and pore pressure in the soil of the slope were analyzed. It
indicates that largest displacements in the slope are mainly located near the toe. With the
increase of the rainfall intensity, the effective stress in the slope decreases and the displacement increases.
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1 Introduction
Landslide and debris flow distribute broadly in nature and threaten both lives and properties worldwide especially in regions of residual soils subject to heavy rainfall (Chen et al.
2006; Collins and Znidarcic 1999). Slope failure may develop due to human activities such
as loading on the slope or excavating of the toe for construction purposes and then occur
simply due to rainfall infiltrating (Anderson and Sitar 1995; Iverson et al. 2000; Cui et al.
2000).
Although many studies on the initiation of landslide and debris flow have been carried
out (Aleotro 2004; Iverson 1992; Iverson et al. 1997), there are still many unknowns
required to be explored. For an example, how does the pore pressure develop in the slope
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during and after a rainfall? Which is the most sensitive factor to the initiation of the
slope failure? Some experiments and in situ measurements were used to study the initiation of landslide or debris flow in the previous studies (Cui 1992a, b; Reid et al.
1997), while numerical simulations were few processed. Numerical methods have the
advantage to simulate the distribution of stresses, displacement, and pore pressure in a
slope that could not be obtained fully from experiments. Furthermore, numerical simulations can conduct some special cases easily. For an example, the erosion and
re-deposition of the fine grains that play an important role in the initiation of slope
failures can be simulated easily (Cui et al. 2009; Lu and Zheng 2006; Lu and Cui 2010;
Lu et al. 2010a).
Seepage and surface flow due to a rainfall obviously change the distribution of the soil
suction stress, moisture et al., and then alter the stresses and the deformation of a slope (Lu
and Likos 2006). The magnitude and dynamics of suction stress in sandy soils are sufficient
to vary the factor of safety to cause failures near the ground surface (Lu and Godt 2008;
Godt et al. 2009). Meanwhile, changes of the stress, suction force, and deformation can
alter the seepage process because the hydraulic properties such as the porosity, permeability, and water storage capacity are affected. Hence, the seepage and stress-deformation
process are coupled (Lu et al. 2010b; Zhang et al. 2005, 2011). Duration is an important
parameter to forecast the initiation of landslide and debris flow, particularly for a real-time
monitoring system (Chen et al. 2005; Ye et al. 2012).
So, the objective of this paper is to investigate the initiation of debris flow. First, the
relationship between rainfall duration with the initiation of debris flow and rainfall
intensity is explored experimentally; then, responses of the stresses, pore pressure in a
slope under rainfall, are analyzed numerically.

2 The main geological and hydrological characteristics in Beichuan
Weijia Gully is located at the Renjiaping Village, Beichuan County, Sichuan Province. The
geographical coordinates of the estuary are 104°260 2700 E, 31°480 4800 N. The altitude of the
starting point of debris flow and the estuary is 1,760 and 700 m, respectively. The drainage
area above the estuary is 1.54 km2. The main trench is 2.3 km, and there is water flow
circulation every year. This gully is near the main fracture of the 5.12 Large Earthquake in
2008, Wenchuan. Thus, the sediments in this area were severe broken and easy to be
instability when disturbed. Two tributary gullies flow into Weijia Gully. The average width
of the gully is 3–5 m. The slope angle at the two sides of the gully is between 27° and 45°.
The vegetation coverage is 50–60% (Tang and Liang 2008).
The outcrop stratum in the drainage area is mainly composed of the lower Cambrian
series Qingping lark sandy shale, siltstone, thin-bedded sandy stone. This area suffers
subtropical moist monsoon climate and abundant of rainstorms. Mean annual temperature
is 15.6 °C. The average annual rainfall was 1,399.1 mm, and the maximum yearly rainfall
was 2,340 mm in 1967. The historical maximum daily rainfall intensity is 301 mm/day,
and the maximum hourly rainfall intensity is 62 mm/h. Seventy-four percentage of the
whole year rainfall is concentrated in from June to September. In September 23th, 2008,
the rainfall intensity was 173.8 mm/day, and the maximum rainfall intensity was 61 mm/h
(Tang and Tie 2009). The large rainfall intensity is the key reason to lead to the initiation
of debris flow.
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3 The properties of in situ soils
The in situ soils in the Weijia gully in Beichuan (Beichuan soils) County were used in
experiments. The grain sizes of the soils are widely distributed as shown in Fig. 1. The dry
density is 1.58 g/cm3, and the saturation density is 2.0 g/cm3.
The static stress–strain curves and Mohr circles of the saturated soils with grain
diameters less than 2 mm in Weijia Gully were obtained by triaxial compression tests.
There was no peak in stress–strain curves. The internal friction angle and the
cohesion were measured as 22.2° and 6 kPa, respectively (Fig. 2). These data are
smaller than that of soils containing larger grains. Thus, in numerical simulation, the
data were obtained by larger triaxial tests in literature (Zhang et al. 2010) (Shown in
Table 1).
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Fig. 1 Grain series curves for
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Fig. 2 Results of tri-axial tests.
a Static stress–strain curves
under different confined
pressures. b Mohr circles and
parameters of strength
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Table 1 Mechanical parameters of the slope
Dry density
(kg/m3)

Permeability
(cm/s)

Young’s modulus
(MPa)

Cohesion
(kPa)

Internal friction
angle (°)

Poisson’s
ratio

2,000

1.0 9 10-4

6.2

20

30

0.22

4 Model experiments
4.1 Preparing of experiments
The sample of the soil slope was prepared as a trapezia with a size of top length 9 bottom
length 9 width 9 thickness = 35 cm 9 52 cm 9 21 cm 9 10 cm. The slope angles in
experiments were set as 27°, 30°, 32°, and 33° according to the in situ conditions. Six
sprayers were placed along a water pipe at intervals of 10 cm and 44 cm vertically over the
soil layer surface. The rainfall intensity was relatively uniform at this set-up by repeated
tests (Fig. 3). The rainfall intensity was controlled by a flow-meter. Some water was
sprayed on the soil sample to make the soil with certain saturation after deposited. For each
slope angle, 5-6 kinds of rainfall intensities were adopted ranging from 0.7 to 3.2 mm/min
in experiments. During the experiments, the displacements of the soils, seepage, and
surface flow were measured, and the rainfall duration for debris flow to occur was
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recorded. The initial density is 1.58 g/cm3 containing the water content of 4 %. When a
large block of soil layer slid initially, we regarded the slope failure occured.
4.2 Results of model experiments
Little settlement was observed during rainfalls. No surface flow occurred even under strong
rainfalls. It indicates that the in situ soil layer had such large permeability that rainfall
could fully percolate into and flow through. For any slope angle, the rainfall duration
corresponding to the initiation of debris flow decreased with the increase of the rainfall
intensity (Fig. 4). A critical rainfall intensity existed.
Generally, the slope fails only after the rainfall percolates into the slope with some
depth and saturates the soil to high water content. The physical and geometrical properties
of the slope soil change with the duration of the water seepage, and the pore water pressure
increases with water flow and gathering. Then slope failures initiate at critical rainfall
intensity.
The fine grains play an important role in the slope failure with wide grain sizes as the
soil in Weijia Gully. The fine grains reduce the friction and cohesion acting as a kind of
lubricant after sucking the rain water and then promotes the initiation of slope failures.
From Fig. 5, it shows that the fine grains adhere to large grains as soil membrane after
water sucking. This causes the cohesive force among large grains decrease and even
disappear. When appending more fine grains, the critical rainfall duration becomes shorter
under the same rainfall intensities and slope angles (Fig. 6).

5 Numerical simulation
5.1 Numerical model
The software FLAC2D was used to simulate the responses of a slope under rainfall.
The parameters used in numerical simulations were the same as that in experiments.

Fig. 3 Sketch of the model
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The bottom was vertically fixed, the top was free, and the other boundaries were all
normally fixed (Fig. 7). The height of the slope was 20 cm, and the slope angles were 27°,
30°, and 33°, respectively. The Mohr-Column criterion was applied to describe the soil
mechanical behavior of the slope. The Darcy Law described the seepage of the two phases
(pore air and pore water). The mechanical parameters adopted in simulation are shown in
Table 1.
The seepage equations for the pore water and the pore air are shown in the following
(Fredlund and Rahardjo 1993):
qwij ¼ kijw krw

o
ðPw  qw gk xk Þ
oxj

ð1Þ

qgij ¼ kijg krg


o 
Pg  qg gk xk
oxj

ð2Þ

The strength criterion is expressed as (Fredlund and Rahardjo 1993):
sf ¼ ðr  Pa Þ tan / þ Sw ðPa  Pw Þ tan / þ C

ð3Þ

The capillary force is satisfied with the following equation:
Pc ¼ Pg  Pw

ð4Þ


1a
1
Pc ¼ P0 S1=a
e

ð5Þ

and

The relative permeability of the pore water is expressed as (Brooks and Corey 1964, 1966):
h

a i2
ð6Þ
krw ¼ Sbe 1  1  S1=a
e
The relative permeability of pore gas is:

Fig. 7 Finite difference grid for numerical simulation and experimental results
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c 
2a
krg ¼ 1  Sbe 1  S1=a
e

ð7Þ

in which Se is (Corey 1954):
Se ¼

Sw  Swr
1  Swr

ð8Þ

qwij , qgij are the flow rate of the water and the air, kwij the saturated permeability, kwr the
relative permeability of water, kgr the relative permeability of air, Pw the pore water
pressure, Pg pore gas pressure, qw density of water, qg density of gas, gk, xk the gravity
acceleration and position, when their directions are different, their product equals zero, sf
the strength, r the total stress, Sw saturation of water, / the internal friction angle, C the
cohesion, Swr the saturation of water.

Table 2 Rainfall intensity adopted in the numerical simulation
Slope angle (°)

Rainfall intensity (m/s)

27

1.0 9 10-5

2.0 9 10-5

3.0 9 10-5

4.0 9 10-5

5.0 9 10-5

30

-5

-5

-5

4.0 9 10

-5

5.0 9 10-5

4.0 9 10

-5

5.0 9 10-5

33

1.0 9 10

-5

1.0 9 10

2.0 9 10

-5

2.0 9 10

3.0 9 10

-5

3.0 9 10

Fig. 8 Water saturation distribution under the rainfall intensity of 1 9 10-5 m/s (Unit of saturation is %).
a t = 100 s. b t = 200 s. c t = 300 s. d t = 400 s
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5.2 Scheme of the numerical simulation
The rainfall intensity, slope angle, soil density, soil strength, and permeability were mainly
considered. The rainfall intensity ranged from 4 9 10-6 to 5 9 10-5 m/s (Table 2). The
finite difference grid of the slope for numerical simulations was shown in Fig. 7. Points A
and B were used as the characteristic data.
5.3 Numerical results and analysis
5.3.1 The development of the water saturation
Figure 8 shows the nephograms of the water saturation in the slope when the rainfall
durations are 100 s, 200 s, 300 s, and 400 s, respectively, and the rainfall intensity is
1 9 10-5 m/s. The wetting front develops gradually from the surface to the interior of the
slope in a nonlinear form. Water saturation near the surface and at the toe of the slope
increases apparently in 100 s. The wetting front arrives at about 1/2 depth of the slope
when the rainfall lasts 400 s. The pore water percolations from the surface to the bottom
and from the upper part to the toe. Then, water saturation increases from the surface to the
bottom and becomes larger at the surface and the bottom than that of other locations.
It is shown that the wetting front develops faster when the rainfall intensity increases to
5 9 10-5 m/s with a tendency similar to that of 1 9 10-5 m/s (Fig. 9). The wetting front
is less than 1/4 depth of the slope from the surface when the rainfall duration is 100 s and

Fig. 9 Water saturation distribution under rainfall intensity of 5 9 10-5 m/s (Unit of saturation is %).
a t = 100 s. b t = 200 s. c t = 300 s. d t = 400 s
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reaches to 5/6 depth at 400 s. The fully saturated area is larger than that under rainfall
intensity of 1 9 10-5 m/s. In this condition, runoff occurs, indicating that the water
penetrated into soil layer is less than supplied by rainfall.
Figure 10 shows the changes of the water saturation with depth at the three sections of
the slope. The largest water saturation locates at the surface, while the smallest water
saturation locates at the middle. The reason may be the rainfall water permeates first at the
surface and then decreases with depth. The seepage before rainfall causes the water saturation at the bottom larger than that at the middle. At any given time, the development of
the pore water pressure at sections II and III is almost the same but different from section I
(Fig. 10d).
The water saturation at the toe of the slope increases apparently, and the fully saturated
area increases with time. Runoff occurs when the rainfall intensity reaches to certain
extent. The wetting front develops into the interior of the slope gradually. The developing
velocity of the wetting front increases with the increase of the rainfall intensity. The
saturation near the surface increases faster and larger than that of the interior. The
development of the water saturation at section I is different from sections II and III due to
the seepage at the toe.
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Fig. 10 Changes of the water saturation along depth. a Section I. b Section II. c Section III. d At rainfall
duration of 200 s
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Fig. 11 Distribution of the pore water pressure under rainfall intensity of 1 9 10-5 m/s (Unit of pore
pressure is Pa). a t = 100 s. b t = 200 s. c t = 300 s. d t = 400 s

5.3.2 Development of pore water pressure
Figure 11 shows the distribution of the pore water pressure under the rainfall intensity of
1 9 10-5 m/s and the rainfall durations of 100 s, 200 s, 300 s, 400 s, respectively. It can be
seen that the pore water pressure near the toe of the slope increases remarkably with the
rainfall. The affected area (the area that the rainfall percolates into) increases with time. The
pore water pressure occurs first at the toe and then expand. At the rainfall duration of 400 s,
positive pore water pressure covers about a half of the whole area with a largest pore water
pressure of 7.5 9 104Pa, while at 100 s, only about 1/6 area is covered with a largest pore
water pressure of 2.0 9 104Pa. This indicates that the failure initiates more easily at the toe.
The distribution of the pore water pressure under the rainfall intensity of 5 9 10-5 m/s
is similar to that of 1 9 10-5 m/s. However, the pore water pressure increases faster but
the area is larger. Under the rainfall intensity of 5 9 10-5 m/s, all the areas are covered
with positive pore water pressure while only 1/2 under the rainfall intensity of
1 9 10-5 m/s at the duration of 400 s. The high pore water pressure leads to more water
percolation (Fig. 12).
The developing tendency of the pore water pressure is similar to that of the water
saturation (Fig. 13) and almost the same at the sections I, II, and III (Fig. 13a–c). But at
any given time, the value of the pore water pressures at sections II and III are almost the
same but different from section I.
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Fig. 12 Distribution of the pore water pressure under rainfall intensity of 5 9 10-5 m/s (Unit of pore
pressure is Pa). a t = 100 s. b t = 200 s. c t = 300 s. d t = 400 s

Figure 14 shows the development of the water saturation and the pore water pressure
under the rainfall intensity of 1 9 10-5 m/s at the section III. The water saturation and
pore water pressure develop with time near the surface of the slope. At the location of 1 cm
from the surface, the water saturation and the water pore pressure increase initially when
the rainfall lasts 200 s and the saturation becomes 100 % at last, while unchanged at the
locations of 7 cm and 9 cm from the surface.
It can be concluded that the water saturation and the pore water pressure at the toe and
the upper part increase faster than at the low part. Thus, the strength at these areas is lower,
causing soils migrate from the upper part to the toe (Fig. 15).
5.3.3 Comparison of experimental and numerical results
For a verification, the numerical results are compared with the experimental results. The
parameters in simulation are adopted according to experiments: The slope angle is 27°; soil
parameters are shown in Table 1. Generally, with the penetration of rain water, the displacement of the slope develops from slow to fast suddenly (Lu et al. 2011). The sudden
change is thought as the initiation of slope failure in this paper. The relationship between
the rainfall intensity and the rainfall duration is in agreement with the experimental results,
and the numerical simulation is valid (Fig. 16).
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Fig. 13 Distribution of pore water pressure along depth. a Section I, b Section II. c Section III. d Section
IV

6 Conclusions
The soil responses of the slope during rainfall were studied experimentally and numerically. By comparison between numerical simulation and experiments, they are in good
agreements. The main conclusions are as follows:
1. The pore water pressure and water saturation in the slope increase with rainfall
duration time and rise faster with rainfall intensity. Under the rainfall intensity of
1 9 10-5 m/s, the wetting front arrives at about 1/2 depth of the slope from the
surface when the rainfall lasts 400 s.
2. The largest pore water pressure and water saturation are located near the slope toe and
the surface. The area with pore water pressure increases with the increase of rainfall
intensity.
3. The rainfall duration corresponding to the initiation of debris flow decreases with the
increase of the rainfall intensity and critical rainfall intensity exists to determine the
possible occurrence of landslide and debris flow. The fine grains play an important role
in the slope failure with wide grain sizes because they become the lubricant with the
increase of moisture.
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Fig. 16 Comparison of the
numerical and experimental
results
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