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Abstract: Rainfall is an important factor to trigger
the debris flow. Numerical simulation on the
responses of slopes and the initiation of debris flow
under rainfall was processed by using the software
FLAC2D based on the soil parameters in Weijia Gully,
Beichuan County, Sichuan Province, China. The
effects of the slope angle, rainfall intensity, soil
parameters on the developments of the stress and
pore pressure and deformation of the slope were
studied. It indicates that large displacements of the
slope are mainly located near the slope toe. With the
increase of the rainfall intensity the stability of the

slope decreases and so the debris-flow is easy to occur.
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Introduction

Landslides and debris flows, distributing
broadly in nature, restrict the economic
development and threaten the safety of towns,
villages, traffic and dams. 90% to 95% of these
hazards are caused by rainfall (Chen et al. 2006). A
mass of debris flows and landslides were triggered
by rainfall after the May 12th earthquake in 2008.
Therefore, the forecast for landslide and debris
flow is an important mission in the earthquake
affected area.

Although many studies on the forecast of
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landslide and debris flow have been carried out
(Cui et al. 2000; Aleotro 2004), there is still not a
precise method which can be applied broadly
because of the limited understanding on the
initiation mechanism. Experiments and in-situ
measurements were used in studying the initiation
of debris flow in the previous studies (Cui 1992;
Iverson et al. 1997; Cui et al. 2007), while
numerical simulations were few used. However,
numerical simulations can analyze the distribution
of stresses, displacement and pore pressure in a
slope which can not be obtained fully in
experiments. Furthermore, numerical simulations
can investigate some special cases easily. For an
example, the erosion and the re-deposition of fine
grains which play an important role in the
initiation of debris flow can be detailed simulated
easily by using numerical methods (Cui et al. 2009;
Lu et al. 2006; Lu and Cui 2010; Lu et al. 2010)
while difficultly by using experiments.

Seepage and surface flow during a rainstorm
can obviously change the distribution of pore
pressure and the mechanical properties of a slope.
These changes will alter the stresses and the
deformation of a slope. Conversely, stress and
deformation changes can alter the seepage process
because the hydraulic properties such as the
porosity, permeability and water storage capacity
were affected by the changes in stresses. Hence the
seepage and stress-deformation problems are
strongly linked (Zhang et al. 2005; Wu et al. 2009).
Duration is an important parameter with which to
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forecast the initiation of debris flow, particularly
for a real-time monitoring system (Chen et al.
2005).

In the above viewpoints, the objective of this
paper is to numerically investigate the responses of
stresses, pore pressure, deformation and duration
to yield enough water for debris flow triggering.

1 Properties of In-Situ Soils

The in-situ soils in the Weijia Gully in
Beichuan County in China were taken for
experiments. The grain sizes of the soils are widely
distributed as shown in Figure 1. The dry density is
1579 kg/m?3 and the saturation density is 2000
kg/ms.

The static triaxial apparatus was used to
determine the parameters of constitutive relation.
There is no peak in the curves of axial strain and
deviatoric stress (Figure 2). That means, the failure
of this kind of soil is plastic, so the stress at axial
strain 20% is taken as the failure value (If the soil
is brittle, the stress at the peak is taken as the
failure value). The internal friction angle and the
cohesion can be obtained by Mohr circles as 22.2°
and 6 kPa, respectively. The initial Yang’s modulus
is 1x108 MPa.

2 Numerical Simulation
2.1 Numerical Model
Business software FLAC2D5.0 was used to

simulate the responses of a slope under rainfall.
The parameters used in numerical simulations
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Figure 1 Grain series curves of Beichuan County soil
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were the same with that in the model experiments
(Ye 2011). The bottom was vertically fixed, the top
was free, the height of the slope was 20 cm, the
slope angles were 27°, 30° and 33°, respectively.
The other boundaries were all normally fixed
(Figure 3). The Mohr-Column model was used to
describe the mechanical behavior of the slope. The
seepage of two phases (pore air and pore water)
was considered to obey the Darcy Law. The
mechanical parameters are shown in table 1.

The seepage equations for the pore water and
the pore air are shown in the following:
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Figure 2 Axial strain versus deviatoric stress

Figure 3 Network for numerical simulation
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Table 1 Mechanical parameters of the slope

Dry density Permeability Cubic modulus Shear modulus Cohesion Internal friction angle
( kg/m3) (cm/s) (GPa) (GPa) (kPa) ©)
2000 1.0x104 0.8 0.6 6 22.2
Table 2 Rainfall intensity adopted in the numerical simulation
SI((Z;;e angle Rainfall intensity (mm/h)
27 36 72 108 144 180
30 36 72 108 144 180
33 36 72 108 144 180
The capillary force is satisfied the following considered in the numerical simulation. The

equation:

4

and

I ®)

The relative permeability of the pore water is:

kY = seb[l—(l—sel/a)a}2

(6)
The relative permeability of the pore gas is:
b \¢ 2a
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and
_ w
S, - Su-S&
=5 ®)

in which q,‘j“ qi? are flow rates of water and
air, k;j the saturated permeability, k," the relative
permeability of water, k? the relative permeability
of air, P, the pore water pressure, P, pore gas
pressure, p,, density of water, p, density of gas,
g« X the gravity acceleration and position, when
their directions are different, their product equals
zero, tm the strength, o the total stress, S. the
effective saturation of pore water, S, saturation of
water, ¢ internal friction angle, C cohesion,
S} residual saturation of water, a,b are constant
coefficients.

2.2 Scheme of the Numerical Simulation

The rainfall intensity, slope angle, density and
strength and permeability of the soil were mainly

rainfall intensity ranged from 36 mm/h to 180
mm/h (Table 2). The network of the slope for
numerical simulations is shown in Figure 3. Points
A and B are chosen as the character points and the
data at these two points are used in the analysis.

2.3 Numerical Results and Analysis

The results simulated with the parameters of
rainfall intensity 36 mm/h, slope angle 27°, and
rain duration 100s are used for the discussion in
this section. The maximum saturation degree of
water is located near the surface of the slope
(Figures 4, 5). The reason is that the permeability
decreases with the increase of the water saturation
degree, so the water is blocked at the locations near
the surface with the seepage. The maximum pore
pressure is also near the surface of the slope
corresponding to the water saturation degree

Depth (m)

T s T 8 T

6 7 8
Water saturation (10%)

Figure 4 Development of saturation degree with
depth under different rainfall intensity
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(Figure 6). The horizontal displacements increase
with time and develop fast with the increase of
rainfall intensity. It is shown also that there is an
inflextion at the displacements vs time curves. In

other words, the developments of the
displacements are catastrophic (Figures 7, 8). The
maximum velocity of the soils’ movement is located
near the toe and formed a curve as a potential
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Figure 5 Distribution of saturation degree at 600s
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Figure 7 Development of the horizontal
displacement at point A under different rainfall
intensities
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Figure 9 Distribution of displacement at 200s
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Figure 6 Distribution of pore pressure at 600s
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Figure 8 Horizontal developments at point B
under different rainfall intensities
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Figure 10 Distribution of vertical displacement
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sliding surface (Figure 9). The vertical
displacements of the soils decrease from the top to
the bottom of the slope (Figure 10). The soil’s total
velocity vectors showed that the soils (Figure 11)
move from the back to the toe of the slope along
curved lines. The displacements at point A are
chosen to investigate the effects of main factors on
the slope’s deformation under rainfall. The
increase of Yang's modulus and cohesion and
internal friction angle cause the decrease of
displacement (Figures 12-14). In other words, the
stiffness and the strength of the soils limit the
development of slope deformation. So, it is an
effective method to compact the slope to prevent
the occurrence of the landslide and the debris flow.

Figure 15 shows the distribution of the shear
stresses in the slope. At the upper part, soils slide

J. Mt. Sci. (2011) 8: 619—628

downwards the slope toe and the directions of the
shear stresses are upwards. The distribution of the
shear stresses tends to be non-uniform from nearly
layered distributed at the beginning.

Figure 16 shows the distribution of the stresses
in the X direction (X-stresses) in the slope. The X-
stresses increase from the top to the bottom of the
slope. The zero stress area and the tension stress
area increase with time under rainfall. Therefore,
the unstable area increases with time under rainfall.

Figure 17 shows the distribution of the stresses
in the Y direction (Y-stresses) in the slope. It is
shown that the Y-stresses increase from the top to
the bottom of the slope like the X-stresses.
However, the Y-stresses are nearly layered
distributed with time under rainfall. It indicates
that the rainfall penetrates relatively uniformly into
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Figure 11 Vector of soil’s total velocity V
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Figure 12 Displacement at point A versus Yang's
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Figure 13 Displacements at point A versus
cohesion
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Figure 16 Distribution of stresses in X direction
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Figure 17 Distribution of stresses in Y direction

624

© 1994-2011 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



Section [11

Section II

Figure 18 Three referenced sections

the slope in the Y-direction, and meanwhile the
settlement is relatively uniform.

Figure 19 shows the distribution of the X-
stresses in the three sections of the slope shown in
Figure 18. In each section, the X-stresses become
from negative to positive at the upper part. From
the toe to the back, the X-stresses increase at the
upper part. A sliding surface can be traced by
connecting the maximum X-stress in different
sections.

Figure 20 shows the distribution of the Y-
stresses in the three sections of the slope shown in
Figure 18. The Y-stresses increase almost linearly
from the top to the bottom of the slope in different
sections, which is not similar to the X-stresses. It
indicates that the deformation of the slope is
mainly downwards to the toe.

Figure 21 shows the distribution of the X-
stresses in the three sections of the slope shown in
Figure 18. It can be found that near the toe, the
stresses are negative at the upper part and the
lower part, while it is positive at the middle part. It
indicates that the sliding points are located in the
middle of the slope. At the back of the slope, the
distribution of the stresses shows that the sliding
points located at the upper part. These points form
a sliding surface from the toe to the back.

4 Certification of the Numerical
Simulation

To certificate the numerical simulation, some
model experiments were carried out in an organic
glass trough. The sample of the soil slope was
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sections
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Figure 22 Sketch of the model

prepared as a trapezia with a size of top x bottom x
width x thickness =35 cm x 52 cm x 21 cm x 10 cm
(Figure 22). The slope angles in experiments were
27°,30°, 32" and 33 respectively considering the in-
situ conditions in Weijia Gully. Some water was
sprayed on the soil sample to make the soil to have
a given water saturation degree after depositing it.
For each slope angle, 5 kinds of rainfall intensities
were adopted ranging from 36mm/h~180m/h with
an interval of 36m/h. During experiments, the
displacements of the slope and the duration for
debris flow to initiate were recorded.

For any given slope angle, the duration of the
rainfall corresponding to the initiation of debris
flow decreases with the increase of rainfall
intensity (Figure 23). They form an approximate
exponential curve. There exists a critical rainfall
intensity, less than which no debris flow can
initiate. And there exists a critical rain duration,
less than which there is no debris flow happens. It
can be observed that the displacement of the soil is
small and increases slowly before a critical
duration corresponding to a rainfall intensity.
However, once the rain duration is over the critical
duration, the displacement increases very fast, i.e.
catastrophic. The numerical results of the rainfall

References

Aleotro P (2004) A warning system for rainfall-induced shallow
failures. Engineering Geology 73: 247-265.

Chen XQ, Cui P, Feng ZL et al. (2006) Artificial rainfall
experimental study on landslide translation to debris flow.
Chinese Journal of Rock Mechaics & Engineering 25(1): 106-
116. (In Chinese)

J. Mt. Sci. (2011) 8: 619—628

7504 °
] m  Experimental results
600 - ® Numerical results
©
o© 450 4
£ =
= °
3004 °
]
e
]
150 g
T T T T T T T T T
1 2 3 4 5

Rain strength (10 *m/s)

Figure 23 Comparison of the numerical and
experimental results

intensity and the rain duration are shown to be
close with the experimental results, which indicates
that the numerical results are reliable (Figure 23).

5 Conclusions

The responses of the slope during rainfall and
the initiation of debris flow were numerically
investigated. By compared with the experimental
results, the numerical results are certificated to be
reliable. The main conclusions are as follows:

(1) The displacements of the slope increase
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displacements and the pore pressures are
catastrophic.

(2) The largest horizontal displacement of the
slope is located at the slope toe. The vertical
displacements of the slope decrease along depth.

(3) The increase of the Yang’s modulus and
cohesion and internal friction angle cause the
decrease of displacements of the slope.
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