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Abstract: The failure of slope is a progressive
process, and the whole sliding surface is caused by the
gradual softening of soil strength of the potential
sliding surface. From this viewpoint, a local dynamic
strength reduction method is proposed to capture the
progressive failure of slope. This method can calculate
the warning deformation of landslide in this study.
Only strength parameters of the yielded zone of
landslide will be reduced by using the method.
Through continuous local reduction of the strength
parameters of the yielded zone, the potential sliding
surface developed gradually and evolved to
breakthrough finally. The result shows that the
proposed method can simulate the progressive failure
of slope truly. The yielded zone and deformation of
landslide obtained by the method are smaller than
those of overall strength reduction method. The
warning deformation of landslide can be obtained by
using the local dynamic strength reduction method
which is based on the softening characteristics of the
sliding surface.
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Introduction

Landslides pose great threat to society;
therefore, landslide forecast has been at the
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forefront of landslide research (Evans et al. 2002).
Current landslide forecast is based on empirical
formula (e.g., Saito 1965), linear forecast (Rennie
2010), nonlinear forecast (Feng et al 2010; Li et al.
2012), phenomenon forecast (Xu et al. 2008), GPS
forecast (Malet et al. 2002), and monitoring
forecast (Giovanni et al. 2011). Although many
landslide forecast models and criteria have been
proposed, landslide forecast practice has shown
that the existing forecast models can not accurately
forecast landslide deformations. In fact, landslide
deformation is a progressive process (Petley et al.
2005; Eberhardt et al. 2008; Leroueil et al. 2012);
therefore, forecast models that do not adequately
account for the progressive slope deformation can
not forecast landslide accurately and reliably.

Given the wide development of numerical
applications available today, numerical modelling
is used routinely as well as finite element method
for slope failure (Griffiths et al. 1999; Zheng et al.
2008). Especially, the strength reduction method
plays an important role in the slope stability
analysis (Matsui et al. 1992; Dawson et al. 1999;
Eberhardt 2008; Zheng et al. 2009). However, the
reduction range is controversial in the strength
reduction method (Zheng et al. 2008; Yang et al.
2010). If the strength of whole slope is reduced, the
slope deformation may be greater than the actual
deformation, and the yielded region may be
overestimated. Therefore, the strength reduction
method also can not capture progressive failure
and deformation process of landslide.



Therefore, local dynamic strength reduction
method was proposed to simulate the progressive
failure of the gravity-induced landslides based on
the softening of the strength of the sliding surface.
The mechanical parameters of yielded element are
reduced gradually in the process of computation
reduction, making the slope body gradually fail and
the potential sliding surface is searched out
automatically. Example shows that the proposed
method can simulate the progressive failure of
slope and calculate the early warning deformation
of landslide.

1 Numerical Modelling of Failure Process

1.1 Basic theory of the progressive
modelling

Gravity-induced landslides are often triggered
by excavation operations. Gravitational instability
and excavation damage cause a progressive
softening (strength reduction) of landslide
(Chemenda et al. 2009). At first a slope will
undergo micro-cracking when the toe of the slope
is failure, then the strength of the material is
weakened. This process would cause irreversible
deformation and stress concentration, then shear
stress is transferred to the neighbouring region
where further micro-cracking will take place and
further strain will develop (Petley et al. 2005). This
continuous process reduces the shear strength of
the shear zone, and eventually final failure begins
when the failure initiation line is reached.

Progressive failure of slope can be illustrated
by Figure 1 (Leroueil et al. 2012). The process is as
follows: at point 3, the shear stress is at its peak
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Figure 1 Progressive failure along a potential slip
surface (Leroueil 2012)
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(1p); the shear stress is beyond the peak at points 2
and 1, and may have reached the large deformation
strength (7,4) along part of the failure surface (e.g.,
at point 1); at point 4, the shear stress is well below
the peak shear strength. The progressive failure
will continue to progress from point 3 towards
point 4, and eventually the whole sliding surface
will be mobilized.

So the softening of strength is the main reason
that causes landslide. Shear strength of failure
region must be reduced from peak to residual
values in the numerical modelling, and the failure
surface can develop gradually.

1.2 Numerical modelling method

According to the above characteristics of
landslide, local dynamic reduction method has
been proposed to simulate the progressive failure
of slope based on the softening of the sliding
surface. The essential idea of this method is shown
in Figure 2.

Elastic-plastic calculation [

!

Damage accumulation

Reducing the strength of

the yield region

v t
Strength decreasing and
failure developing

Judgement of the slope

stability
A

Determination of the yield
region

Figure 2 Calculation process of the local dynamic
reduction method

First, the local yielded region (element) which
first appears in the slope should be determined.
The overall strength reduction method or overload
method can be used to determine the yielded
region that appeared first. (Zheng et al. 2009;
Eberhardt 2008). The overall strength parameters
of the slope are reduced. If no element damage
occurs, the reduction factor is increased
continuously, and then the elastic-plastic
mechanical calculation is performed until the local
yielded element appears. If the failure is caused by
excavation, elastic-plastic calculation of the slope
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can determine the yielded region after the
excavation.

Mohr-Coulomb criterion and tensile strength
are used as failure criterion:

1 sin @ sin
F =;I} sin ¢ —ccos @ +/J, (cos 6, +"T¢)=
3

(1
F'=0,-0,=0 (2)

where / and J, are the first invariant of stress

tensor and second invariant of stress deviator,
respectively, o, is the minor principal stress, and

o, is the tensile strength.

Then, according to Equation 1 and Equation 2,
the yielded regions of slope are determined in the
process of progressive failure. Because the strength
of the yielded elements is softened and weakened
from peak to residual values after cracking, the
strength parameters of the yielded regions must be
reduced. The softening degree of the yielded
element is followed by Equation 3:

c =ac
3

@ = arctan(o tan @)

where C is cohesion, ¢ is internal friction angle,
€, is cohesion of the yielded element, (Py is
internal friction angle of the yielded element, and a
is the softening coefficient.

The strength parameters are determined by
using the softening coefficient (a), and the new
parameters are put into the elastic-plastic
calculation. A progressive homogeneous reduction
of the cohesion was applied to destabilize the slope,
and this method is considered to be the principle
for the stability analysis of gravity-induced
landslides (Martel et al. 2003; Eberhardt 2004;
Eberhardt 2008; Chemenda et al. 2009). This
assumption is also made in most geotechnical
applications and it was adopted in this study.

Last, the yielded area of slope continues to
expand gradually with the increase of reduction
calculation (Figure 2). At the same time, limit
equilibrium method is also used to evaluate the
stability of the yielded slope. The safety factor (Fs)
can be obtained by the limit equilibrium method,
and F; is dynamically changed in the process of
progressive failure.

It is important to emphasize that only the
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mechanical parameters of the increased new
yielded elements are reduced. The increased new
yielded elements are obtained in the last elastic-
plastic mechanical calculation, and the number of
yielded elements will increase in the next
mechanical calculation. So the reduced zones of
slope are not kept constant but dynamic.

The local dynamic reduction method based on
the softening of the sliding surface is not only
suitable for homogeneous slopes but also for the
heterogeneous slopes. Now, two case studies are
carried out to verify the validity of the method. One
case study is a homogeneous slope, another is a
heterogeneous landslide.

2 Case Study of Homogeneous Slope

In this case study, the local dynamic and
overall strengthreduction methods are used to
calculate the progressive failure of a homogeneous
slope, so the rationality of the local dynamic
method can be analyzed.

2.1 Local dynamic reduction method

A homogeneous slope was analyzed as an
example. The basic shape and grid of slope are
shown in Figure 3, each grid size is 0.5 m, and the
grid number is 1,360. The height of the slope is 10
m, and the unit weight of soil is 20 kN/ma3. The
cohesion is 20 kPa, and the internal friction angle
is 20°. The bulk modulus is 800 MPa, shear
modulus is 30 MPa, and the slope angle is 45°.

10m

Figure 3 Mesh of the homogeneous soil slope

The initial and boundary conditions are as
follows: the stress field of the slope is the self-
weight stress field, and it is the initial condition of



the model. The left and right borders are horizontal
displacement constraints and the bottom border is
fixed in all directions.

The study was modeled by using the FLAC3D
software. The deformation mutation characteristics
of monitoring points were chosen as the instability
criterion of slope in the reduction method. The
deformation will grow rapidly when the strength is
reduced to a certain degree. Therefore, the sudden
acceleration of the displacement means the failure
of slope.

According to the reduction step in Figure 2,
the first elastic-plastic mechanical calculation
shows that there are yielded elements at the toe of
the slope (Figure 4).

The new yield element in

the second calculation

A% 7
i A i A
a4
7 7
777 7

Figure 4 Yielded zone of slope after the 2nd elastic-
plastic calculation

Based on the idea of strength softening,
strength parameter of the yielded elements was
reduced. Only the cohesion C was reduced to 0.6C
while the internal friction angle is constant. The
elastic-plastic calculation is performed and the new
yielded zone of slope was shown in Figure 4.

In the third reduction calculation, only the
strength of the new yielded elements which is
obtained at the second elastic-plastic calculation
was reduced according to Figure 4, and elastic-
plastic calculation was conducted. The failure
process of the yielded zone is shown in Figure 5 by
the local dynamic reduction calculation.

The safety factor F; that stands for the stability
of the slope was calculated by Morgenstern-Price
method of limit equilibrium theory. The F; dropped
dynamically (shown in Figure 6). The global safety
factor of the slope was 1.31 without reduction, and
dropped to 1.1 when the reduction number is 8.
Then, the progressive failure became self-
reinforcing and the Fs dropped to less than 1.0,
causing a catastrophic acceleration to failure.
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a. 5th b. 8th

c. 10th d. 11th

Figure 5 Evolution of yielded zone by local dynamic
reduction
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Figure 6 Safety factor curve in the progressive failure

2.2 OQOverall strength reduction method

The traditional overall strength reduction was
adopted to analyze the slope, and the strength
parameters of all elements of the whole slope were
reduced. Figure 7 is the yielded zone distribution
during the reduction process. The yielded region
firstly appeared at the bottom of the slope (Figure
7a and Figure 7b), then ran through the bottom
area (Figure 7c¢), and extended upward. At last,
massive yielded elements occurred in the slope.
The result shows that the yielded zone by overall
strength reduction is quite different from the actual
yielded zone of slope.

2.3 Advantages of the local dynamic
reduction

Figure 8 shows the deformation vs. Reduction
number for Point A (see Figure 3), obtained by
using the two kinds of strength reduction methods.
At the 12th reduction, the deformation values of
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local and whole reduction are 8.6 mm and 13.2 mm
respectively. Calculation shows that the overall
strength reduction may lead to a greater
deformation than the actual value. Therefore, the
deformation that obtained by the traditional
overall strength reduction can not be used as the
early warning index for the stability of slope.

a. 1st b. 4th

Figure 7 Evolution of yielded zone by overall
strength reduction
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Figure 8 Deformation curves of slope by the two
strength reduction methods

As is shown in Figure 5 and Figure 7, the
yielded area obtained by the overall shear strength
reduction is much greater than that by the local
reduction method. It was difficult to identify the
potential sliding surface of the landslide by overall
shear strength reduction. Therefore, the yielded
zone and sliding surface of the slope can be
obtained by using the local dynamic reduction
method and the defect of overstated yielded zone
caused by the overall reduction can be avoided.

3 Case study of Heterogeneous Slope

Not only the above example is a homogeneous
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slope, but the local dynamic reduction method is
also suitable for heterogeneous slope. The Danba
landslide is a multi-layers slope, and the actual
failure process of the landslide is obtained by the
local dynamic reduction method.

3.1 Characteristic of the landslide

The Danba landslide is located at the eastern
edge of Qinghai-Tibet Plateau, on the right bank of
the Dajinhe River in Danba County, Sichuan
Province, West China. The potential slide is at the
bottom of Baika steep slope, as is illustrated in
Figure 9. The geotectonic movement is
characterized by a strong uplift of surface and
valley undercut. Since the Pliocene, Qinghai-Tibet
Plateau has experienced several strong uplifts, the
terrain of landslide region is characterized by high
altitude and steep slope, with the elevation of 1,887
m at the toe and 2,110 m at the top. Its back crack
is located at the foreside of grade II platform of
Baika Mountain and some bedrock can be found on
both sides of the landslide. The average thickness
of the landslide is about 30 m with an area of 0.08
km2 and a volume of about 2.2 million m3. The
landslide is an ancient landslide, which is a large
accumulated layer landslide.

Figure 9 Danba landslide panorama near the county

With the economic development of Danba
County, a large number of buildings had been
constructed along the toe of slope since 1998.
Ongoing excavation have changed the initial stress
condition and jeopardized the limit equilibrium
state of the slope. From March 2004 to October
2004, intense deformation which is downward the



free space of the slope took place under the
unloading action of the excavation.

The structure of the slope was damaged and
became loose, and then shear failure first happened
in front of the ancient landslide. Because of the
continuous softening of the geomaterial strength,
stress re-distribution of the slope body resulted in
the failure of deep body gradually. With the
development of the intense deformation of slope,
sliding surfaces gradually ran down step by step
and finally landslide took place.

3.2 Parameter and numerical model

A quasi-3D model was established to simulate
the failure process of the landslide by using the
local dynamic reduction method (Figure 10), with
326 m in width and 293 m in height. The model
consisted of 9,330 elements and 12,928 nodes.
Mohr-Coulomb yield criterion was employed to
determine the yielded elements. Displacement
constraint was used on both lateral and bottom
boundaries, while the surface is set as free.

Monitoring A

Block Group

Figure 10 Calculation model of the Danba landslide

The Danba landslide includes five strata, the
No.1 of the block group in Figure 10 is the
excavation mass because of the construction of new
street and building, No.2 is the accumulation mass
of the Q,4, No.3 is the strong weathering bedrock,
No.4 is the ice water stained mass, and No.5 is the
bedrock. Because the accumulation mass of the Q,
is the weakest stratum, this layer is the potential
slip mass. Therefore, there should be enough and
dense meshes in the No.2 body. Danba landslide is
considered as heterogeneous, and its strength
parameter distribution is shown in Table 1.
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Table 1 Mechanical parameters of the Danba

landslide

NO. C FA D TS PR EM

1 64 32 1,050 O 0.33 2,000
2 64 32 1,950 O 0.33 2,000
3 400 45 2,230 1.0 0.30 7,200
4 260 37 2,030 O 0.31 4,200
5 1,800 55 2,400 1.5 0.26 11,000

Note: C = Cohesion (kPa); FA = Friction angle
(degree); D = Density (kg/ms3); TS = Tensile strength
(MPa); PR = Poisson's ratio; EM = Elastic modulus
(MPa)

Figure 11 Yielded zone by the overall reduction
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Figure 12 Yielded zone by the local reduction

The yielded zone of the slope by the overall
strength reduction is shown as Figure 11, and the
yielded zone by the local dynamic reduction
method is shown as Figure 12. Progressive failure
process of the landslide can be observed from the
Figure 13.

At first, the elements of No.1 group in Figure
10 were excavated, and then there was some
deformation and yielded zone after the elastic-
plastic calculation under the gravity. Subsequently,
the strength parameter of the yielded elements
caused by excavation of the toe of the slope was
reduced. The cohesion C was reduced to 0.2C.
Finally, the elastic-plastic calculation is re-
performed and the new yielded zone of slope was
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updated (Figure 13). The result proves that it is
possible to simulate the progressive failure of the
heterogeneous slope with the local dynamic
reduction method.

a. after the 2nd reduction

b. after 5th reduction

c. after the 10th reduction

Figure 13 The calculated progressive failure of
Danba landslide

As is illustrated in Figure 14, the simulated
deformation by the local dynamic reduction
method fits well with the monitored results of the
landslide. The difference between the measured
result and simulated result is small. The result
demonstrates that the local dynamic reduction
method can accurately reflect the progressive
failure of the landslide. The hazard value of the
landslide deformation is obtained by using the local
dynamic strength reduction. The pre-warning
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deformation (or hazard value) is 600 mm
corresponding to the mutations point when the
reduction number is 13 in Figure 14. So the
mutation in local dynamic strength reduction can
provide early warning for the landslide. When
deformation value is higher than the "hazard" value,
the landslide will slip immediately.

The monitoring deformation of the landslide
had been close to the "hazard" value since Feb.
2005 (Figure 15), so the county had been in great
danger. If the landslide had taken place instantly,
half of the county town would have been destroyed
and have endangered more than 4,900 lives in the
Danba County. Through the reinforcement stack at
the toe of the landslide, anti-slide pile
reinforcement and prestressed anchor cable
reinforcement, the deformation of the landslide
was gradually slowed down in late February, and
the landslide was basically at a stable state.

1600
1400 - Local dynamic reduction
i -~ Whole reduction

—+— Monitoring A

1 23 45 6 7 8 9101112131415
Reduction number

Figure 14 Deformation of point A by reduction
method and monitoring
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Figure 15 Deformation of the in-situ monitoring at
Point A

As is shown in Figure 16, the safety factor Fs of
Danba landslide changed dynamically in the
process of progressive failure. The global safety
factor of the slope was 1.10 without excavation, and
dropped to 1.05 when the toe of the slope was
excavated. Then the Fs dropped to less than 1.0
because of the softening of the sliding surface,
causing a catastrophic acceleration to failure. In



order to compare the result of the limit equilibrium
and the local dynamic reduction, the F, was
calculated with the theory of limit equilibrium after
the reinforcement stack was placed and when the
reduction number was 10. The F; increases slightly
based on the theory of limit equilibrium (Figure 16),
but the deformation of the landslide decreased
obviously. So the deformation is more suitable for
the stability evaluation of the landslide than the F.
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Figure 16 Safety factor variation in the progressive
failure

4 Discussion

The potential sliding surface of a slope
initiates, continuously develops, and cuts through
which means the failure state of slope. The
evolution process of the yielded zone complies
with this feature (Figure 5 and Figure 13). The
local dynamic reduction method can overcome
aforementioned  shortcomings and obtain
appropriate yielded zone.

The yielded zone of slope body is not only
overstated but also appears in the deep location of
slope when the overall strength reduction
calculation is used (Zheng et al. 2008). In
addition, it is difficult to provide accurate
potential sliding surface by the overall strength
reduction method.

The theory of limit equilibrium can provide
the safety factor of a slope, but it can not simulate
the process of progressive failure and deformation
of the slope, especially the hazard deformation of
the landslide. Most importantly, deformation that
obtained from the local dynamic reduction is
more suitable for the stability evaluation of the
landslide than the F.

Definitely, the combination of these two
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methods is a good approach for evaluating slope
stability. First, the potential sliding surface of the
slope can be searched by the theory of limit
equilibrium. Then the meshes which are located at
the potential sliding surface must be dense and
fine in the numerical model. Finally, a series of Fs
are calculated using the theory of limit
equilibrium. Therefore, the obtained dynamic F; is
a better alternative to the static F;s in evaluating
the slope stability.

The progressive failure of gravity-induced
landslide is studied in this paper. However, the
local dynamic reduction was inadequate for
earthquake or rainfall condition. This method will
be further amended and improved in subsequent
studies.

5 Conclusions

(1) Softening is the main reason that causes
landslides. By dynamically reducing the strength
of the local yielded zone of the slope, it is possible
to search the sliding surface accurately and
overcome the shortcoming of over-sized yielded
zones caused by the overall strength reduction
method.

(2) The overall strength reduction leads to a
greater deformation than the actual value, so the
warning deformation obtained by the local
dynamic strength reduction can provide early
warning for landslide.

(3) Two case studies show that local dynamic
reduction is not only suitable for homogeneous
slope but also for heterogeneous slope.
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