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Abstract To the progressive landslide, development of
the internal deformation and failure situation can’t be
accurately reflected by the overall stability of coefficients
and failure probability. But this problem can be solved by
utilizing the principle of progressive failure by slices.
Taking the warning area of Baishuihe landslide as an
example, 5 days accumulated rainfall in different reap-
pearing period is computed by Gumbel model. The failure
probability of each slice is calculated by progressive failure
principle, which is based on Monte Carlo model. The fol-
lowing results can be revealed through calculation: Overall
stability and failure probability can’t reflect real situation
of Baishuihe landslide warning area. Through building the
calculation of progressive failure model of each slice, the
stability of each part in the Baishuihe landslide warning
area is quite different. Unstable region mainly lies in
vicinity of the middle and posterior warning area. The front
of the warning area remains stable. Deformation charac-
teristics of the warning area are consistent with the inves-
tigation report. The scope of unstable area increased
gradually with rainfall and the decline of reservoir water.
Under 5 day’s accumulated rainfall of 50 years, the poor
stable and unstable region reached 75 %, there is a large
possibility of local deformation slip. Under the joint action
of rainfall and reservoir water level, the warning area of
Baishuihe landslide shows a progressive failure mode from
top to bottom.
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1 Introduction

Rainfall (rain gush) is one of the most important factors of
landslide. From the twentieth century, the catastrophic
landslides statistics throughout the country show that the
landslide induced by rainfall is the most (Huang 2008).
Combining with the conditions of the Three Gorges
Reservoir Region, the failure of slope is usually caused by
the fluctuation of reservoir level (Lu et al. 2014a). With the
decline of reservoir level, groundwater level in the slope
falls. If the slope rock has low permeability, groundwater
cannot discharge in time. As a result, groundwater level
falls more slowly than reservoir level (Lu et al. 2014b),
which will reduce the stability of slope.

For the different characteristics in development process
of landslide deformation and failure, landslide is divided
into two categories (Shouyi 1996): Sudden failure and
progressive failure. Deformation and failure time of the
former is extremely short. And it often happens when stress
state of slope breaks out great changes, such as heavy
rainfall, sudden drawdown of reservoir level and earth-
quake. Process of the latter usually takes longer time. The
progressive failure landslide caused by the shear strength
of slope rock reducing gradually, and it’s a progressive
process of the slip surface which is formed from partial
failure extending to run-through gradually (Li et al. 1998).
The concept of progressive failure is first proposed by
Bishop (1967, 1971). Taking the progressive failure
mechanism of slope reliability into consideration, which is
gradually expanded becomes one of the most important
research topics. Chowdhury et al. (1982, 1987) establishes
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the failure analysis of failure probability model for pro-
gressive slope, which merely considered the shear strength
parameters of the cohesive force, and the influence of the
friction coefficient of the soil is neglected. Wang (2000;
Wang et al. 2005) analyze the slope stability during the
progressive failure process, which indicates definitely that
taking progressive failure process into account could get
5-10 % smaller stability coefficient than not.

The reliability analysis of slope engineering is a new
method which is developed to evaluate the state of slope
engineering for nearly 20 years. It takes multi-elements,
such as properties of rock, load, groundwater, failure and
calculation model as uncertainty factors. Combine the the-
oretical method of the structural engineering reliability and
the particular cases of the slope engineering, and use relia-
bility index and probability of failure to evaluate the slope
safety (Tan and Cai 2009). Chowdhury and Xu (1993)con-
firm the probability distribution of the slope safety factor and
failure probability by applying the rational polynomial
technique to the Landslide reliability analysis. Xu and Zhang
(1995) put forward the method of landslide failure proba-
bility and reliability analysis, and calculate the Shuibuya
Dam site big rock pond landslide as a case. Dodagoudar and
Venkatachalam (2000), Giasi et al. (2003) and Tan et al.
(2003) have not only considered random uncertain of the
slope, but also studied fuzzy uncertainty of the slope, and
used the fuzzy random reliability theory to study slope sta-
bility. Adarsh and Reddy (2013) presents reliability analysis
of composite channels, considering uncertainty associated
with various design parameters. Wu et al. (2014) finds that
the landslide random-fuzzy reliability is the smallest at the
process of high water level slowly dropping to low water
level. Lian et al. (2014) uses ensemble empirical mode
decomposition (EEMD) based extreme learning machine
(ELM) ensemble learning paradigm to forecast the dis-
placement of Baishuihe landslide. Li et al. (2014) presents
the BP neural network forecasting model and the corre-
sponding programs for bank destruction. Su et al. (2014)
determines the evaluation index system of rock slope sta-
bility in hydropower projects based on multiple factors.
Travis et al. (2011) finds that a log (base 10) normal distri-
bution to adequately describe the SF data. Mohammed
(2013) addresses the integration of reliability-based design
in the design of embankments founded on soil improved by
lime-cement columns. Jiao et al. (2013), Jiao etal. 2014) tests
three extensions to the traditional discontinuous deformation
analysis (DDA) method to simulate the entire process
describing the behavior of landslides induced by reservoir
impoundment. Jiao et al. (2015) presents a methodology for
evaluating the safety of slopes threatened by strong
earthquakes.

Based on the theory of Monte Carlo and the mechanical
analysis of progressive failure process, taking the warning
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area of Baishuihe landslide as an example, two aspects are
elaborated: overall stability and progressive failure process.
Come to the conclusion through the calculation and com-
parison. The process of full text is shown as Fig. 1.

2 Methods and materials
2.1 Calculation-analysis model
2.1.1 Mechanical analysis of progressive failure process

The force of each slice is decomposed into two compo-
nents, one is parallel to the sliding surface and the other is
perpendicular. As shown in Fig. 2, the sliding force of the
slice i is:
S; = (Wi + Wp) sino; + P,; cos(0; — a;)

+Fi_1 COS(OCi_l —OC,') —Fi (1)

R; = N;tan ¢; + c;l; (2)
The sliding resistance force of the slice i is

N; = (Wi + Wi) cos o; + Py, sin(0; — ;)
+ Fi_ysin(o1 — o) (3)

Wi = Wil Wi =7 Via, Pui = 3iVia, i ~ sin 0 F,
F;_; represent adjacent strips’ force of the slice i. F; is
squeezing action to the slice i from the i + 1 to the n slice.
In accordance with active force and passive force law,
slices from i 4+ 1 to the n can’t squeeze the upper slice
actively. So F; reflects the maximum squeezing capacity of
the upper slice that from the i + 1 to the n. F;_; is the
residual thrust which acted on the slice i by the slices from
the first to i — 1. As a result,

i—1

Fii= [WJ sino; + Py, cos(0; — o) — ¢jl; — Nj tan (p]}
j=1

(4)

F; = [(cjlj +]V]( tan q)j) — W;sino; — Py cos(Gj - ocj)}

=it

(5)

Wj = Wi + Wp (6)

N; = (Wji + Wp) cos o + Py;sin(0; — o) (7)

G=1,2,...,n)
From formula (1)—(7), security redundant form’s state
function of the slice i is
Z; = cil; + Njtan @; — §; (8)
N; and S; refer to formula (3) and (1) respectively. Use the

peak strength unless the slice i has been destroyed.
Otherwise use the residual strength.
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Fig. 1 Flow diagram of the paper

Fig. 2 Strength analysis of the
landslide. a The overall slices. ‘\\
b The slice i

Above all, ¢;(kN/m)—the cohesion of rock and soil on
the sliding surface of the slice i. ¢; (°)—Sliding soil fric-
tion angle of the slice i. I; (m)—the length of the sliding
surface of the slice i. o; (°)—Ground inclination of the slice
i, take a negative value when the inclination is in the
reverse direction. 0; (°)—average angle of groundwater
flow, take the average inclination angle of saturation line
and the slip surface in general, and take a negative value
when the inclination is in the reverse direction. W; (kN/
m)—Sum of ground loads of weight and architecture of the
slice i. P,,; (kN/m)—Osmotic pressure of the slice i unit
width, direction is 0;. V;, (m*’m)—The volume of unit
width rock and soil above saturation line of the slice i. Vi,
(m*/m)—The volume of unit width rock and soil under
saturation line of the slice i. y,, (kN/m>)—Unit weight of
water. 7 (kN/m*)—Natural unit weight of rock and soil. }’
(kN/m3)—Floating unit weight of rock and soil. 7y, (KN/
m®)—Saturated unit weight of rock and soil.

2.1.2 Monte Carlo model

The main idea of Monte Carlo method is: if the probability
distribution of state variable is known, we can use Monte
Carlo method to get a set of random datum ¢, @y, py, Ay,

/
sliding surface

analysis
Progressive failure
stability and failure
probability

(@) (b)

uy...conforming to the state variable probability distribu-
tion. According to the limit state of landslide F; =
fle, @, p, h, u, ...) =1, a random number of state func-
tions can be calculated with the set of datum into state
function F; =f(c,®,p,h,u,...). And using the same
method gets N random numbers. According to theorem of
large numbers, if there are M numbers not more than 1,
frequency is similar to probability when N is large enough,
Which can get the damage probability of landslide:

p=p(F<1) = o)

where M is the number which is not more than 1, and N is
total number of random numbers.

2.2 Engineering geology of Baishuihe landslide

2.2.1 Landform

Baishuihe landslide is located in the right bank of the
Yangtze River, 56 km away from the three gorges dam
site, as shown in Fig. 3. As a large thick layer of soil slope,

the main sliding direction of the landslide is 20°. The
landslide has 500 m length from north to south, 430 m
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width from east to west and about 30 m average thickness.
The volume of the landslide is 645 x 10* m> , covering an
area of 21.5 x 10* m>. The rear elevation is in 450-500 m
and the front elevation in 120-130 m, as shown in Fig. 4.
Baishuihe landslide formed in the nearly north—south gully
with the south higher than the north and spreading into the
Yangtze River. The gradient of the landslide leading edge
and trailing edge is big while the central is flat. Morphol-
ogy shows irregular flat concave terrain that in the east and
west sides of the landslide are slightly higher and the
middle is lower. Due to Baishuihe landslide is in an
unstable state for a long time, since the flood season in
2003, the landslide has been warning for many times
because of intense deformation. By the end of July 2012,
the accumulated maximum displacement of Baishuihe
landslide reaches 3108.5 mm.

Cross-section 2-2' locates in the middle of Baishuihe
landslide. And it could reflect the sliding direction of the
landslide. Comparing with the other two sections, the
deformation of cross-section 2-2’ is more obvious. There-
fore, we choose cross-section 2-2’ in the analysis and cal-
culation. As shown in Fig. 5.

According to the investigation report (Three Gorges
University. 2013), the crack occurred after the first reser-
voir impoundment in July 2003. Eastern slip body appeared

[ Study area
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Camera directionis 150°
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: GPS .
Landslide - Residents
@ boundaries Monitoring @ Houses @ Pond E]Fracture
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Fig. 4 Topographical map of Baishuihe Landslide, with the location
of the monitoring network

~
. ~
=

Fig. 3 a Location of the study area. b Location of the Baishuihe Landslide. ¢ Geomorphological of the Baishuihe landslide
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a more than 300 meters transverse tensile crack with a
trend of 330°, which lead to 4 farmers housing crack and be
forced to move. Macroscopic deformation of Baishuihe
landslide is shown in Fig. 6.

2.2.2 Physical properties of rock and soil

The sliding body of Baishuihe landslide consists of collu-
vium, slope wash and landslide debris, the materials of
which consists of gravel, rubble, breccia, silty clay and
clay. The average thickness of sliding is about 30 m. The
sliding zone is breccia silty clay, plastic—soft plastic,
particle size of 0.5-2.0 cm, with a rounded, ratio of
9:1-7:3, and the collection of average thickness is 0.70 m.
Slide bed is formation of dark grey siltstone and thin
laminated shale, coal in the Lower Jurassic XiangXi group,
and a little clip feldspar quartz sandstone, the structure of
which is compact and rigid with a monoclinal structure.
The rocks tend to 15-20°, and the inclination is 32-36°.
There is no big fault fracture zone in the area.

The primary value of landslide shear strength parameters
is based on the shear strength confirmed in the investigation
report about Baishuihe landslide which is submitted by
China Three Gorges University in the end of 2013. Other
physical and mechanics parameters of the landslide are
obtained by regional statistical law and engineering geo-
logical analogy method. The physical and mechanics
parameters of rock and soil are shown in Table 1.

3 Calculation and results

3.1 Calculation process

3.1.1 Calculation software

The Canadian geotechnical software GEO-Studio is used to

calculate the seepage and stability analysis. Landslide
seepage analysis is studied by the SEEP/W program, and

height/m 0 50 100m height/m
500 NE15;a = 500
| The main landslide = 400

le——— The warning area —————»

205 ?’a’

180

200

100

100 200 300 400 500 600 700  distance/m

Fig. 5 Schematic geological cross-section (2-2') of Baishuihe landslide

the stability is calculated by SLOPE/W program. In the
application, firstly, the SEEP/W program is used for tran-
sient analysis of seepage problem, which can get seepage
field distribution under different time and water head. Then
the SEEP/W module for the transient seepage analysis of
different time steps is introduced into SLOPE/W module,
when calculating the transient seepage field coupling of
stability.

In addition, it is assumed that the parameters of
geotechnical parameters are subject to normal distribution.
Based on the Monte Carlo Model, using Matlab to generate
a large number of random combination of geotechnical
parameters. Then compile the formula shown in mechani-
cal model and calculate the landslide stability coefficient of
each slice. The block can’t take the initiative to the upper
bar extrusion force. So if F/F;_ is less than zero, assigning
zero to them.

3.1.2 Selection of conditions

The stability of Baishuihe landslide is mainly affected by
the reservoir water level variation and rainfall. The Three
Gorges reservoir water level variation and rainfall in
Zigui County was shown in Fig. 7. During normal oper-
ation, the water level dropped from the highest of 175 m
to 145 m with the maximum speed of 0.6 m/d. Due to the
Baishuihe landslide warning area deformation mainly
occurred during the period of falling water, the water
pressure of the front of the slope body is larger when the
water level is high, and the stability is good. Considering
the most unfavorable factors, take the process of the water
level decline from 148 m to 145 m, and the falling speed
is 0.6 m/d.

Rainfall probability statistical analysis is an impor-
tant part on the rainfall type landslide’s probability
study, mainly concentrated on the largest correlation
between landslide and rainfall distribution characteris-
tics of the maximum. Assume Y, Y,, ..., Y, is a ran-
dom sample of a random variable y, the maximum
Y max = max{Yy, Yo, ..., Y, }is a random variable. The
distribution is called extreme value distribution.
Because Yy, Y5, ..., Y, is independent random variable,
the distribution function of Y, is:

H(y) = P(Ymdx<y)

( max <Y1 5 Ymax <Y2a sy Ymax <Yn)
P(Y1<y)-P(Y2<y)...P(Y,<Y)
F(Y1<y) - F(Y2<y)...F(Y,<y) = [F(y)]"

(10)

F(y) is the original distribution function of . There are
three types of maximum distribution function: Exponential
type, Cauchy type and Bounded type. When the original
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Fig. 6 Macroscopic deformation of Baishuihe landslide

Table 1 Value table to calculate physical and mechanics parameters of rock and soil mass

Medium Gravity  Cohesion Internal Elasticity Poisson  Saturated Residual Saturated
(KN/F;)) (KPa) friction modulus ratio volatile water  volatile water  infiltration
angle (°) (Pa) content (%) content (%) coefficient (m/s)
Silty clay with gravelly soil ~ 20.7 324 18 3.65E4+07  0.31 43 2 1.27E—6
Siltstone 24.8 228 342 6.8E4-09 0.26 24 5.79E—8
Slip soil 22 24.5 16 1.22 E+07 0.334 0.35 15 6.48E—7

distribution is exponential distribution, its sample extre-
mum is exponential distribution of asymptotic distribution
(Gumbel distribution). Gumbel distribution is used for
extreme value distribution in the meteorological and
hydrological research. It can be written as the following
form:

Aly)=P(z<y)=e """ (11)

To calculate the extreme value of rainfall, the parameter

a, u in the formula should be estimated first. Gumbel
method is used to estimate the parameters in this paper.

Oy

a=—,

X
—y-2 12
5 " y—o (12)
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xm:—ln[—ln(l—iﬂ, m=1,2,...,N (13)

(14)

5, ==X (1)

y and o, are the mean and standard deviation of sample y.
We can get T rainfall reappearing period of extreme rain-
fall intensity Ry:

RT:u—é[ln(lnTil)] (16)
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According to the above formula, 5 days accumulated
rainfall of 10 years, 20 years and 50 years as shown in
Table 2.

Considering two aspects of water level fluctuation and
rainfall factors, four conditions are chosen as shown in
Table 3.

3.1.3 Calculation model

Professional monitoring data of many years shows that
Baishuihe Landslide deformation occurred in warning area,
and there is no obvious deformation outside the warning
area (Three Gorges University. Faculty of civil and con-
struction 2013). Select warning area part of cross-sec-
tion 2-2’ as the calculation section, and regard bedrock as
aquiclude. Boundary conditions of the model are: Left is
boundary of fixed water level. Sliding surface is confining
boundary. Under water is boundary of fixed water level,
and it change into variable water head boundary when the

rainfall reappearing period (year)

Fig. 8 Five days accumulated rainfall of different rainfall reappear-
ing period

water level range. Above water is boundary of fixed flow
under the condition of rainfall. Calculation model is shown
in Fig. 9.

3.2 Stability and failure probability calculation
3.2.1 Simulation of seepage

According to the boundary conditions and initial state of
the existing water level monitoring data, analyse transient
seepage problem in the SEEP/W program. In order to
research on the change of landslide’s seepage field clearly,
7 observation points are set in the model of calculation,
among which 2 observation points are at different levels
above the reservoir water level (observation point 150 and
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Table 2 Five days accumulated rainfall of different rainfall reap-
pearing period

Calculated Rainfall Rainfall
parameters reappearing capacity/mm
period/year
0.00916 10 195.72
u 379.9505 20 221.886
50 255.755

Table 3 Condition choose

Condition Rainfall reappearing Falling speed of
period/year water level m/d

1 - 0.6

2 10 0.6

3 20 0.6

4 50 0.6

Elevation

|
120 160 200 240 280 320 360 400 440
Distance

ool L 11 T

0 40 80

Fig. 9 Seepage calculation model

160), 3 observation points are in the variation range of
reservoir water level (observation point 145.5, 146.5,
147.5), and the rest of 2 observation points are under the
reservoir water level (observation point 140 and 135). Get
the initial seepage field distribution, as shown in Fig. 10.
Add water level drop of 0.6 m/d and the boundary condi-
tions of different rainfall intensity, calculating the water

250
225

§ 200

T 175 0D

>

o 150 < K= ’%
125 s
100 I

0 40 80 120 160 200 240 280 320 360 400 440

Distance

Fig. 10 Initial moment seepage of landslide
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head distribution of seepage field under different time, get
in the water level decline and seepage field under the action
of rainfall distribution. Taking condition 1 and condition 3
as examples, the saturation line at different moment are
shown in Figs. 11 and 12, and the Figs. 13 and 14 express
the change of pore water pressure of every observation
point over time.

Under condition 1, the middle of landslide’s satura-
tion line have a slight rise while the leading edge and
trailing edge both descend gradually, which means
groundwater of trailing edge supply that of middle’s,
then supply the reservoir water level. With the increase
of time, the angle between saturation line and reservoir
water level decrease gradually, which indicate that the
change of saturation line lags behind that of reservoir
water level while reservoir level falls. Under condi-
tion 3, saturation line of slide mass above that of con-
dition 1, which suggests that groundwater recharge
comes from infiltration of precipitation before reservoir
water level get recharged. And the falling range of the
trailing edge’s saturation line is slight that of condi-
tion 1, because infiltration of precipitation raise the
middle of saturation line, and head difference between
trailing edge and leading edge decrease, which lead
hydraulic gradients’ decrease while penetrating path is
invariability. On the basis of Darcy law V = KI, seepage
flow velocity decreases, and the range of saturation line
decreases at the same time.

In unsaturated zone of slope, pore water pressure is
negative while in saturation zone it is positive. The pore
water pressure of the 3 observation points, which are
below the elevation of 146 m, show a trend of decrease,
and the other 4 points are in the process of slightly rise.
Thus the saturation line of the slope in the part of more
than 146 m elevation is slightly raised while the following
parts of 146 m are decreased. Until the end of calculation,
the pore water pressure of each observation point under
condition 4 is higher than that of condition 1, and with the
increase of the observation point’s elevation, the differ-
ences become bigger. When the water level drop below

250
225
200
175
150
125
100

Elevation

\ \ \ \ \ \ \ |
0O 40 80 120 160 200 240 280 320 360 400 440

Distance

Fig. 11 Saturation line at different time under condition 1
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Fig. 12 Saturation line at different time under condition 3
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Fig. 13 Pore pressure of observation point varying under condition 1
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Fig. 14 Pore pressure of observation point varying under condition 3

observation points, the pore water pressure will keep 0 for
a period of time in the process of reducing, which means
the observation point is transited from saturated to
unsaturated, then decrease gradually. Due to the volume
of soil skeleton and the effective stress have a transition
process from initial state to the new state, and the per-
meability coefficient of soil is small, the soil skeleton
transition to the new void ratio when discharge ground
water, the pore water pressure remains the same in the
process.

3.2.2 Overall stability and failure probability calculation

Import the seepage state of different time into SLOPE/W
program to calculate the stability. Then obtain the overall
stability coefficient of Baishuihe landslide warning area
under different conditions. Choose one day for a time step.
The stability coefficient, failure probability is shown in
Tables 4, 5 and Fig. 15.

The calculation result shows that under four different
conditions, stability coefficient of the warning area show a
trend of decreasing and probability increases gradually
with the rain and the water continue to decline. But the
whole process of the warning area stability coefficients are
between 1.2 and 1.4, and the probability are less than 5 %,
the overall stability is good. It is different with the actual
situation of the warning area in the investigation report of
Baishuihe landslide. Therefore, the overall stability and
failure probability can’t reflect real situation of Baishuihe
landslide warning area.

3.2.3 The progressive failure stability and failure
probability calculation

The warning area of Baishuihe landslide is divided into 32
blocks from top to bottom. Based on the process of pro-
gressive failure analysis model, the stability coefficient and
failure probability of each slice under each condition can
be calculated. According to the size of the landslide failure
probabilities, stability of landslide is divided into five
levels as shown in Table 6.

The warning area slice stability diagram are shown in
Figs. 16, 17, 18, 19.

Table 4 Stability coefficient under different conditions and time

Conditions 0 1 2 3 4 5 6

Condition 1  1.379 1364 1.345 1327 1313 1303 1.297
Condition 2 1.379 1361 1339 1317 1300 1.288 1.283
Condition 3 1.379 1.360 1.338 1.316 1.299 1.287 1.282
Condition 4 1379 1360 1.337 1.314 1.297 1.285 1.281
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Table 5 Failure probability under different conditions and time

Conditions 0 1 2 3 4 5 6
Condition 1 0.58 0.68 088 1.08 130 152 1.64
Condition2  0.58 0.68 090 126 156 19 1.98
Condition 3  0.58 0.68 090 126 158 192 202
Condition 4  0.58 0.68 092 130 166 192 2.06
Stability coefficient Failure probability 22
—e— Condition]

—m— Conditionl
1.38 Condition2
—=— Condition3

Condition2
—e— Condition3
—a— Condition4

—=— Condition4

Stability coefficient
Failure probability

Time (day)

Fig. 15 Stability coefficient and failure probability under different
conditions

Above charts show that Baishuihe landslide warning
area slope stability of each part have large differences.
Because the front of sliding zone is relatively flat and
slippery body thickness is relatively large, the front of the
warning area is in a stable state. The rear sliding slope is
large, so the unstable region—failure probability is greater
than 90 % part mainly concentrated in the vicinity of
middle and posterior warning area. According to the
investigation report (Three Gorges University. Faculty of
civil and construction 2013), from august 2005 to august
2006, several landslides occurred in the elevation of
220 m, and the scale was small generally. Large area of
landslide surface appeared sinking cracks. On the morning
of June 30, 2007, there were about 100000 m> of highway
landslide sliding piled on the road in posterior of warning
area, and the trailing edge of warning area boundary
mainly connected. The west boundary cracks were inter-
mittent plumes spread. By comparison, progressive failure
model can reflect the actual situation of warning areas in
real. In addition, there is a large possibility for warning
area to slip or slide along the shallow sliding surface.
Therefore, focus of the prevention and control measures
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Fig. 16 Landslide stability of the initial time
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Fig. 17 Landslide stability of the 6th day under condition 2
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Fig. 18 Landslide stability of the 6th day under condition 3

6th day of condition 4
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Fig. 19 Landslide stability of the 6th day under condition 4

Table 6 Different failure

probability of landslide stability =%

Failure probabilities

5-30 % 30-60 % 60-90 % >90 %

(Zhang et al. 1994)

Stability Stable

Basic stable Less stable Worse stable Unstable
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should be given to the trailing edge and central warning
areas.

Four kinds of conditions landslide failure probability
distribution are shown in Figs. 20, 21, 22, 23.

Only under the action of water drop, there is 49 % area
unstable region of warning area. With the rainfall intensity
increases gradually, unstable and worse stable area ratio
increase. Under the condition of 5 days accumulated
rainfall of 50 years, the unstable region reaches 59 %, and
only 25 % of the area is in a stable state. The possibility of
local deformation slip is large.

3.3 Progressive failure process analysis

According to the results of failure probability calculation,
the warning area is divided into 4 sections. In order to
research on the progressive failure process, 6 observation
points are set in the calculation model, among which 1
observation point is at section 1 (observation point 1 at
230 m), 1 observation point is at section 2 (observation
point 2 at 201 m), 2 observation points are at section 3
(observation point 3,4 at 188 m, 152 m), and the rest of 2
observation points are at section 4 (observation point 5,6 at
145 m, 135 m). As shown in Fig. 24.

SIGMA/W program is used to calculate stress and strain
of the warning area. Take condition 4 as an example.

The change of XY-displacement of each observation
point over time is shown in Fig. 25.

Obviously, each observation point cumulative dis-
placement shows a trend of gradual increase. At the
beginning of the calculation, the displacement of the
observed points 1-4 are significantly larger than that of the
observation points 5 and 6. To the end of the calculation,
each observation point displacement increases with the
elevation decreases. It can be seen that strain is produced
from the upper part of the warning area. Under the joint
action of rainfall and reservoir water level, the sliding zone
of section 1 and 3 appeared weakening first, which lead to
local deformation. And then section 2 sliding zone began
weakening. At this time, the upper part of the warning area
showed a trend of deformation. Section 2 sliding zone
weakened after the second day. As a result, the sliding zone

8. 97%

[ sStable
I:l Less stable
0 worse stable

0y
4. 73% I Unstable

37.55%

Fig. 20 Failure probability distribution of condition 1

52. 28%

[ Stable
[ Less stable
[ Worse stable

17. 25% I Unstable

6. 05%
24. 41%

Fig. 21 Failure probability distribution of condition 2

59. 37%

[ stable
[ Less stable
[ Worse stable

10. 17% I Unstable

6. 05%

24. 41%

Fig. 22 Failure probability distribution of condition 3

59. 37%
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16. 22%
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Fig. 23 Failure probability distribution of condition 4
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Fig. 24 4 sections partition of the warning area

of the warning area linked completely and overall creep
appeared. Displacement obviously increased.

In conclusion, under the joint action of rainfall and
reservoir water level, the warning area of Baishuihe
Landslide’s sliding zone experienced a weakening process,
which is section 1,3—section 2—section 4. The landslide
shows a progressive failure mode from top to bottom which
is basically consistent with the results of previous
calculation.
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Fig. 25 XY-Displacement of observation point varying with time

4 Discussion
4.1 The discussion of overall stability

On the basis of monitoring data, the deformation of the
warning area of Baishuihe Landslide mainly happened dur-
ing the period of low water level, which means the uplifting
of the reservoir water level is conducive in the overall sta-
bility of slope. Therefore, the time from June to August
should be attached great importance in daily warning.

In the process of whole calculation, the probability of
damage under the conditions of rainfall (condition 2, 3, 4)
is obviously higher than no rain (condition 1). The former
three condition of rainfall don’t have apparent differences
among each other. However, the difference of three con-
dition of rainfall appeared clearly in the calculation of
progressive failure model of each slice. By comparison, the
difference of rainfall can’t be responded very well when
calculating the overall stability, while it can be responded
the influence well by calculation of progressive failure.

4.2 The discussion of unstable region

The entire landslide probability of damage can’t be used
any more when assessing the stability of Baishuihe land-
slide warning area. Through the calculation of progressive
failure model of each slice, Baishuihe landslide warning
area stability of each part has large differences. Therefore,
it’s necessary to find the most dangerous area. By using
auto search function in Geo-studio, choosing the 6th day of
condition 4 as the condition, the most dangerous area of
whole warning area can be found after 10,000 times cal-
culation of Monte-Carlo, as Fig. 26 shows.

It has been found that the most dangerous area is on the
middle of warning area, which is consistent with the result
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Fig. 26 Schematic diagram of the most dangerous area in landslide

of calculation of progressive failure. The stability of the
coefficients is 0.931 and the probability of damage is
63.74 % in most dangerous area. Thus, this area should be
attach great importance when forecasting the slope and
preventing the project.

4.3 The discussion of instability factors

In practice, geotechnical parameter will have characteristic
of time-varying along with the change of saturation line. So
researching on the time-varying reliability of landslide will
be more accurate. In addition, the road building in the
middle of landslide and other human engineering activities
have adverse effect on the landslide stability. To simplify
the calculation process, this paper only considers the
influence of reservoir water level change and rainfall
infiltration. The calculation result shows that Baishuihe
Landslide is induced by reservoir water level and rainfall,
of which the dominant factor is reservoir water level while
rainfall infiltration results in the deformation of landslide.
When the reservoir level decreased, the change of satura-
tion line lags the reservoir level, which leads that the
decrease of the pore water pressure lags that of leading
edge’s water pressure. As a result, deformation of the
landslide is accelerated. And on the one hand, rainfall
infiltration softens the slip soil, which makes geotechnical
parameters of slip soil reduce. On the other hand, saturation
line is raised which lead to the rise of pore water pressure
of landslide. Under the joint action of water and rainfall,
the deformation of slope will further increase.

5 Conclusion

(1) The analysis of seepage shows that the change of
saturation line lags the change of reservoir water
level. In unsaturation zone, pore water pressure is
negative while the pore water pressure is positive in
saturation area. When the water level drop below
observation points, the pore water pressure will keep
0 for a period of time in the moment of the obser-
vation point is transited from saturated to unsatu-
rated, then decreased gradually.
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(2) By calculating the overall stability coefficient and
failure probability, the whole process of the warning
area stability coefficients are between 1.2 and 1.4,
and the failure probability are less than 5 % under
four conditions. The overall stability is good. It is
different with the investigation report of Baishuihe
Landslide actual situation. Therefore, overall stabil-
ity and failure probability can’t reflect real situation
of Baishuihe Landslide warning area.

(3) Through the calculation of progressive failure model
of slice, Baishuihe Landslide warning area slope
stability of each part has large differences. The
unstable region mainly concentrated in the vicinity
of the middle and posterior warning area. Front of
the warning area is in a stable state. The deformation
characteristics are consistent with investigation
report!' ¥l There is a large possibility for landslide
warning area to slip or slide along the surface of
shallow slip.

(4)  Under four conditions, unstable area increases grad-
ually with the rain continues and the water continues
to decline. Under the condition of 5 days accumu-
lated rainfall of 50 years the unstable region reaches
59 %, only 25 % of the area is in a stable state. The
possibility of local deformation slip is large.

(5)  Under the joint action of rainfall and reservoir water
level, the warning area of Baishuihe landslide shows
a progressive failure mode from top to bottom.

(6) Method for analysis of landslide based on local
failure probability can be more comprehensive, more
practical understanding the landslide deformation
and failure of the most prone to initial position. And
the prediction of potential damage initial position,
could instruct laid monitoring points in the landslide
deformation phase detection prediction, and guide
prevention projects in control work.

Acknowledgments This research is supported by the National Key
Basic Research and Development Program of China (No. 2011CB710606)
and the National Natural Science Foundation of China (No. 41272307 and
No. 41572278). Thanks the colleagues in our laboratory for their con-
structive comments and assistance.

References

Adarsh S, Reddy MJ (2013) Reliability analysis of composite
channels using first order approximation and Monte Carlo
simulations. Stoch Environ Res Risk Assess 27(2):477-487

Bishop AW (1967) Progressive failure with special reference to the
mechanism causing it[C]//Proceedings of the geotechnical
conference on shear strength properties of natural soils and
rocks. Oslo: Norwegian Geotechnical Institute, pp 142-150

Bishop AW (1971) The influence of progressive failure on the choice
of the method of stability analysis. Geotechnique 21(2):168-172

Chowdhury RN, Tang WT (1987) Reliability model of progressive
slope failure. Geotechnique 37(4):167-481

Chowdhury R, Xu DW (1993) Rational polynomial technique in
slope-reliability analysis. J Geotech Eng 119(12):2180-2207

Chowdhury RN, David MG, Steven KH (1982) Probability model of
progressive failure of slope. J Geotech Eng 108(6):803-819

Dodagoudar GR, Venkatachalam G (2000) Reliability analysis of
slopes using fuzzy sets theory. Comput Geotech 27:101-110

Faculty of civil and construction (2013) Three Gorges University. The
three gorges reservoir area in Hubei province subsequent
geological disaster prevention and control of Zigui county
emergency management project of the Baishuihe Landslide
survey report. Faculty of civil and construction, Three Gorges
University, 2013

Giasi CI, Masi P, Cherubini C (2003) Probabilistic and fuzzy
reliability analysis of a sample slope near Aliano. Eng Geol
67:391-402

Huang R (2008) Catastrophic landslides in China. Science Press,
Beijing

Jiao YY, Wang ZH, Wang XZ, Adoko AC, Yang ZX (2013) Stability
assessment of an ancient landslide crossed by two coal mine
tunnels. Eng Geol 159:36-44

Jiao YY, Zhang HQ, Tang HM, Zhang XL, Adoko AC, Tian HN
(2014) Simulating the process of reservoir-impoundment-in-
duced landslide using the extended DDA method. Eng Geol
182:37-48

Jiao YY, Tian HN, Wu HZ, Li HB, Tang HM (2015) Numerical and
experimental investigation on the stability of slopes threatened
by earthquakes. Arab J Geosci 8:4353—4364

Li S, Lu S, Zhang C (1998) Analyses on monitoring data and creeping
mechanism for the hillside of a project. J Rock Mech Eng
02:23-29

Li C, Tang H, Ge Y, Xinli H, Wang L (2014) Application of back-
propagation neural network on bank destruction forecasting for
accumulative landslides in the three Gorges Reservoir Region,
China. Stoch Environ Res Risk Assess 28(6):1465-1477

Lian C, Zeng Z, Yao W, Tang H (2014) Extreme learning machine for
the displacement prediction of landslide under rainfall and
reservoir level. Stoch Environ Res Risk Assess 28(8):1957-1972

LuS, YiQ, Yi W, Huang H, Zhang G (2014) Analysis of deformation
and failure mechanism of Shuping landslide in Three Gorges
reservoir area. Rock Soil Mech 04:1123-1130 + 1202

Lu S, Yi Q, Yi W, Zhang G, He X (2014b) Study on dynamic
deformation mechanism of landslide in drawdown of reservoir
water level—Take Baishuihe landslide in three gorges reservoir
area for example. J Eng Geol 05:869-875

Mohammed S (2013) Effect of uncertainties of improved soil shear
strength on the reliability of embankments. J Geotech Geoen-
viron Eng 139:619-632

Rahardjo H, Li XW, Toll DG (2001) The effect of antecedent rainfall
on slope stability. Geotech Geol Eng 19(3):371-399

Rahardjo H, Leong EC, Rezaur RB (2008) Effect of antecedent
rainfall on pore-water pressure distribution characteristics in
residual soil slopes under tropical rainfall. Hydrol Process
22(4):506-523

Rahimi A, Rahardjo H, Leong EC (2011) Effect of antecedent rainfall
patterns on rainfall-induced slope failure. J Geotech Geoenviron
Eng 137(5):483-491

Shouyi C (1996) Relationship between stress—strain modes of soils
and growing processes of landslide. Rock Soil Mechanics
03:21-26

Su H, Li J, Cao J, Wen Z (2014) Macro-comprehensive evaluation
method of high rock slope stability in hydropower projects.
Stoch Environ Res Risk Assess 28(2):213-224

Tan W, Cai M (2009) Slope generalized reliability theory and
practice. Science Press, Beijing

@ Springer



1696

Stoch Environ Res Risk Assess (2017) 31:1683-1696

Tan WH, Cai MF, Zhou RD (2003) Modified fuzzy point estimate
method and its application in slope reliability analyses. J Univ
Sci Technol Beijing 10(6):5-10

Travis QB, Mark WS, David MS (2011) Meta-analysis of 301 slope
failure calculations. J Geotech Geoenviron Eng 137:453-470

Wang G (2000) The progressive failure of slope and the stability
analyses. Chin J Rock Mech Eng 01:29-33

Wang G, Kong L, Guo A, Wang Z (2005) Element model with shear
band and its application to progressive failure analysis of slopes.
Chin J Rock Mech Eng 21:54-59

@ Springer

Wu Y, Cheng C, He G, Zhang Q (2014) Landslide stability analysis
based on random-fuzzy reliability: taking Liangshuijing land-
slide as a case. Stoch Environ Res Risk Assess 28(7):1723—-1732

Xu W, Zhang Z (1995) Study on landslide failure probability and
reliability. J Catastrophol 04:33-37

Zhang Z, Wang D, Wang L, Huang R, Xu Q (1994) Engineering
geology analysis principle [M]. Geology Publishing House,
Beijing, pp 184-231



	Research on progressive failure process of Baishuihe landslide based on Monte Carlo model
	Abstract
	Introduction
	Methods and materials
	Calculation-analysis model
	Mechanical analysis of progressive failure process
	Monte Carlo model

	Engineering geology of Baishuihe landslide
	Landform
	Physical properties of rock and soil


	Calculation and results
	Calculation process
	Calculation software
	Selection of conditions
	Calculation model

	Stability and failure probability calculation
	Simulation of seepage
	Overall stability and failure probability calculation
	The progressive failure stability and failure probability calculation

	Progressive failure process analysis

	Discussion
	The discussion of overall stability
	The discussion of unstable region
	The discussion of instability factors

	Conclusion
	Acknowledgments
	References




