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Abstract

By coupling limit equilibrium analysis and Monte Carlo analysis with a geography information system (GIS), this study

implements a method that can evaluate the risk (corresponding to probability of failure in this study) of landslide with

consideration of spatial uncertainties. The GIS can adopt the three-dimensional information including surface topography,

underground geomaterial distribution and groundwater level to determine slope profiles for analysis. Then the safety of defined

slope can be evaluated by limit equilibrium analysis. In this study, the mechanical properties of geomaterial were considered as

random variables instead of single values. The slope and groundwater profiles are also randomly adopted. Through a Monte

Carlo sampling process, a distribution of safety factor and probability of failure can be determined. This probabilistic risk

analysis approach was applied to Li-shan landslide in Central Taiwan.

Due to heavy rains, the sites near the highway 7A (mileage 73 k+150) and the highway 8 (mileage 82 k) in the Li-shan

Township began to subside in mid April 1990. Topography, geology, and groundwater condition of this area were first

reviewed. Based on this review, together with field investigations and a series of limit equilibrium back analyses, a general

hypothetic model was established to illustrate the failure mechanism of this landslide area. Then the developed probabilistic risk

analysis model is applied to spatially evaluate the risk of this landslide area as well as the performance of the remediation

treatment.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Located at the midway of the east–west cross-

island highway (the highway 8), Li-shan is an im-

portant small town not only for transportation but
0013-7952/$ - see front matter D 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.enggeo.2005.05.002

* Corresponding author. Tel.: +886 4 22850989.

E-mail address: kjshou@dragon.nchu.edu.tw (K.-J. Shou).
also for tourism in central Taiwan (see Fig. 1). In

mid April 1990, due to heavy rain, the sites near the

highway 7A (mileage 73 km+150 m) and the high-

way 8 (mileage 82 km) began to subside, as their

foundations are located on one of the major sliding

blocks in Li-shan landslide area. It is generally sug-

gested that the Li-shan landslide is predominantly

triggered by heavy rain together with the poor drain-

age condition.
(2005) 199–213



Fig. 1. A bird eye view of the Li-shan landslide area (looking to the

southwest).
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To keep the highway open and the town secure for

living, the government had executed the first phase

emergency treatment followed by the second remedi-

ation treatment since July 1990. A drainage system

including surface ditches, drainage wells and two

drainage galleries was constructed and completed in

early 2003. And the effectiveness of the remediation

treatment has been strongly revealed as the Li-shan

landslide survived the Chi-Chi earthquake (ML=7.3)

in 1999.

In view of the characteristics of the landslide area,

it is of great interest to understand the complicated

failure mechanism and spatially estimate the risk,

which motivates this study. In this study, literatures

about the topography, geology, and groundwater con-

dition of this area were first reviewed. Based on this

review, together with field investigations and a series

of limit equilibrium back analyses, a general hypo-

thetic model was established to primitively depict the

failure mechanism of this landslide area. Then a prob-

abilistic analysis approach is applied to spatially eval-

uate the risk of this landslide area.

As the stability analysis in geotechnical engineer-

ing can be biased due to the uncertainty of the input

data, the probabilistic analysis approach (Chowdhury,

1982; Hoek, 1994; Juang et al., 1998; Shou and

Wang, 2003) provides a better alternative. Geographic

Information System (GIS) has strong capability in

spatial data processing and geostatistical analysis.

Therefore, it is useful and popular for the assessment

of natural disasters. In this study, coupling limit equi-

librium analysis and Monte Carlo analysis with a GIS,

a probabilistic analysis approach was implemented to
evaluate the risk of landslide with consideration of

spatial uncertainties. Through this Monte Carlo type

analysis, the risk of a slope can be evaluated by its

probability of failure. This approach was applied to

spatially evaluate the risk of Li-shan landslide.
2. Li-shan landslide

2.1. Geology

In western Taiwan, the westward thrust front due to

the compression of the Philippine Sea Plate is

obstructed by the rigid basement Peikang High (part

of the Eurasian Plate). And this tectonic activity

results in a series of Quaternary thrust faults trending

north south and dipping towards the east (Ho, 1982;

Lu et al., 2000). The Li-shan fault, a major ridge fault

of the Taiwan Island is also generated by this tectonic

activity. It is located less than 3 kilometers west of the

Li-shan landslide (see Fig. 2). As Li-shan area is not

far from the Li-shan fault, the geological condition in

this area is more complicated than expected (Huang,

2002; Shou, 2002).

The Li-shan area is located in colluvial formations

originally from the Miocene Lushan slate formation.

Due to dynamic tectonic activities as well as the high

precipitation, the surfacial slate formations in this area

are highly weathered; it is strongly supported by the

occurrence of slaty cleavages, foliation shears, and

interlayers of silty residual soil. The testing results

show that the Lushan unweathered slate is about 2.76

ton/m3 of unit weight. The mechanical properties of

the geomaterials with different weathered conditions

are summarized in Table 1.

The annual precipitation in this area ranges from

1400 to 2200 mm with a concentration during May

and September. Topographically, as being located at

the western rim of Hsueh-shan ridge, Li-shan area

dips toward the northwest and down to Tachia River

with slope angle 158 to 308.

2.2. Failure mechanism

The landslide area is about 76 hectares in size, and

can be divided into three regions, i.e. the west, north-

east, and southeast regions. And there are 7 to 20

sliding bodies in each region (see Fig. 3). Except the
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Fig. 2. Geologic map showing regional geology near Li-shan area. Li-shan landslide is mapped in the Miocene Lushan formation and Li-shan

Fault is less than 3 km to the west.
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southeast region, most of the unstable sliding bodies

possess shallow sliding planes about 9–26 m below

surface (Energy and Resources Laboratories, ITRI,

1993; Shou, 2002; Shou and Su, 2002). However,

there is an old landslide near the profile BBV within
the southeast region, and the old sliding plane is more

than 40–60 m below surface, according to the core
Table 1

Mechanical properties of the geomaterial in Li-shan area

Geomaterial type Unit weight

(ton/m3)

Cohesion c

(ton/m2)

Friction angle

u (8)

Colluvium 2.06 0.75 30

Medium to highly

weathered slate

2.69 3.00 28

Fresh to medium

weathered slate

2.76 30.00 33

Sliding plane 2.69 3.00 28
logs and records of drainage gallery construction. And

the rest of the southeast region is more or less located

at the valley of a small branch of Tachia River. Due to

the tectonic activities, there is rejuvenation activity in

the Tachia River and the incision is accelerated (see

Fig. 4). Therefore, the erosion rate of this branch is

quite high, which provokes higher hazard potential of

this sub region.

Based on the field investigations together with the

topographical and geological information, a general

hypothetic model was established to depict the Li-

shan landslide. This model comprises major factors

as: (1) the sliding planes is basically along the lower

boundary of the regolith, about 20 m below the

surface; (2) there is a major old landslide at the

center of the landslide area; (3) the high erosion

rate makes the slopes by the streams more unstable

than the others.
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Fig. 3. Topography and division of Li-shan landslide area. More than 30 sliding bodies are distributed in three regions, i.e. west, southeast and

northeast regions. Profiles AAV, BBV, and CCV are adopted for preliminary stability back analysis.
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Through a review of topography and major sliding

bodies, the representative profiles AAV, BBV and CCV
(see Fig. 3) were adopted for stability back analyses.

The cross sections were determined based on the data
from drilling. And the most critical sliding plane was

considered in case of overlapping of sliding bodies.

The back analyses were performed by the limit equi-

librium analysis model PC-STABL6 (Bandini and



Table 2

Safety factors of the residual slopes in Li-shan landslide

Profile analyzed A-AV B-BV C-C

Dry (no groundwater) 1.23 1.21 1.35

Wet (high groundwater level) 1.11 0.99 1.15

Wet (with remediation) 1.23 1.18 1.22

K.-J. Shou, Y.-L. Chen / Engineering Geology 80 (2005) 199–213 203
Salgado, 1999). The results show that those slopes are

fairly stable for dry condition as the safety factor is

1.21–1.35. However, they become critical with high

groundwater level as the safety factor drops to 0.99–

1.15. This finding might reveal that there is more than

one activity in this area, as the precipitation is quite

high in this area (see Table 2).

2.3. Remediation

As the landslide is closely related with the rainfall

and groundwater, groundwater control is essential for

slope stabilization in this area. A drainage system,

composed of surface and subsurface sub systems,

was designed as a remediation treatment. For the

surface drainage sub system, existing ditches were

integrated as a system to divert the surface water to

non-problem area, as well as to prevent excessive

water infiltration near tension cracks. In order to

more efficiently control the groundwater level, a sub-

surface drainage sub system is also applied, which is

consisted of three major components, i.e., horizontal

drainage pipe, drainage well, and drainage gallery.

There are (1) 15 horizontal drainage sites, 7–9 pipes

(30–60 m in length) in each site, (2) 13 drainage

wells, located mainly in the heads of slopes, and (3)

2 drainage galleries, excavated below the sliding

planes. The components of the drainage systems are

illustrated in Fig. 5.

From the results of groundwater level monitoring,

the groundwater level has been successfully reduced
Fig. 4. The rejuvenation in the Tachia river makes the toe steeper

than the head.
V

about 10–20 m after the drainage galleries in opera-

tion. By this improvement, the stability of slopes is

reasonably improved as the safety factors are in-

creased from 0.99–1.15 to 1.18–1.23 (see Table 2).

Besides, during the Chi-Chi earthquake, the horizontal

acceleration was estimated 0.15–0.20 g, and the

groundwater level was raised no more than 1 m.

With this impact, this area survived except minor

damages near the profile BBV. It somehow reveals

the effectiveness of the remediation.
3. Methodology of analysis

3.1. GIS-probabilistic model

As Nguyen (1985) pointed out that a slope with a

safety factor 2.5 is not twice as safe as that with a

safety factor 1.25, and it is not necessary a slope with

safety factor 1.5 more stable than a slope with safety

factor 1.4. The safety factor itself might not be a

complete index to illustrate the safety of a slope.

The reason for that is the uncertainty behind the

calculation of safety factor, including the variability

of geomaterial properties as well as the uncertainties

due to the sampling error, insufficient data, etc. One

alternative way to treat the uncertainty is the proba-

bilistic analysis approach.

With its power and versatility for processing spatial

data, the Geographic Information System (GIS) is

commonly applied for the assessment of natural dis-

asters. GIS provides strong functions in database pro-

cessing and geostatistical analysis. Therefore, it can be

integrated with other analytical models, such as GIS-

probabilistic infinite slope model (Pack et al., 1998;

Zhou et al., 2003), GIS-infinite slope probabilistic

seismic landslide model (Jibson et al., 1999; Khazai

and Sistar, 2000), etc.

In this study, a GIS-probabilistic analysis approach

was developed. Mechanical properties of geomaterial

are considered as random variables instead of single



Fig. 5. The drainage system designed for remediation treatment.
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values. And Monte Carlo sampling method is coupled

with a GIS and limit equilibrium analysis method.

Within the GIS, a Kriging process is applied to deter-

mine the three-dimensional elevation model as well as

the slope profiles for stability analysis.

To estimate a value at a point in a spatial domain

with known observation data, Kriging is considered

as a very powerful tool. Theoretically, it is a Best

Linear Unbiased Estimator (Cressie, 1988). In this

study, a Kriging process is used to get three-dimen-

sional elevation model of rock depth and ground-

water depth. The data from drilling and monitoring

were stored and processed (kriged) by the GIS

software with application of its spatial analysis

modules.

As underground geology and groundwater condi-

tions are quite different in those three regions, Kriging

estimation was performed separately for each region.

The GIS databases, including surface topography,

underground geomaterial distribution, groundwater

level, etc., for the GIS were established based on
drilling data and monitoring data from 61 holes in

the landslide area. A Visual Basic code was estab-

lished to collect the results of Kriging from GIS and to

prepare input data for limit equilibrium analysis

(Chen, 2003).

3.2. Probability of failure

For slope engineering, probability of failure is

generally considered as a simple index for risk eval-

uation. Although, theoretically and practically, the

cost should be implemented to have the risk as prob-

ability of loss. Probability of failure can be defined as

probability of safety factor less than 1.0 which can be

obtained by integrating the probability density func-

tion for safety factor smaller than 1.0. We can define a

performance function G(Xi) for a slope as

G Xið Þ ¼ F Xið Þ � 1 ð1Þ

where F(Xi) is a function of safety factor. These two

functions are all determined by input parameters Xi
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(i=1 to N) that can be considered as random vari-

ables. And the probability distribution of function

G(Xi) can be used to determine probability of failure

for the slope it describes.

3.3. Monte Carlo analysis

Based on statistical sampling theory, Monte Carlo

analysis is a very useful randomly simulation method,

which can be applied by numerical computation. For a

slope stability analysis, required parameters such as

topography, groundwater level, failure mechanism,

etc. can be found or assumed. But, other parameters

such as mechanical properties and underground geol-

ogy conditions are difficult to determine.

Considering the spatial uncertainty of those me-

chanical parameters, the Monte Carlo analysis ran-

domly samples those parameters from their

probability distributions, calculates a safety factor

based on the chosen data set, and repeats the above

sampling and safety factor calculation to obtain a

series of safety factors. Though this process, we can

obtain a probability distribution of safety factor.

For a slope of which stability is determined by

control parameters Xi (i =1 to N), the safety factor

Fs can be defined as function Fs =F(Xi). Where Xi

(i=1 to N) can be considered as random variables

with probability distributions. By the Monte Carlo

method, a set of Xi could be randomly sampled to

determine a safety factor. Repeatedly performing the

above process for n times; we can obtain n safety

factors Fsj ( j =1 to n). If the number of safety factor

less than one ( FsQ1) is m, then the probability of

failure Pf is m /n.

For a large enough value of n, the probability

density function of safety factor can be simulated.

The probability of failure Pf can also be defined as

Pf ¼ P FsV1:0ð Þ ð2Þ

where P(FsV1.0) denotes the probability of safety

factor less than one. And P(FsV1.0) can be deter-

mined by the ratio of the area under the distribution

curve for safety factor less than 1.0 divided by the

total area under the distribution curve.

In this study, according to data from literature

review and laboratory tests, the probability density

functions of cohesion and friction angle are consid-
ered as normal distributions. The mean value and

standard deviation are 27.58 and 1.68 for friction

angle, 2.95 t/m2 and 0.26 t/m2 for cohesion. Besides,

based on literature review and monitoring data

(NCHU, 2000; Su and Chen, 2002), the groundwater

level is considered as exponential distribution with

variance set to be 1.9 m.

3.4. Probabilistic stability analysis

In this study, the stability of a slope was evaluated

by the limit equilibrium analysis, which consider the

slope as if it were about to fail and determine the

resulting shear stresses along the critical failure plane.
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Then, the safety factor can also determine as compar-

ing these stresses with the shear strength:

Fs ¼
R
sdl

R
sdl

ð3Þ

where s is shear strength, s is shear stress, and l is the

length along the failure plane, and both integrals are

calculated along its entire length.

The limit equilibrium analysis model PC-

STABL6 (Bandini and Salgado, 1999) was adopted
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and applied in this study. PC-STABL6 features

random techniques for generation of potential fail-

ure planes for subsequent determination of more

critical planes and their corresponding safety fac-

tors. And the calculation of the safety factor against

instability of a slope is performed by the method of

slices. By the method of slices, the failure mass

is divided into vertical slices such that integra-

tions in Eq. (3) can be simplified for numerical

calculation.
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To generate the potential failure planes, PC-

STABL6 can employ a particular method, such as

the simplified Bishop method (for circular shaped

failure plane), the simplified Janbu method (for irreg-

ular shaped plane), etc. One special alternative pro-

vided is the sliding-block method, in which part of the

sliding plane is piecewisely defined and the rest part is

randomly chosen (Bandini and Salgado, 1999). In this

study, the sliding-block method was adopted because

the sliding planes can be partially defined according to

tension crack and sliding plane obtained by field

investigation or drilling.

For a sliding body, a segment of upper boundary

and a segment of lower boundary are adopted; then,

equally spaced 10 points can be found on each of

those two segments. 100 testing profiles can be deter-

mined by connecting those boundary points and the

three-dimensional elevation model obtained by GIS.

With assumption of sliding planes, those geometry

profiles can be used for two-dimensional limit equi-

librium analysis. To consider the uncertainty of me-

chanical properties of geomaterial, input parameters

are considered as random variables and determined by

Monte Carlo sampling process. The flowchart of

probability risk analysis can be shown in Fig. 6.

In this study, an interface for limit equilibrium

analysis model PC-STABL6 was written in JAVA.

Through this Window interface, a series of analyses

can be easily performed to obtain the probability of

failure for the slope analyzed. The Window interface

comprises the following numerical steps: (1) import-
Table 3

Ten most critical profiles of sliding body B13 for different conditions

Rank Pre-remediation Post-remed

Parameter set 1 Parameter set 3 Parameter

Profile Safety factor Profile Safety factor Profile

1 16 1.121 16 1.635 16

2 36 1.131 36 1.65 36

3 66 1.164 56 1.674 66

4 56 1.167 66 1.697 56

5 17 1.194 37 1.737 3

6 37 1.194 17 1.739 1

7 35 1.222 35 1.767 17

8 67 1.225 15 1.778 37

9 15 1.228 57 1.781 73

10 57 1.246 67 1.784 23

Parameter set 1: C =3.0 t/m2, u =288; parameter set 2 C =2.0 t/m2, u =2
ing data obtained by Monte Carlo sampling process,

(2) assuming failure mechanism, (3) determining

geomaterial profiles, (4) giving the total number of

safety factor calculation, and (5) demonstrating the

probability distribution of safety factor and find the

probability of failure.
4. Results and discussion

The approach described in the previous section can

be used to estimate the risk of slope failure. In this

approach, beside the analysis profiles, input para-

meters are considered as random variables instead of

single values. The risk evaluation problem is now

deduced to determine the distribution of factor of

safety. To calculate safety factors, the Monte Carlo

technique, which randomly samples the input para-

meters from their probability distributions, is applied.

For simplicity, generally for a complex simulation,

input parameters are considered as independent vari-

able; however, it is not always true in nature. From a

preliminary sensitivity analysis, it suggests that the

correlation of variables might not be significant in Li-

shan landslide area (Chen, 2003).

4.1. Influence of geomaterial and groundwater

For the sliding body B13 (see Fig. 7), through the

probabilistic risk analysis, the most critical profiles

can be found as shown in Table 3. As a sensitivity
iation

set 1 Parameter set 2 Parameter set 3

Safety factor Profile Safety factor Profile Safety factor

1.272 16 0.869 16 1.811

1.282 36 0.876 36 1.819

1.3 66 0.886 66 1.824

1.312 56 0.896 56 1.902

1.349 3 0.921 73 1.914

1.358 1 0.928 23 1.928

1.359 17 0.928 43 1.948

1.363 37 0.931 21 1.962

1.37 73 0.935 71 1.968

1.382 23 0.942 3 1.97

08; parameter set 3 C=1.0 t/m2, u =408.
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study, comparisons are made for different mechanical

parameter sets as well as groundwater conditions. The

pre-remediation groundwater surface is obtained by

averaging the groundwater level during 1991–1992.

And the post-remediation groundwater surface is as-

sumed as the high groundwater level during 1997–

1998. The major findings are:

1. In the pre-remediation phase, the rank of top 10

critical sliding profiles is the same if we adopt a

different set of mechanical parameters (see Fig. 8).

2. For the same mechanical parameters, the most

critical profile is still the same for pre-remediation

and post-remediation phases. But, four of the top
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10 critical sliding profiles are replaced (see Fig. 9).

Therefore, the change of groundwater surface is

critical for spatially estimating the risk.

3. From the comparison of results with the first data

set and those with the third data set, it shows that

three profiles (43, 21 and 71) in the top 10 critical

profiles are replaced. On the other hand, the top 10

critical profiles are the same for the first data set

and the second data set. It reveals that the spatial

variation of risk is influenced by mechanical para-

meters only if they are significantly changed.

Besides, the most critical sliding profiles of sliding

body B13 are mainly distributed in two lateral sides,
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Fig. 9. Comparison of ten most critical profiles for sliding body B13 for material parameter set 1 in different phases. Top one is for pre-

remediation phase and bottom one is for post-remediation phase.
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as the sliding body B13 is located in the valley of a

small stream. Therefore, topography is also an impor-

tant control factor for the risk.

4.2. Risk evaluation

In this study, 14 major sliding bodies, i.e., sliding

bodies A1, A2, A10 and A11 in the west region,

sliding bodies B1, B3, B4, B5, B9, B11, B13, and

B14 in the southeast region, and sliding bodies C1

and C2 in the northeast region, are adopted for

detailed analyses (see Fig. 7). The risks of those

sliding bodies are evaluated for different phases.

Then the risk of a region can be considered as the
mean of the major sliding bodies inside. And the

major findings are:

4.2.1. Risk evaluation for different regions

Considering the groundwater surface before and

after construction of drainage wells, it shows the

risk changes from 59.42% to 99.97% for the west

region, from 34.26% to 27.94% for the southeast

region, and from 15.77% to 14.93% for the northeast

region (see Fig. 10). The unreasonable results for the

west region show the inaccuracy caused by poor

quality and insufficient drilling data in this region.

However, the lower risk for other regions reveals the

performance of drainage wells.
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Fig. 10. Regional probability distributions of safety factor in post-

remediation phase.

Table 4

Regional rank of risk for sliding bodies before and after remediation

Regional

rank

Pre-remediation Post-remediation

Sliding

body

Mean

value of

safety factor

Sliding

body

Mean

value of

safety factor

1 A11 0.979 A1 0.824

2 A10 1.022 A2 0.862

3 A1 1.203 A10 0.898

4 A2 1.227 A11 1.073

1 B3 0.797 B3 0.837

2 B4 0.912 B4 1.020

3 B5 1.054 B5 1.143

4 B9 1.070 B1 1.273

5 B1 1.163 B9 1.419

6 B13 1.260 B13 1.464

7 B11 1.941 B11 1.949

8 B14 2.018 B14 1.974

1 C2 1.093 C1 1.140

2 C1 1.113 C2 1.159
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4.2.2. Risk evaluation for whole area

As the results of the west region are unreasonable

due to not enough data, the risk of whole area is eva-

luated by excluding the four sliding bodies of the west

region. For the risks of whole area before and after the

construction of drainage wells, the risk reduces from

33.23% to 28.09% (as shown in Fig. 11). The results

might reveal the effectiveness of the remediation.
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Fig. 11. Probability distributions of safety factor for whole area

before and after remediation.
Another evidence for the performance of reme-

diation could be the redistribution of risk in land-

slide area. The risks of sliding bodies for different

phases are ranked and illustrated in Table 4 and

Figs. 12 and 13. As the remediation components

are mainly distributed in the center area of land-

slide area, more significant improvement of risk

can be found in the center area. The risk of sli-

ding bodies can also be regionally ranked to sug-

gest the priority of further treatment (also see Table

4). It is worth-noting that more drillings in the west

region are essential for risk estimation of better

accuracy.
5. Conclusions and suggestions

Stability back analyses were employed to study the

behavior of slopes in the Li-shan landslide. The slopes

are quite stable for dry condition, but become critical

for fully saturated condition. The remediation treat-

ment is essential as the precipitation in this area is

quite high.

In this study, coupling GIS with Monte Carlo

analysis and limit equilibrium analysis, a probabilistic

risk analysis method has been established for spatially

analyze the risk of a landslide area. In order to more

efficiently control the limit equilibrium analysis, an

interface is also written in JAVA. The integrated
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method was applied to estimate the risk of Li-shan

landslide area.

Through a series of analyses, the risks of sliding

bodies as well as sliding areas are evaluated. It shows

the influence of groundwater level is significant,

which reveals the importance of groundwater control

and monitoring. The results also show that the safety

of northeast area and southeast area are significantly

improved as the groundwater levels are lowered by

drainage wells. However, it is comparatively danger-

ous for the west area, which has been corroborated by

further development of surface cracks.
The results show the improvement in terms of

the change of probability is not so significant. This

could be caused by different uncertainty levels of

input variables or inter-dependency of the variables,

which are essential issues for further development

of the probabilistic analysis model. Other control

factors, such as earthquake, heavy rain, and time

effect are also important for practical risk estimation

of a landslide. It will be worthy to consider those

factors for further implementation. As drillings in

the west and northeast areas are not sufficient, GIS

cannot accurately obtain the three-dimensional ele-
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vation model. More drillings in those two areas are

suggested.
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