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ABSTRACT: In Taiwan, the hillside is about over 70% of total area. These areas also have steep topography and 
geological vulnerability. When an event of torrential rain comes during a typhoon, the landslide disasters usually 
occur at these areas due to the long duration and high intensity of rainfall. Therefore, a design which considers the 
potential landslide has become an important issue in Taiwan. In this study, a temporal characteristic of Landslide 
Fragility curve (LFC) was developed, based on the geomorphological and vegetation condition factors using 
landslides at the Chen-Yu-Lan Watershed in Taiwan, during Typhoon Sinlaku (Sep. 2008) and Typhoon Morakot 
(Aug. 2009). This study introduced an effective landslide hazard assessment process, linking together the 
post-landslide and post-rainfall data for LFC model. The Kriging method was used to interpolate the rainfall indicates 
(I, R0 and R) for numerical analysis. Remote sensing data from SPOT images were applied to analyze the landslide 
ratio and vegetation conditions. The 5-M DEM (digital elevation model) was used for slope variation and slope unit 
analysis in the watershed, and the Grid-based Clustering Maximum Likelihood Estimate (GC-MLE) was conducted to 
determine the median and log-standard deviation parameters of the proposed empirical LFC model. The model can 
express the probability of exceeding a damage state for a certain classification (or conditions) of landslides by 
considering a specific hazard index (i.e. I, R0 or R) for a given event. Finally, this result can be used to assess the loss 
and warning from landslides, and, in the future, to manage the landslide risk in the watershed for disaster victims. 
 
1.  Introduction 
 
Taiwan is located on the Circum-Pacific Earthquakes Belt and Western-Pacific Typhoon Path, subtropics monsoon 
climatic region, and the hillside is over about 70% of total area. The landslide hazard in Taiwan has become an 
important issue. The trigger factors of landslide are quite complex and uncertain result in difficult prediction and 
assessment. Thus, probabilistic assessment models will been the future trend on research and development. Landslide 
fragility curves (LFC) expresses the probability of the slope reaching or exceeding landslide as a function of a specific 
rainfall measure. In the study, based on the geomorphological and vegetation condition factors and using the slope 
unit as the basis for watershed landslide assessment, LFC was developed using landslide data at the Chen-Yu-Lan 
Watershed in Taiwan during Typhoon Sinlaku and Morakot. The “Grid-based Clustering Maximum Likelihood 
Estimate” (Hsieh et al., 2013) is used to construct LFC, different topographic factors (slope level and vegetation 
condition) are considered to construct landslide probability relationships with different rainfall indicates. The rainfall 
data of 20 weather observation stations operated by Taiwan Central Weather Bureau (CWB) was collected from 2008 
to 2009. The rainfall parameters of I (maximum rainfall intensity), R0 (antecedent effective accumulated rainfall), and 
R (effective accumulated rainfall) were used in the study. The R0 is defined as the accumulated rainfall amount the 
beginning of typhoon event to the maximum rainfall intensity before. The R is the amount of the continuously 
accumulated rainfall of an event. Finally, the maximum rainfall intensity is the precipitation per unit time. The Inverse 
Distance Weighting (IDW) was applied to obtain rainfall value over the study area. Finally, the result shows that the 
LFC are a well regional assessment model for landslides assessment; and it can be apply in model of estimation, risk 
and warring assessment in the future. 



2.  Methodology 
 
A landslide fragility curve characterizes the probability of landslides with regard to the specific rainfall index. Thus, a 
probability density function must be defined to express the frequency of landslides and then converted to a cumulative 
distribution function. In many natural hazard researches, empirical vulnerability data from post-hazard have been 
commonly fitted using a simple analytical expression (e.g., Miyakoshi et al. 1997; Chang et al. 2000; Shinozuka et al. 
2000, 2003, 2007; Rota et al. 2008; Tien et al. 2012, Hsieh et al., 2013, Lei et al., 2014). In this study, the form of a 
two-parameter lognormal distribution function was used for representing landslide fragility curves. For an irregular 
rainfall measures, the landslide fragility curve for a hillside slope is represented in the analytical function, which is 
determined by median and lognormal standard deviation, as below: 
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where x  is a rainfall index, which can be defined as I, R0 or R; erf is the error function;   and   are the median and 

the log-standard deviation of the fragility curve for the typological hillside slope, respectively. The two-parameter of 
Eq. (2) can be determined through the Maximum Likelihood Estimate (MLE), and the landslide fragility curve can be 
developed for different classification of hillside slope such as slope level and VRR index. 
 
The principle of MLE is to maximize the probability of occurrence of the vulnerability data to estimate the parameters 
of the distribution function, which means that the likelihood function can be constructed from different type of 
vulnerability data as a given distribution function. For example, Hsieh et al. (2013) developed a likelihood function 
for earthquake-induced building damage by the multinomial distribution. In this study, a binomial distribution was 
used to developed likelihood function for rainfall-induced landslide fragility curves of different hillside slope. For the 
vulnerability data, the binomial distribution expresses the probability that each trial only has two results of landslides, 
i.e., “occurred” or “non-occurred”, and each trial is independent and mutually exclusive. Thus, the hillside slope can 
be divided into K vulnerability data, and each vulnerability data is defined by two element － landslide area and 
non-landslide area. Hence, the likelihood function can be expressed as below:： 
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where K is the number of vulnerability data; X is total area of each vulnerability data; xk is landslides area within the 
kth vulnerability data. In Eq. (2), the term of binomial distribution express the probability of occurrence and 
probability of not occurrence. The median and log-standard deviation of landslide fragility curve of hillside slope can 
then be estimated by maximizing the likelihood function, Eq. (2), as following: 
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In Eq. (3), the extra binomial coefficients 
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 in Eq.(2) will be eliminated automatically in the differential operation. 

Maximizing the likelihood function resulted in the equations as below: 
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and: 

ln( / )k x                                                                                                                                                                                             (5) 

in which, k kR x X , is the vulnerability data. If vulnerability data are obtainable for each hillside slope by a rainfall 

index x , e.g., I, R0 or R, then the simultaneous equations can be directly solved to obtain the median and the 
log-standard deviation of the landslide fragility curves. 
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5.  Summary and conclusions 
 
This study had developed the Landslide Fragility Curve (LFC) model by using the spatial data, slope unit and 
statistical methods. The fragility curves of the study area were derived for all combinations of environmental and 
triggering factors. The analysis results had shown that the landslide has high correlation with rainfall, slope, and 
vegetation conditions. Moreover, the landslide probability increases with increasing rainfall of I, R0 and R. Generally, 
the LFC curves indicated that the ratio of incremental landslide was proportional to the increasing slopes and rainfall. 
The LFC results also indicated that the better vegetation condition is, the lower the ratio of incremental landslide. 
From the analysis results, the proposed rainfall-induced landslide model can describe the relationships between 
rainfalls with the landslide. The model also provides basic prediction to landslide areas. The model then can be 
developed to include more influence factors regarding landslides. Overall, the LFC model from this study provides 
assessment method for landslides in the catchments. The model later can be developed for susceptibility and applied 
in model of estimation, risk and warring assessment in the future. 
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