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Abstract

Among the natural hazards, landslides are attracting more and more attention due to its increasing effect
on economic and human losses. While hazard zonation mapping plays a vital role in identifying the
vulnerable zones for future land-use planning activities, designing of early warning systems and adequate
mitigation measures in landslide-prone areas, lack of real time early warnings significantly increases the

damages world wide.

Landslides associated with intense rain during monsoon and inter-monsoon seasons are the most pressing
natural disaster in the Central Highland of Sri Lanka. About 13,000 km* (20% area of the country) within
ten administrative districts are considered to be prone to landslides and almost 42% of the total population
of the country is living in these districts. According to the available records, major landslides occurred
during past three decades until 2008 have caused a loss of more than 775 human lives making over
90,000 people homeless. Most significantly, Galle, Matara, and Hambantota districts which had not been
considered earlier as landslide prone regions were severely affected by the catastrophic event occurred on
17" May 2003 killing more than 150 people in a single day. 855 houses were completely destroyed and
another 2858 were damaged rendering almost 20,000 people homeless. Every year huge economic and
human losses are recorded and damages are on the rise throughout the island. This is because people live
everywhere at their own risk and use even the marginal lands for housing, farming, infrastructure and
development activities without an adequate attention to the problem as a result of higher demand of lands
with rising population. Thus, as a measure to save lives and property it is incumbent upon to develop real
time prediction models for such regions to manage future events successfully. Under the present study a
contribution is made to evaluate the capabilities of available static and dynamic modeling approaches to
cope with the real time forecasting of rain induced landslides within Matara district of Sri Lanka.

Theoretically, slope instability hazard zonation is defined as the mapping of areas with an equal
probability of occurrence of landslides in a given area within a specific period of time. However,
calculation of landslide probability is extremely difficult, since there is no simple relationship between
magnitudes of landslide events and return periods and as well as due to lack of reliable historical records
of landslide dates and triggering events. Thus, susceptibility assessment to identify the critical locations
and establishment of triggering thresholds to predict the timing of the events can be considered as a

realistic approach in landslide hazard zonation.

The models to predict the locations of future landslides are fairly well developed. They can be generally
divided into two groups: direct or semi-direct susceptibility mapping in which the degree of susceptibility
is determined by the mapping expert and, indirect susceptibility mapping in which either statistical or
deterministic models are used to predict landslide-prone areas. Statistical methods involve both bivariate
as well as multivariate techniques. Deterministic models use sound physical models such as stability
models as used in geotechnical engineering, or hydrological models used to give an estimation of
infiltration and pore water pressures. With the introduction of GIS, in particular indirect methods have
gained enormous popularity because of its computational power and due to its capability to handle and
analyze data with high degree of spatial variability.

Under the present study, indirect mapping methodology was followed and at the outset five susceptibility
maps were prepared using 13 landslide causative factors and existing landslide data within an area of
263 km®. Two of the commonly applied bivariate methods such as Information Value method and



Weights of Evidence (WOE) modeling and, multivariate Logistic Regression (LR) modeling were utilized
for the analysis. Under WOE, three different approaches were followed in which two of them were using
fully automated capabilities of ArcSDM (Spatial Data Modeler) with different number of landslide
training sites and the remaining by calculation based on ArcGIS spatial analyst. From the final outputs,
two of the five susceptibility maps show almost similar result according to the predicted amount of
landslides while others differ greatly. Among comparison of them, both the similar maps prepared with
equally weighted factor combinations are found to be the best fit susceptibility models for the study area.
They are the maps delivered by the simplest bivariate methodologies of Information Value method and
WOE modeling based on ArcGIS spatial analyst. Unlike the other three models that differ greatly to each
other predicting less than 13% of the existing landslides, both the similar models predict almost 47% of
the existing landslides within the very high susceptibility zone. Finally, the model delivered by the
Information Value method was chosen and by assigning different percentage of factor weightings
according to the expert judgment and testing the success with trial and error procedure, the model was
further improved and the study area was reclassified into three susceptibility zones, high, medium and
low. In the final expert weighted landside susceptibility map, the zone corresponding to high
susceptibility class constitutes 14.78% of the total study area predicting 65.09% of the existing landslides.
A 50.69% of the study area is designated to be low susceptible with corresponding 6.03% of the existing
landslides. The remaining area is classified into medium susceptibility class.

Rainfall is commonly known as one of the principal landslide triggers. Thus the concept of hydrological
triggering thresholds can be utilized for the prediction of timing of rain induced landslides. Hydrological
triggering thresholds can be established in a statistical or in a deterministic way. In many regions however
statistical thresholds can not be established due to lack of reliable records of landslide locations and
associated rainfall intensities and hence deterministic models have to be used. In a deterministic way,
factor of safety (F) values of individual slopes can be calculated for any given rainfall events. With the
help of such maps prepared for various rainfall scenarios, hydrological triggering thresholds in which the
factor of safety becomes critical for different areas can be established. If the expected future rainfall
events can be predicted by the long term historical data or by the antecedent rainfall or known by real
time meteorological data via telemetered network of recording rain gauges, the slopes which may become
unstable during a particular event can be predicted.

In the present study, a hydrological slope stability model was used within the PCRaster environment and
dynamic slope stability conditions according to a given rainfall event during a month of May 2003 were
calculated. Necessary soil samples from 26 locations within the study area as well as rainfall data were
collected and soil samples were tested in the NBRO laboratory. Deterministically calculated £ map for a
selected basin on 17" May 2003 was validated with the actual landslide event. Due to the simplistic
assumptions used in the model equations and the uncertainties associated with the spatially variable input
data, only 21% of the actual landslide area was accurately predicted by the model. However, even if the
majority of the unstable pixels in the safety map do not overlap completely with the actual landslide
areas, almost 62% of the unstable pixels are located within an area of 100 m buffer from the rupture zone
of the existing landslides showing evidence of instabilities within the region of near proximity to those
failures. Hence the model is accepted as a reasonable approach to identify the slope stability conditions
according to the daily or antecedent rainfall for preliminary predictions. Subsequently, this information
combined with the best fit susceptibility model collectively with expertise about the terrain conditions can
be more appropriately used for better landuse planning activities, prediction of landslide events and more
importantly for the development of real time early warning systems.
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1 Introduction

1.1 General background

World’s natural hazards are many folds such as earthquakes, volcanic eruptions, tsunamis, hurricanes or
tropical cyclones, droughts, hot and cold weathers, lightening and thundering, wildfires, floods, and
landslides. They can be considered as a sort of consequences of exogenic and endogenic processes of the
earth and extra-terrestrial processes of the solar system. These events are in fact natural agents that
maintain the stability of the dynamic Earth and transform vulnerable human conditions into disasters. In
very general term, disasters can be expressed as,

Disaster = Hazard * Vulnerability

Disasters hurt, injure and kill people, cause emotional stress, trauma and economic hardship by destroying
homes, infrastructures, industries and businesses and spelling financial ruins for many. Losses from
natural disasters reduce the face of sustained economic development in many countries and often lead to a
heavy drain on available resources, diverting them from pursuing development goals. According to the
World Bank records, average damages caused by natural disasters for every decade in the world are
estimated to 100 billion US dollars economically with a severe suffering of at least a million people.
Therefore, it is obvious, the economic development and associated human settlements that ignores
appropriate disaster management plans can increase a country’s vulnerability to natural hazards and

exacerbate the impact.

Natural hazards can happen anywhere, but for a combination of reasons, political as well as geographic,
most large scale disasters occur in the region between the Tropic of Cancer and the Tropic of Capricorn
which encompasses most of the poorer developing nations resulting great sufferings especially to the
poorest strata of the population. According to the statistics, 60% of all major disasters recorded in the
word occur in the Asia-Pacific region, which is exposed to almost every type of natural hazards and hence
this region is considered as the most disaster prone area in the world (Report on disaster mitigation in
Asia and the Pacific, 1991).

As per the disaster management aspect is concerned, pre-disaster risk reduction measures such as
prevention of hazard occurring, mitigation measures to reduce the magnitude of disaster and preparedness
measures to respond rapidly and effectively to disaster situations are in major concern to enhance the
safety. However, except in few cases where preventive measures are applicable such as construction of
dams or diversion channels to flood control, prevention of many natural hazards are unlikely. Hence,
mitigation and preparedness measures can be considered as the most pragmatic pre-disaster reduction
measures. Prior prediction of the events (hazard) and timely early warnings are widely practiced,
accepted, and very important preparedness measures in disaster management. Thus, hazard prediction
models especially with real time forecasting capabilities can play a pivot role in this context.

Among the natural hazards, landslides are attracting more and more attention due to its increasing effect
on economic and human losses since they frequently occur in many parts of the world. Landslide is a
general term covering a wide variety of mass movements and processes involving down slope transport of
soil and rock material in mass under gravitational influence. Although this is a part of the Earth’s
denudation process and thus considered as a natural phenomenon, slopes which stood safe for centuries
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are now frequented by landslides (Figure 1.1) and hence socioeconomic losses due to its impact are
growing. This is mainly due to the expand of human activities into more vulnerable hill slopes under the
pressure of rising population and associated demands for lands and infrastructure facilities, without an
adequate attention to the problem.

Figure 1.1: Landslide disasters in Southern California (Schuster, 1995) and El Salvador (2001).

Despite the fact that, difficulty to accurately quantify the global distribution of landslide hazards and
damages, some of the most devastating events of the twentieth century can be summarized as follows. In
Kedri, east Java, Indonesia, 5160 deaths were recorded destroying 104 villages due to lahars (debris flow
from volcanoes) in 1919. On 16™ December 1920, loess dry-flows in Gansu Province, China, which were
triggered by a magnitude 8.6 earthquake, caused death of 100,000 to 200,000 people (Close and
McCormick, 1922). According to Derbyshire et al. (2000), thousands of landslides occurred throughout a
region of 50,000 km” in Gansu Province and surroundings, including more than 650 landslides that were
greater than 0.5 km wide killing an estimated 180,000 people, damming many streams and rivers, and
significantly changing the geomorphology of the region. In 1933, an earthquake magnitude to 7.5 Richter
scale caused more than 9300 people to death out of which 6800 were directly from landslides and the
remaining were drowned when a landslide dam failed in Sichuan province, China. About 18,000 lives
were lost in Tajikistan in 1949 as boulders buried Khait and other villages and farms to a depth up to
150 m by landslides occurred due to an earthquake magnitude to 7.5 Richter scale.

In Kanogawa River valley, Shizuoka, Japan, landslides and debris flows caused by typhoon storms in
September 1958 killed 1094 people and destroyed nearly 20,000 houses. A flood wave generated by the
failure of slopes of a reservoir behind the Vaiont dam in the Italian Alps due to heavy and prolonged rain
in 1963 overtopped the dam and washed away villages at the down slope with the loss of 2000-3000
people. Widespread Debris slides, avalanches, and flows induced by heavy and intense rain in Rio de
Janeiro, Brazil in January 1966 caused about 1000 casualties. Again in January 1967, a similar incident
killed 1200 people in south west of Rio de Janeiro.



The Mt. Huascaran landslide (debris avalanche-debris flow) in the Peruvian Andes, 1970, destroyed the
city of Yungay killing 18,000 people: it was triggered by an earthquake of 7.7 magnitudes (Plafker and
Ericksen, 1978). In 1985, lahars killed about 22,000 people at Armero, Colombia.

Nearly one meter of rain in less than a 3 day period in December 1999 in North coast of Venezuela near
Caracas created widespread shallow landslides and debris flows and floods along a 40 km coastal strip
causing deaths to nearly 30,000 people and destroying 8000 residences and 700 apartments (Sidle and
Ochiai, 2006). Rapid deep-seated rain induced landslide/debris flow that buried the village of
Guinsahugon in the Philippines on 17" February 2006 took lives of 1800 people.

These statistics demonstrate that the landslides triggered by earthquakes and lahars typically cause the
largest loss of lives due to their unexpected and widespread nature even if intense rainfalls and typhoons
are also much responsible for many major events. Majority of the landslides which claimed high amount
of death tolls were mainly in developing nations. For these mass movements that occurred without any
obvious precursor, the lack of advanced warning systems significantly increased the death toll.
Additionally, it can be noted that deep seated, slow moving earth-flows or slumps do not cause extensive
loss of lives. While such deep-seated landslides may generate huge costs, the rate of movement generally
affords sufficient time for people to safely evacuate the area of impact.

The nation most severely affected by landslides is Japan, which suffers estimated total landslide losses of
four billion US dollars annually. Despite the different property values in the United States, Italy, and
India, total annual economic losses due to landslides have been estimated to range from one to two billion
US dollars for each country (Based on Schuster, 1996; Sidle and Ochiai, 2006). However, given the lower
property values in the developing nations like India and China, the landslide costs in these mountainous
countries are very high. Countries like New Zealand, Canada, and Nepal generally incur landslide damage

Figure 1.2: Landslide mitigation activities in Japan.

in rural areas; thus, costs are proportionally lower (Sidle and Ochiai, 2006). Many other countries have
comparatively lesser, but major annual landslide losses according to their economy, severely affecting the
sustainable development goals. However, practices around the world have shown that adequate hazard

mitigation and preparedness is possible and such measures can be utilized to minimize the damages.



While some landslides can be controlled by mitigation activities (Figure 1.2), preparedness measures such
as timely early warning are the only possibility for many events.

During last four decades, many researches have been conducted with a view to develop various kinds of
landslide prediction models. Although the localized studies on individual landslide can provide in depth
information, research on the basis of spatial distribution of landslide is an essential task since landsliding
is a widespread phenomena in an area. The initial work started with making landslide inventory maps and
later improved to qualitative mappings with subjective decision rules of the expert. Gradual development
of the researches and the computer revolution made it possible to apply complex statistically supported
quantitative techniques such as bivariate or multivariate and deterministic analyzes to make relationships
between the causative factors and the spatial distribution of landslides. In this aspect, the joint analysis of
all the terrain variables in relation to the spatial distribution of landslides has gained enormously by the
introduction of Geographic Information systems (GIS), the ideal tool for the analysis of parameters with
high degree of spatial variability (van Westen, 2000).

So far, many static and dynamic models based on different approaches have been locally tested, validated
and improved in various parts of the world. However, a numerous number of problems remain still
unsolved hindering accurate prediction of landslide hazards especially when real time forecasting is in
concern. This is mainly due to the complexity of the landslide processes which involve critical
combinations of extremely heterogeneous causative factors and uncertainty associated with the prediction
of triggering events. The causative factors can be many kinds; some are known, qualitatively or
quantitatively measurable and can be statistically analyzed. Some may be still unknown. Therefore, more
and more studies with the introduction of various factor combinations into modern analytical

methodologies are still necessary to come out with more appropriate models.

In the context of Sri Lanka case, landslide susceptibility maps are prepared on the basis of model
developed in 1995 by a method of collective wisdom of experts considering the occurrence of landslides
in a particular area (Badulla and Nuwara Eliya districts) using six major factor combinations. The method
has been applied since then to many other parts of the country without in depth consideration to the local
situations. While this aspect might lead to deliver problematic result or erroneous interpretation of
landslide susceptibility in other areas, those maps that have no any temporal implications or information
about the intensity of triggering events has very limited role in managing the events successfully.
However, due to lack of resources, expertise knowledge and research interest and competition, inadequate
attempts have been taken so far for the improvement of the model and the development of real time

forecasting methodologies in the country.

The aim of this research is therefore first to prepare landslide susceptibility maps for the study area by
direct analysis of available field data using different quantitative analytical methodologies within the GIS
environment. After selecting the best fit susceptibility model among comparison of them, statistical
information about the critical combinations of the causative factors will be discussed. Subsequently, the
concept of dynamic modeling for slope stability will be used to calculate the hydrological triggering
thresholds for various slopes in the area. Combination of both the static and dynamic models collectively
with professional expertise about the terrain conditions can finally be used for real time forecasting of
landslides within the study area based on rainfall inputs.



The study can be used as an initiation step to attract the interest of research oriented landslide hazard
zonation in the country if successfully implemented which remains as a challenging task for future work
and validation process.

1.2 Literature review

Late 1960s, a number of maps were prepared in the United States showing slope stability conditions
(Blanc and Cleveland, 1968), incidence of landslides expressed by relative amount of landslide deposits
(Radbruch-Hall, 1970; Radbruch-Hall and Crowther, 1973), landslide deposits (Brabb and Pampeyan,
1972) and qualitative landslide susceptibility (Dobrovoiny, 1971; Scott, 1972; Davis, 1974a, j; Pomeroy,
1974, etc.). The qualitative susceptibility assessment was firstly based on field reconnaissance of geology
based recognition of instability factors around the observed landslides in order to make susceptibility
zonations (see section 3.1 for the definitions of susceptibility and hazard zonation) in the area with the

landslide inventory being a basic step. The method drew on the subjective expertise of each author.

Similar qualitative landslide incidence maps have been made in different countries using the terms zones
exposed to landslide risks or slope instability (ZERMOS program by French Laboratoire de Ponts et
Chausse’s, Paris: Antoine, 1977; Humbert, 1977; Landry, 1979; Meneroud and Calvino, 1976; Meneroud
1978, etc.; Mahr and Malgot, 1978 in Slovakia; Kienholtz, 1978 in Switzerland, Rodriguez Ortiz et al.,
1978; Hinojosa and Leon, 1978 in Spain, etc.). An example of the main qualitative susceptibility maps
published by the USGS (Radbruch, 1970; Scott, 1972; Davies, 1974; Pomeroy, 1974, etc.) is a map
showing landslide areas susceptible to landsliding in the Morrison Quadrangle, Jefferson County,
Colorado, Scott (1972) which distinguished four zones.

Semi-quantitative susceptibility hazard or slope instability maps based on analysis of slope angles,
lithology and relative amounts of landslip material have been published (Blanc and Cleveland, 1968;
Bowman, 1972; Radbruch and Crowther, 1973; Dobrovolny and Schmoll, 1974; Nilsen and Brabb, 1977;
Nilsen and Wrigth, 1979). The landslide map of California was made by Radbruch and Crowther (1973)
into 1: 1,000,000 scales. Here, the rating were related to slope angle below 5° and rainfall of less than 10
inch (25.4 cm) with very little evidence of landsliding as unit 1 and at the opposite extreme, to areas
heavily covered by large amount of landslides as unit 6. Nilsen and Wrigth (1979) in a 1:125,000 scale
landslide map of the San Francisco Bay region distinguished slope angle units of < 5°, 5-15° and > 15°,
and lithological groups of no landslide deposits, susceptible bedrock, susceptible superficial deposits and
landslide deposits. Combining these two criteria of slope angle and lithological groups they classified the
region into six zones: (1) stable, (2) generally stable, (3) moderately stable, (4) moderately unstable and
(5) unstable. The areas subject to liquefaction was defined as Zone 1A. These maps, at different scales,
were oriented toward the classification of land units based on the evidence of landsliding. However, as
there was no attempt at temporal forecasting, from the point of view of Varnes (1978) they would be

considered closer to landslide inventories than to landslide hazard maps.

Stevenson (1977), proposed hazard and risk maps which was based on numerically rated or weighted
slope and geological factors with geotechnical data. Other significant contributions were linear risk maps
of roads (Meneroud, 1978) and geotechnical stability maps which rate soil and rock mechanics
parameters such as cohesion, friction angle or rock massif discontinuities (Vecchia, 1978). They generally



proposed landslide risk' zonations or a terrain index showing the stability of hillsides. The term “risk”
used here could be considered similar to landslide susceptibility. According to Varnes (1984), as the term
“terrain index” is also intended to show a quantitative rating of stability, it is closer to the concept of
susceptibility than hazard or risk.

Landslide susceptibility was quantitatively first approached by Brabb et al. (1972). They introduced a
semi-quantitative method consisting of a bivariate analysis of landslide area percentages in slope angle
intervals, expressed by relative susceptibility numbers, from which a susceptibility zonation was obtained.
This pioneering paper offered a formal definition of landslide susceptibility as an indication of how prone
to landsliding a land unit may be. It also offered a method to classify terrain units with a relative
susceptibility number based on geological units, slope angle and percentage of landslides in the unit,

which was a very difficult task to apply at that time.

Another approach to mapping landslides involves landslide density or isopleth maps. Campbell (1973)
presented a nominally objective method for a statistical assessment of regional landslide distribution
based on Schmidt and Mac Cannel (1955). The technique was based on a landslide inventory at a
1:24,000 scale (Campbell, 1973) by estimating the surface covered by landslide deposits using a number
of contiguous circles displayed on a grid, calculating the percentage of the surface area covered by each

circle and contouring equal percentage intervals.

With the computer revolution, Lessing et al. (1976) in West Virginia (USA), Newman et al. (1978) in the
San Francisco Bay region and Carrara et al. (1977, 1978) in the Ferro basin (Calabria, Italy), introduced
computer techniques to analyze landsliding factors in order to obtain what they called slide-prone areas,
landslide susceptibility or landslide hazard zonations, all of which lacked any temporal forecasting. The
widespread availability of computing power allowed statistically supported landsliding zonations to be
obtained, e.g. landslide susceptibility using discriminate factors (Simons et al., 1978) and landslide hazard

using bivariate (Neulands, 1976) or multivariate analysis (Carrara, 1983).

One of the really significant contributions to landslide research comes from the pioneering work of
Carrara and Merenda (1976), Carrara (1983) and Carrara et al. (1977, 1978). Varnes (1984) described the
contributions of Carrara et al. (1978), on the landslides in the basin of the Calabria—Lucania border, Italy,
as ‘“‘one of the more advanced and accessible state-of-the-art analyses of land attributes for production of
landslide hazard maps, utilizing computer processing’’. The objectives were to statistically define slope
instability by multivariate analysis and, using a computer, to create a slope instability hazard map. Their
work initially used large square grid cells (200 * 200 m) as the basis for analysis. Whereas, later studies
evolved towards the use of morphometric units, but the method itself has not undergone major changes.

Another example of multivariate analysis of landsliding using a GIS was presented by Bernknopf et al.
(1988) who applied multiple regression analysis to a data set using presence or absence of landslides as
the dependent variable and the factors used in the slope stability model (soil depth, soil strength, slope
angle) as independent variables. Here, the resulting regression function allows the computation of
landslide probability for each pixel. Also Baeza (1994) largely contributed to multivariate analysis and

! Risk is defined as the probability of meeting danger or suffering harm or loss. In relation to disaster, risk has been
more specifically described as the probability that a disaster will occur, using relative terms such as high risk,
average or medium risk and low risk to indicate the degree of probability.



mapping of the incidence of shallow landslides in the Pyrenees (Spain) using a statistical computer
package.

The matrix-assessment approach (DeGraff and Romesburg, 1980) is an objective and quantitative method
for establishing an index of instability over an area and evaluating landslide susceptibility. It is based on
measured attributes of the bedrock, slope and aspect from aerial photo interpretation and field work and a
landslide inventory. The total areas covered by landslides were placed in each appropriate cell and the
amount of landslide terrain with the same particular combinations of bedrock, slope or aspect units was
identified. A management unit matrix was constructed from all bedrock, slope and aspect combinations
for landslide locations, giving rise to different management units within the matrix. Based on this method
a quantitative landslide susceptibility zonation was obtained by grouping all the susceptibility values into
classes. A non-hierarchical clustering method (Anderberg, 1973) using a W-function, by minimizing the
sum of squared deviations about the three equally distributed groups, was adopted to obtain susceptibility
classes for the final landslide susceptibility classification (DeGraff and Romesburg, 1980). Method has a
little room left for personal judgment and was designed for large areas of wild lands. The use of the GIS
matrix method has been made possible by the development of microcomputers and software over the last
decades.

Landslide hazard assessment based on simple relationships with rainfall characteristics have been applied
at both the global (Caine, 1980) and regional (Cannon and Ellen, 1985; Canuti et al., 1985; Larsen and
Simon, 1993) scales. When coupled with real time data, such analyses can provide the basis for early
warning systems for shallow landslides (Keefer et al., 1987; liritano et al., 1998). For earthquake-
triggered landslides, simple relations between earthquake magnitude and distance to the epicenter have
proved to be useful general indicators for landslide hazard assessment (Keefer, 1984). However, the
major problem with earthquake analysis is uncertainties associated with future earthquake locations,
magnitude and timing.

In Sri Lanka, a landslide susceptibility assessment model had been developed making attempts to arrive at
decisions based on collective wisdom (LHMP user manual, SRL 1989/001). The study was based on the
field data collected from 1200 landslides in Nuwara-Eliya and Badulla districts during a five years (1989
to 1995) research project conducted by Landslide Studies and Services Division (LSSD) of the National
Building Research Organization (NBRO). Six major causative factors with sub factors were considered
and data was collected into 1: 10,000 scales. Although the out puts of the statistical analysis of the terrain
factors were considered, relative weightings for major factors and scores for sub factors and factor classes
had been designed on the basis of collective wisdom of the experts, as it was not possible to obtain a
unanimous agreement on a highly subjective matters relying only on statistical data. The model has been
used since 1995 for the prediction of landslide susceptibility of existing slopes in all the parts of the
country.

Deterministic slope stability models have been used since the beginning of 20" century to calculate the
stability of individual slopes (Nash, 1987). Only recently, several researchers have started to use the same
models for the calculation of slope stability maps for large areas such as catchments (Ward et al., 1981,
Ward et al., 1982; Okimura and Kawatani, 1987; Brass et al. 1989; Benda and Zhang, 1990; Murphy and
Vita-Finzi 1991; Van Asch et al., 1992, 1993; Van Westen et al., 1993; Terlien et al., 1995; Terlien,
1996). Most examples deal with infinite slope models, since they are simple to use for each pixel
separately. Hammond et al. (1999) presented methods in which the variability of the factor of safety is



calculated from selected input variables utilizing Monte Carlo techniques. This implies a large number of
repeated calculations, which are readily supported by the use of GIS. Hydrological models are frequently
used to give an estimation of the maximum pore water pressures to be expected on the potential slip
surfaces. The use of deterministic hydrological models in combination with stability models has been
successfully applied by Terlien et al. (1995) and Terlien (1996).

With the development of powerful computers and the application of GIS, all kind of methods and
techniques have gained enormously easing very laborious work involved in data processing and analyses.
Following sections provide some of the most important literature of GIS based landslide analysis.

Fall and Azzam (1998) used GIS to prepare a map indicating natural risk in the coastal area of Dakar,
Senegal. GIS analysis was made in ArcInfo and ArcView (ESRI) to obtain a natural risk map based on
three groups of instability factors: hydrogeology, coastal erosion and geotechnical parameters showing six
zones of coastal slope dynamics. Also another risk assessment approaches were proposed by Kawakami
and Saito (1984), Lee et al. (2001). The presence or absence of instability processes and hazard was
proposed as a tool for better land-use planning of a coastal area affected by rapid urban development.
Wachal and Hudak (2000) used GIS techniques to assess landsliding in a 1,500-2000 km” area in Travis
Country (USA), based on four factors: slope angle, geology, vegetation and distance to faults. Four
classes of relative susceptibility were derived weighting these factors according to their contribution to
instability processes. Moreiras (2004) proposed landslide incidence or susceptibility (Moreiras, 2005)
zonation for a 1,600 km” area west of Mendoza city, Argentina, based on air photo interpretation, digital
analysis of satellite Spot and Landsat images and field control. The degree of relative susceptibility were

assigned from GIS analysis taking into account both lithology and slope angle and a landslide inventory.

A very interesting new GIS methodology was proposed by Parise and Jibson (2000) to obtain a landslide
seismic susceptibility rating. An inventory of landslides that occurred during the Northridge earthquake
(1994, M: 6.7, California, USA) in the Santa Susana quadrangle was made. Distances to the epicenter
fault zone and data about the dynamic intensity were expressed as Arias intensities (Arias, 1970). These
were considered as a basis for a landslide susceptibility index (LSI is expressed as the ratio in percentage
of the area covered by landslides in each geological unit to the total area of the outcrops of that unit) and
landslide frequency index (number of landslide per km?). A zonation of four relative susceptibility classes
was obtained with a resolution of 10 * 10 m at a scale of 1:24,000: very high (>2.5% landslide area or
>30 LS/ km?), high (1.0-2.5% landslide area or 10-30 LS/km?), moderate (0.5-1.0% landslide area or 3—
10 LS/km?) and low (<0.5% landslide area and <3 LS/km?).

GIS based rock fall hazard assessment and analysis was accomplished by many authors, for instance
Ayala-Carcedo et al. (2003) analyzed a rock fall front in the Sierra de la Cabrera (Madrid, Spain) by a
heuristic approach using ArcInfo (ESRI).

One of the first papers in the United States on a wholly GIS assessment of landslide susceptibility, hazard
and risk (Mejia-Navarro et al.,, 1994) used weighted factors in algorithms, relating debris flow
susceptibility and determinant factors. The research was a pilot project done in ArcInfo (ESRI) and
GRASS GIS to test the usefulness of GIS in an integrated planning decision support model evaluating
different geological hazards. The base maps were at scales of between 1:4,000 and 1:25,000. Debris flow
hazard susceptibility, at a scale 1:24,000,