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ABSTRACT 

Central Asia is one of the most challenging places in the world where various natural 

hazards can heavily injury populations and resources. Among these hazards, landslides 

pose a serious threat to human life and human facilities. The large variability of local 

geological materials, together with the difficulties in forecasting heavy precipitation 

locally and in quantifying the level of ground shaking, call for harmonized procedures 

to better quantify the hazard and the negative impact of slope failures across the Central 

Asian countries. Furthermore, the increase of population and the expansion of urban 

settlements towards landslide-prone slopes, exacerbate negative consequences 

associated to slope failures. Especially in less developed countries which are 

particularly suffering for appropriate resources, there is the urgent need to address 

landslide research in order to support disaster management and planning activities at the 

regional level. 

Under conditions of data scarcity as well as of geographic remoteness – which are of 

particular concern to Central Asian countries - a sound statistical approach is presented 

that is able to quantify landslide hazard and risk, which also allows for the inference of 

information about landslide potential and expected damage for areas where no data 

coverage is available. 

With these premises, the main objective of the work is to provide a cross-border risk 

map of earthquake-induced landslides in Central Asia. To this scope, the main 

components of risk are evaluated and two main questions are addressed: 1) where are 

earthquake-induced landslides more likely to occur in future, 2) how is it possible to 

quantify damages to exposed assets.  

A first essential step of any landslide hazard and risk assessment is the preparation of a 

landslide susceptibility map with the objective to identify areas where the potential for 

landslide activation exists. For the purposes of this research, a landslide susceptibility 

analysis is performed by exploiting new advances in Geographic Information System 

(GIS) technology, together with concepts from Bayesian statistics, and promoting the 

use of open-source tools. Specifically, a range of conditioning factors and their potential 

impact on landslide occurrence are quantitatively assessed on the basis of the spatial 

distribution of landslides by applying weights-of-evidence modelling based on (1) a 

landslide inventory of past events, (2) terrain-derived variables of slope, aspect and 



curvature, (3) a geological map, (4) a distance from faults map, and (5) a seismic 

intensity map. A spatial validation of the proposed method is performed, indicating 

sufficient measures of significance to predicted landslide susceptibility results, which 

present an overall level of accuracy greater than 70%.  

Secondarily, the evaluation of expected damage to exposed population is achieved at a 

transnational level. A physically-based procedure, applicable over the entire Central 

Asian region, is adopted 1) to identify landslide source areas, 2) to define downhill 

trajectories of mass movements, and 3) to finally retrieve their impact velocities. By 

incorporating such dynamic concepts, a landslide hazard map is prepared allowing for a 

better quantification of the natural phenomenon. For the finally landslide risk task, the 

expected destructiveness due to landslide activation is calculated by integrating the 

distribution of population density with the hazard map. Results show that a relatively 

high level of risk is expected for large cities, i.e., those located in the Fergana Valley, in 

the proximity of Tashkent in Uzbekistan and Jalal-Abad in Kyrgyzstan, being highly 

dense populated areas. On the other hand, there is a general medium level of risk 

extensively expected over the entire Central Asia region, primarily due to the presence 

of small settlements (having a population density in the order of 1000 persons/km
2
) 

exposed to relatively high landslide hazard. 

 

 

  



ZUSAMMENFASSUNG 

Zentralasien ist einer der Orte der Welt, an dem verschiedenste Naturgefahren die 

Bevölkerung und die vorhandene Infrastruktur schwer treffen können. Unter diesen 

Gefahren stellen Hangrutsche eine bedeutende Bedrohung sowohl für menschliches 

Leben als auch die Wirtschaft und die zivile Infrastruktur dar. Starke räumliche 

Variationen unterschiedlicher geologischer Einheiten, zusammen mit nur schwer 

vorherzusagenden lokalen Starkregenereignissen und einer ebenso schwer 

abzuschätzenden Intensität der Bodenbewegung während eines Erdbebens, fordern eine 

harmonisierte Herangehensweise, um die Gefährdung und die daraus entstehenden 

negativen Folgen von Hangrutschen in Zentralasien in einem harmonisierten Ansatz zu 

quantifizieren. Neben der ohnehin schon hohen Gefährdung erhöhen ein starkes 

Bevölkerungswachstum und die daraus resultierende Ausdehnung von urbanen 

Siedlungen hin zu den von Hangrutschen bedrohten Talrändern die negativen 

Konsequenzen, die mit einem solchen Geländesturz einhergehen können. Insbesondere 

in weniger entwickelten Ländern, die besonders an einem Mangel an Ressourcen leiden, 

besteht der dringende Bedarf, die Vorsorge- und Nachsorgeaktivitäten auf regionaler 

Ebene für den Katastrophenfall zu verstärken. 

Unter den nachteiligen Bedingungen eines vorherrschenden Datenmangels als auch von 

geographischer Abgelegenheit - welche besonders auf die zentralasiatischen Länder 

zutreffen - wird in dieser Arbeit ein fundierter statistischer Ansatz vorgestellt, der es 

ermöglicht, die Hangrutschungsgefährdung als auch das -risiko zu quantifizieren; 

darüberhinaus erlaubt es das vorgestellte Verfahren auch, Informationen über 

Hangrutschungspotential und erwartete Schäden für Gebiete ohne verfügbare 

Datenabdeckung abzuschätzen. 

Unter diesen Prämissen besteht das Hauptziele dieser Arbeit in der Erstellung einer 

harmonisierten und grenzüberschreitenden Risikokarte für erdbeben-induzierte 

Hangrutsche in Zentralasien. Zu diesem Zweck werden die Hauptkomponenten des 

Risikos ausgewertet, und es werden zwei zentrale Fragen untersucht: 1) Wo befinden 

sich Gebiete, in denen eine hohe Wahrscheinlichkeit für das Auftreten zukünftiger 

durch Erdbeben induzierter Hangrutsche besteht? 2) Inwieweit ist es möglich, Schäden 

an exponierten Vermögensgütern zu quantifizieren? 



Für eine angemessene Hangrutschungsgefährdungs- und Risikoanalyse wurde in einem 

ersten Schritt die Hangrutschsuszeptibiliät kartiert mit dem Ziel, insbesondere jene 

Regionen zu identifizieren, die ein erhöhtes Potential für Hangrutsche aufweisen. 

Hierzu macht sich die vorgelegte Arbeit die Fortschritte bei den geographischen 

Informationssystemen (GIS) und  Konzepte der Bayesschen Statistik zunutze. Es 

werden eine Vielzahl an Bedingungsfaktoren und deren potentieller Einfluss für das 

Auftreten von Hangrutschen quantitativ analysiert. Auf Basis der räumlichen Verteilung 

von Hangrutschen wird eine Weight-of-Evidence Modellierung durchgeführt mittels (1) 

einer Inventarisierung vergangener Hangrutschungsereignisse, (2) von der Topographie 

abgeleiteter Variablen der Hangneigung, Exposition und Krümmung, (3) einer 

geologischen Kartierung, (4) einer Karte mit der Entfernung zur nächstliegenden 

tektonischen Verwerfung, und (5) einer probabilistischen seismischen 

Gefährdungsanalyse in Einheiten der makroseismischen Intensität. Im Anschluss wird 

eine räumliche Validierung der vorgeschlagenen Methode durchgeführt, die insgesamt 

mit einem Genauigkeitsniveau von mehr als 70% ein ausreichendes Maß an Signifikanz 

zur Vorhersage der Hangrutschsuszeptibilität aufweist.  

Darauf aufbauende werden in einem zweiten Schritt die erwarteten Verluste unter der 

gefährdeten Bevölkerung auf grenzüberschreitender Skala abgeschätzt. Dazu wird ein 

auf die gesamte zentralasiatische Region anwendbarer, physikalisch basierter Ansatz 

eingeführt, der 1) Ursprungsort von Hangrutschen, 2) Trajektorien der hangabwärts 

gerichteten Massenbewegung und 3) schließlich die Auftreffgeschwindigkeit der 

abwärts gleitenden Masse abschätzt. Durch die Überarbeitung der 

Hangrutschungsgefährdungskarte unter Berücksichtigung dieser dynamischen Konzepte 

ist es möglich, das natürliche Auftreten der Hangrutsche genauer zu quantifizieren. Für 

die letztliche  Risikoabschätzung, d.h. die zu erwartende Zerstörungskraft aufgrund 

ausgelöster Hangrutsche, wird die Verteilung der Bevölkerungsdichte in die 

Gefährdungskarte integriert.  

Die Ergebnisse zeigen, dass für große Städte in der Umgebung von Taschkent 

(Usbekistan) und Jalalabad (Kirgisistan) sowie für die dicht besiedelten Gebiete im 

Ferganatal ein relativ hohes Risiko gegenüber Hangrutschen besteht; die gesamte 

zentralasiatische Region weist ein  mittleres Risikoniveau auf. Dafür ist hauptsächlich  

die große Anzahl kleiner Siedlungen (mit einer Bevölkerungsdichte in der 

Größenordnung von 1000 Personen/km²) verantwortlich, die einer relativ hohen 

Hangrutschungsgefährdung ausgesetzt sind.  
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1 INTRODUCTION  

Landslides are mass movements occurring along slopes under the influence of gravity 

(Varnes, 1978). They are complex natural systems, involving different types of 

materials as well as diverse types of movements. Consequently, following the 

classification proposed by Varnes in 1978, but still widely accepted within the scientific 

community - landslides are described by using the criteria of the type of material and 

the type of movement. Specifically, the main divisions of materials are rock, debris and 

earth, while movements are divided into five types: falls, flows, slides, spreads and 

topples. An overview of the main types of mass movements based on both material and 

movement is shown in Figure 1. The shape and size of slope movements vary because 

of the combination of several factors, such as dissolution, deformation and rupture 

induced by a static or dynamic load. These factors are mainly controlled by the 

topography (inclination and shape of the slope), the lithology (physical and 

geomechanical properties of the geological materials), the geological structure (dip, 

faulting, and discontinuity of layers), the hillslope hydrology (pore pressures, water 

contents) or a combination of all these factors.  

Although landslides can have several predisposing causes, including geological, 

morphological, physical and anthropic, they are characterized by a unique trigger 

mechanism (Varnes, 1978). The trigger mechanism is defined as the external input, such 

as earthquake shaking, intense or prolonged rainfall, or rapid stream erosion that causes 

a near-immediate response in the form of a dislocation by rapidly increasing the stresses 

or by reducing the strength of materials forming the slope surface (Wieczorek, 1996).  
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The consequence for the slopes is a reduction in the inter-particle forces and the 

associated friction throughout the length of the rupture surfaces.  

Throughout this dissertation, notions of landslide susceptibility, hazard and risk will be 

constantly recalled: they deal with the landslide potential, the likelihood of occurrence, 

and associated impact on the socio-environmental domain. 

 

 

Figure 1: Major types of landslide movements after Varnes (1978) (Source:  Crozier, 2013). 

 

Landslides are well known for their devastating impact on human life, economy and 

environment. According to the Centre for Research on the Epidemiology of Disasters 
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(CRED) database (Guha-Sapir et al., 2015), landslides are responsible for the loss on 

average of 600 lives per year, considering the time span of the last 100 years (Figure 2), 

as well as associated enormous economic damages.  

 

 

Figure 2: Distribution of landslide-induced fatalities worldwide between 1915 and 2014 (CRED, 2015). 

 

In addition, it has been shown that economic losses associated with landslides have 

been rising over the past decades (Rosenfeld, 1994), mainly due to increased 

development and investment in landslide-prone areas. Particularly in developing 

countries, which have experienced rapid economic growth and population increase, the 

exposure of people and assets to natural hazards is growing at a faster rate than risk-

reducing capacities are being strengthened, leading to increasing disaster risk (UNISDR, 

2015).  

Furthermore, it should be noted that the magnitude of human losses from landslides is 

poorly quantified and generally underestimated (Petley, 2012). This is due to the fact 

that most information related to landslide occurrences is systematically missing. In fact, 

for a natural phenomenon having an impact over inaccessible terrain, collecting data is 

not a trivial task; moreover, post-event databases usually classify information by trigger 
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mechanisms rather than cause of death. Thus, many landslide fatalities and damages are 

categorized as being the result of their primary trigger event (i.e., earthquake), resulting 

in the underestimation of human and economic losses associated with landslides. An 

example is the devastating Wenchuan earthquake (May 12, 2008), with around 70,000 

fatalities, which in turn, triggered tens of thousands of landslides (Li et al., 2013). These 

mass movements obstructed the road system, and heavily impeded rescue actions by the 

Chinese Government, resulting in enormous numbers of losses.   

Consequently, there is an overall lack of quantification and thus appreciation of the true 

impact of landslides, resulting in the poor prioritization of global-scale landslide 

research and mitigation.  

 

1.1 Landslide phenomena in Central Asia 

Within the framework of landslide risk research, this dissertation specifically deals with 

risk assessment of earthquake-triggered landslides in Central Asia. Central Asia is a 

large geographic region including the territory of Kyrgyzstan, Tajikistan, Uzbekistan, 

Turkmenistan, and Kazakhstan. However, for the purposes of this research, Central Asia 

is hereby referred to Kyrgyzstan, Tajikistan, and Uzbekistan. 

Seismic-triggered landslides and their peculiarities have been described and analyzed by 

a number of researchers.  In his pioneering work, Keefer (1984) showed that the number 

of landslides and their dimensions are strongly dependent upon the magnitude of the 

earthquake. Based on his investigations, the smallest earthquake magnitude that can 

cause landslides is about a magnitude of four. His work also revealed that, even in areas 

with abundant susceptible slopes, earthquakes with a magnitude of five typically 

produce only a few landslides, whereas events with a magnitude of 7.5 will produce 

thousands or tens of thousands of landslides. 

It is well recognized that Central Asian countries (i.e., Kyrgyzstan, Tajikistan, 

Uzbekistan) constitute a worldwide hotspot in terms of natural hazard with a specific 

link between earthquakes and landslides (Nadim, 2006). Compelling evidence of the 

destructive power of of secondary-triggered slope failures in Central Asia is readily 
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available (Figure 3), with landslides, mudslides and debris flows causing an extensive 

number of casualties (Table 1) during, e.g., the 1911 M=8.2 Kemin earthquake in the 

Kazakh/Kyrgyz border region, the 1949 M=7.4 Khait and the 1989 M=5.5 Gissar 

earthquakes in Tajikistan, and the 1946 M=7.5 Chatkal and the 1992 M=7.3 Suusamyr 

earthquakes in Kyrgyzstan. In addition, the 1911 M=7.6 Sarez earthquake in Tajikistan 

triggered a massive landslide, blocking the Murgab river and forming the tallest 

landslide river dam in the world. 

 

Figure 3: Location map of the study area and some of the strongest past earthquakes and seismically-induced 

landslides. In particular, the 1911 Sarez (Tajikistan), the 1911 Kemin (Kyrgyzstan), the 1946 Chatkal (Kyrgyzstan), 

the 1949 Khait (Tajikistan), the 1989 Gissar (Tajikistan), and the 1992 Suusamyr (Kyrgyzstan) earthquakes are 

known to have triggered the 1911 Usoi (Tajikistan), the 1911 Ananievo and Kaindy (Kyrgyzstan), the 1946 Chatkal 

(Kyrzgystan), the 1949 Khait (Tajikistan), the 1989 Sharora and Okuli-bolo (Tajikistan), the 1992 Belaldy 

(Kyrgyzstan) landslides, respectively. 

 

According to recent surveys for Kyrgyzstan and referring to the time period between 

1988 and 2007 (CAC DRMI, 2009), 18 and 27% of yearly reported disasters in 

Kyrgyzstan are due to earthquakes and landslides, respectively. In particular, more than 
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300 large landslides occurred between 1993 and 2010, resulting in an average of 256 

deaths per year (Torgoev et al., 2012) with substantial associated economic losses (an 

average of 2.5 million USD per year).  

 

Table 1 : List of the largest historical earthquake-induced landslides in Central Asia. 

Name Location Date Volume Trigger 
Number of 

fatalities 

Usoi 

landslide 
Tajikistan 1911 2.2 bilion m

3
  Sarez earthquake 54 people 

Kaindy, 

Ananevo 

rock 

avalanches 

Kyrgyzstan 1911 
15 million m

3
 

both 
Kemin earthquake 38, 0 people 

Chatkal Kyrgyzstan 1946 15 million m
3
 

Chatkal 

Earthquake 
NA 

Khait rock 

avalance 
Tajikistan 1949 75 million m

3
 Khait earthquake 7200 people 

Sharora 

landslide, 

Okuli-bolo 

mudslide 

Takijistan 1989 
5 million m

3
, 

40 milion m
3
 

Gissar earthquake 
200, 70 

people 

Belaldy 

rockslide 
Kyrgyzstan 1992 40 million m

3
 

Suusamyr 

earthquake 
35 people 
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Figure 4: Examples of seismically-triggered large slope-failures in Central Asia. Top left: the Ananevo rockslide 

(after Kemin earthquake, 1911); top right: Usoi rockslide (after Sarez earthquake, 1911); bottom: Khait rock 

avalanche (after Khait earthquake, 1949) (Source: Havenith & Bourdeau, 2010.) 

The root of the strong geological hazard component in the mountainous areas of Central 

Asia is related to a number of reasons. The region is located in the Asia-India 

continental collision zone (Figure 5), where the northward-moving Indian Plate indents 

the Eurasian Plate (Molnar & Tapponnier, 1975; Trifonov et al., 2002). The ongoing 

collision has resulted in high mountain topography which is subject to active 

deformation, contemporary faulting and frequent strong earthquakes (Gubin, 1962; 

Burtman & Molnar, 1993; Pavlis et al., 1997; Sidorova, 1997; Perov & Budarina, 2000), 

that combine to give rise to widespread landslide phenomena including massive rock 

slope failures in both the Pamir and Tien Shan Mountains (e.g., Gaziev, 1984; Havenith 

et al., 1999, 2006; Strom & Korup, 2006; Abdrakhmatov & Strom, 2006; Havenith & 

Bourdeau, 2010).  
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Figure 5: Tectonic map of central Asia showing the Asia-India continental collision zone, after Molnar and 

Tapponnier, (1975) ( Source: Thomas et al., 2002). 

In addition, much of the topography of the region is mantled by weakly consolidated 

sediments, being particularly prone to flowslides triggered by seismic shaking and/or 

heavy rainfall (Gubin, 1962; Ishihara, 1989, 2012).  

The described strong natural landslide hazard component would not be matter of 

concern without considering the ubiquitous ability of landslide processes to impact upon 

exposed assets. In this context, it has to be noted that within the last 60 years, Central 

Asia has seen a growth in its population from 18 million in 1951 to more than 53 

million in 2010 (Lutz, 2010). The increase of population, in combination with the 

expansion of urban settlements towards landslide-prone slopes, further contributes to 

the destructive impact of landslides due to relatively little investment in understanding 

the hazards and risks and an added lack of appropriate resources (Rosenfeld, 1994; 

Petley, 2012). The number of fatalities and damages related to landslides is hence 
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expected to increase over time, calling for the urgent need for risk assessment and 

mitigation initiatives.  

 

1.2 State of the art 

Actions with the aim of understanding and controlling slope instability phenomena are 

therefore necessary to implement appropriate landslide risk mitigation measures. 

Authorities and decision makers who are responsible for regional land use planning are 

in the constant need for maps that show areas that may be endangered by landslides. In 

order to be properly managed, landslide risk must first be quantified in an objective 

manner, so that results are comparable between regions.   

In this context, over the last few decades, increasing attention has been paid by the 

international community to the topic of landslide risk, in order to find viable solutions to 

protecting hazard-prone targets (mainly population, buildings and infrastructures) 

against harmful slope failures phenomena. In particular, concepts of landslide 

susceptibility, hazard, and risk (which will be explained in detail in Chapter Two) have 

been addressed through a wide variety of methods, according to the scale of analysis 

and the aim of the investigation. Recently, several organizations and scientific 

institutions have proposed guidelines for the preparation of landslide hazard and risk 

maps (AGS, 2007;  Fell et al., 2008; Corominas et al., 2014). In particular, a unified 

terminology together with identification of the fundamental data needed to prepare the 

necessary maps and guide practitioners in their analyses have been provided. 

The foundations for landslide susceptibility and hazard analyses were laid by Varnes 

(1984). In his work, he clarified how it is possible to identify areas where a potential for 

landsliding exists by exploiting the uniformitarian principle, which states that ‘‘the past 

and the present are the keys for the future’’: that is, slope failures in the future are more 

likely to happen under the same conditions that led to past and current instability. 

General overviews of research on the topic of landslide susceptibility can be found in 

the works of Soeters and van Westen (1996), Aleotti & Chowdhury (1999), Carrara et 
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al. (1999), Guzzetti et al. (1999), Dai et al. (2002), van Westen et al. (2006), and Fell et 

al. (2008).  

The reliability of landslide susceptibility and hazard maps depends on the amount and 

the quality of input data. Geographical Information Systems (GIS) show great promise 

for meaningful and time-efficient landslide hazard and risk estimation over various 

scales and data quality, also allowing the coverage of large geographical areas.  

To date, numerous studies have already shown that the spatial distribution of landslides 

at regional scales can be better understood through GIS-based assessments, and 

successful examples of regional scale susceptibility, hazard and risk analyses can be 

found in the works of Chung and Fabbri (2003), van Westen et al. (2003), Neuhäuser & 

Terhorst (2007), Oh & Lee (2010), Schicker & Moon (2012), Van den Eeckhaut et al., 

(2012), Holec et al. (2013), and Dahal et al. (2013). Furthermore, many works have 

already been carried out at a local scale in order to highlight the factors that control 

landslide activation as well as the expected damage to exposed assets. Some examples 

are Bell & Glade (2004) for Iceland, Remondo et al. (2005) for Spain, Sterlacchini et al. 

(2007) for Italy, Zezere et al. (2007) for Portugal,  Cassidy et al. (2008) for Norway,  

Crovelli et al. (2009) for California,  Jaiswal et al. (2011) for India,  Mousavi et al. 

(2011) for Iran,  Nefeslioglu et al. (2011) and  Akgun et al. (2012) for Turkey, 

Andersson-Sköld et al. (2014) for Sweden. Due to difficulties in performing risk 

investigations for larger areas, the number of existent landslide risk studies at a 

regional-scale level is definitely lower than those achieved at local scales. 

Focusing on the Central Asian region, several programs were developed during the 

Soviet Union times to deal with the high level of landslide activity. Already as early as 

1924, the Soviet government set up a special commission to direct landslide control 

measures along the south coast of the Crimea (Sheko, 1983). Over the next 40 years, 

landslide observation stations were established in many parts of the Soviet Union. 

Regular monitoring of endangered areas was conducted from the 1960s until the 

collapse of the Soviet Union at the beginning of the 1990s. These activities also 

included extensive field-based mapping of single landslides, as well as detailed 

engineering-geological investigations and their relationships to ground water conditions 

and precipitation, resulting in a good understanding of local slope instabilities. The 
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main goal of these investigations had been the timely warning of the population and, if 

necessary, their evacuation and resettlement. Based on a 1978 decree of the Soviet 

Council of Ministers and coordinated by the State Committee on science and 

technology, homogeneous landslide hazard maps have been published for those areas of 

high landslide risk which had been of greatest importance for the Soviet economy. 

Unfortunately, most of this previous research has been published only in Russian, hence 

limiting the possibility to make it publicly available throughout the global scientific 

community. Furthermore, for state security reasons, most of the figures have been 

published without any related geographic location.  

However, after the fall of the Soviet Union in 1991, the possibilities for landslide 

investigations and monitoring were drastically reduced. Even in Central Asian countries 

such as Kazakhstan, which have greater resources to devote to hazard analysis, landslide 

surveys remain underfunded and adequate observation posts are lacking. In addition, 

significant parts of the already existing data (e.g., maps and reports) are no longer 

available or their use is limited because of the loss of accompanying information related 

to methodology and data sources.  

More recently, in Kyrgyzstan, landslide processes and their impacts have been again 

investigated, although at the local scale. Examples can be found for the Suusamyr 

(Havenith, 2006), the Mailuu-Suu (Schlögel et al., 2011; Torgoev & Havenith, 2013), 

and Toktogul  (Khampilang & Whitworth, 2013)  regions. On the other hand, for the 

Tajik territory, some relevant research has been conducted for Southeastern  (Schuster 

& Alford, 2004 ) and Central Tajikistan  (Evans et al., 2009). 

Moreover, despite the systematic cataloguing activity that was initiated in the 1990s by 

the Ministries of Emergency Situations of Kyrgyzstan and Tajikistan (Havenith et al., 

2015), the available landslide hazard and risk analyses across Central Asian countries 

are outdated and there is a serious for updated analyses. In addition, a sound statistical 

analysis of country-wide and transboundary landslide susceptibility and hazard was not 

yet been achieved. 



Chapter 1: Introduction 

 

 

Annamaria Saponaro - January 2018   12 

With these premises, the work presented in this thesis sets out to help fill this research 

gap by providing a harmonized and cross-border analysis with respect to landslide 

potential and related expected damage to exposed assets. 

 

1.3 Relevance of the work 

Based on the highlighted research gap which has been described in the previous 

paragraph, the principal aim of this dissertation is to develop state-of-the-art techniques 

to carry out statistically-based and harmonized analyses of landslide hazard and risk for 

Central Asian countries. In particular, new insights are provided regarding the following 

themes: 

1. By harmonizing topographic, geological, tectonic and seismic data, this work  

provides a novel product, which highlights landslide potential at a cross-border 

level; 

2. Under conditions of data scarcity as well as of geographic remoteness – which 

are of particular concern to Central Asian countries -  an innovative approach is 

presented that is able to run a quantitative analysis of landslide hazard and risk, 

which also allows for the inference of information about landslide potential and 

expected damage for areas where no data coverage is available; moreover, the 

presented approach promotes the implementation of open source software 

(QGIS, GRASS, R)
1
, and takes advantage of their ease of distribution, an aspect 

                                                 
1
 Quantum GIS Development Team. Quantum GIS Geographic Information System. Open Source 

Geospatial Foundation Project. http://qgis.osgeo.org.  

GRASS Development Team. Geographic Resources Analysis Support System (GRASS) Software. Open 

Source Geospatial Foundation Project. http://grass.osgeo.org. 

R Development Core Team. R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org.  

 

http://qgis.osgeo.org/
http://grass.osgeo.org/
http://www.r-project.org/
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that is particularly desirable in developing countries such as those in Central 

Asia; 

3. Considering that damage resulting from seismic-induced landslides is sometimes 

greater than damage due to the ground motion and rupture of the earthquake 

itself  (Hasegawa et al., 2009), this dissertation contributes to the topic of 

landslide exposure and presents a statistically-based tool to estimate the 

expected destructiveness of landslide occurrences to exposed assets; 

4. As will be explained in Chapter Two, interest within the scientific community to 

properly address concepts related to landslide risk has recently grown in order to 

enhance a constructive interaction with land-use planners and governmental 

bodies. For this specific reason, this work tests  the applicability of integrating 

known standard statistical tools (e.g., Bayesian statistics) with a physically-

based approach to carry out landslide hazard and risk assessments; 

5. Finally, considering the overall lack of appreciation of the true impact of 

landslides upon society, the research hereby presented aims at filling this gap by 

providing natural authorities with landslide hazard and risk products, allowing 

for a better quantification of the global disaster burden associated with 

landslides. 

  

1.4 Outline of the Thesis 

The thesis is organized in the following way. After the first Chapter introducing the 

topic, Chapters Two and Three are dedicated to presenting the necessary theoretical 

background in order to understand the conceptual and methodological framework, 

respectively, in which the work is undertaken. Chapter Four provides an overview of the 

data which are used to conduct the analysis. Specifically, landslide locations, 

predisposing factors and related trigger mechanism, as well as exposed elements are 

described. In Chapters Five and Six, the application of the statistical and physically-

based methodological frameworks in Central Asia is described. In Chapters Seven and 

Eight, landslide susceptibility, landslide hazard and landslide risk maps are presented 
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and discussed, including a detailed explanation of the applied validation procedure, as 

well as a discussion about the advantages and limitations related to this research work. 

Finally, in Chapter Nine, the conclusions and elements related to the outlook for future 

research are drawn.   
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2 CONCEPTUAL LANDSLIDE RISK FRAMEWORK 

2.1 Introduction 

The research presented in this thesis was developed within the framework of landslide 

risk assessment. From a general perspective, risk assessments represent a crucial basis 

for decision making and mitigation purposes. When applied to the context of landslide 

analysis, they are particularly supportive across a wide range of sectors, for example 

construction, land-use and urban planning. 

The topic of landslide risk analysis calls for a specific methodological framework where 

a number of well-defined components are addressed. The objective of this Chapter is to 

summarize the most relevant landslide risk components, by providing definitions, 

explaining their conceptual development over the past decades, and by explaining the 

existing challenges related to those concepts, as well as to provide an appropriate 

context for those highlighted concepts.   

Following the terminology of landslide risk assessment provided by Varnes & the 

International Association of Engineering Geology Commision  (1984), a landslide risk 

evaluation aims to determine the “expected degree of loss due to a landslide (namely 

referred to as specific risk) and the expected number of live lost, people injured, damage 

to property and disruption of economic activity (referred to as total risk)”. Specifically, 

the landslide risk (R) framework is composed of hazard (H), exposure (E) and 

vulnerability (V) components, which are mathematically combined as follows: 
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 ,VEHR   1)  

where   indicates multiplication. Based on this, a more inclusive overview highlighting 

elements which are singularly addressed for quantifying landslide risk is presented in 

Figure 6. 

 

 

Figure 6: Overview of the common approach applied for landslide hazard and risk evaluation (Source: Nadim et al., 

2006). 

 

As can be seen from the scheme (Figure 6), from one side it is possible to recognize a 

component of landslide risk (hereby referred to as the natural component), which 

mainly relates to the concepts of landslide susceptibility and triggers as a basis for the 

hazard.  The natural component of landslide risk is specifically linked to the spatial and 

temporal probability of landslide occurrence. In the most common cases, landslide 

susceptibility and, subsequentially, hazard analyses, are carried out by including 

information about topography, geology, vegetation cover and soil, as well as 

considering climate-related parameters. Also, information on trigger mechanisms – e.g., 

rainfall, earthquakes – is required to allow the characterization of rainfall intensity, or of 

expected seismic shaking. On the other hand, the occurrence of a landslide would not be 

a matter of concern if there were not a number of assets (environment, society, 
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infrastructures), being potentially affected and threatened by its impact. This latter 

component (hereby referred to as the impact component) is typically addressed by 

means of landslide exposure and vulnerability concepts, and refers to the analysis of the 

exposed assets together with their propensity to suffer due to the occurrence of the 

natural hazardous phenomenon of concern, in our case landslides. 

 

2.2 Landslide susceptibility 

Landslide susceptibility is defined as the probability of the spatial occurrence of known 

slope failures, given a set of geo-environmental conditions (Guzzetti et al., 2005). 

Through their pioneering work concerning landslide susceptibility and hazard analyses, 

Varnes and the International Association of Engineering Geology Commission (1984) 

demonstrated that the potential for mass movements has not a random root, but slope 

failures in the future are more likely to happen under the same conditions that led to 

past and current instability, in line with the uniformitarian principle. Many landslide 

susceptibility analyses have been conducted worldwide. Of particular relevance for their 

comprehensive nature in addressing topics of landslide susceptibility and hazard are the 

works of Soeters and van Westen (1996), Aleotti & Chowdhury (1999), Carrara et al. 

(1999), Guzzetti et al. (1999), Dai et al. (2002), van Westen et al. (2006), and Fell et al. 

(2008). These works explain how deterministic, heuristic and statistical approaches can 

be adopted to assess the potential of mass movement activation. Deterministic 

approaches are based on detailed slope stability analyses to assess landslide probability 

at large scales. For medium and small scale analysis, heuristic and statistical approaches 

are mainly applied by considering expert opinions for estimating landslide potential 

from data on preparatory variables and by developing statistical analyses of the 

relationships among variables that led to slope instability in the past. 

A number of challenges exist when addressing landslide susceptibility. As already 

stated in the beginning of the Chapter, landslide susceptibility concerns the potential of 

spatial probability of slope failures, based on the analysis of topographic, geological, 

and environmental factors. The availability of information related to these specific 

factors, together with knowledge about past landslide occurrences, is therefore crucial. 



Chapter 2: Conceptual landslide risk framework 

 

 

Annamaria Saponaro - January 2018   18 

However, complete data sets concerning geological, tectonic, land use and cover are not 

easily obtainable, especially when needed for large areas. In most cases, detailed 

investigations are initiated for single sites, where more insight is necessary for 

engineering purposes, allowing for geological and geotechnical data to become 

available at a later stage. Additionally, compiling a landslide database represents a 

difficult task, requiring slope failures to be mapped and described one by one, and 

distinguishing each different characteristic. Even in situations where landslide 

inventories exist, their maintenance is not always attainable, due to the limited nature of 

scientific research projects. Moreover, public works agencies or infrastructure 

departments will take care of mapping in detail only those slope failures which have 

affected, for instance, a specific segment of a road network. As an additional difficulty, 

historical archives often record information concerning only major slope failures, 

causing, therefore, a significant underestimation of the number of observations.  Due to 

these reasons, a landslide database most likely will be incomplete. 

It has to be noted that, in conditions of geographical remoteness and data limitation, like 

those existing for the region here targeted, the challenge of data acquisition is even 

more exacerbated. Therefore, much care should be taken in order to properly collect and 

prepare data sets and making a landslide susceptibility analysis realistic.  

Another aspect to be considered in landslide susceptibility analyses is the fact that an 

area might be subjected to more than one type of slope failure, e.g., rock falls and debris 

flows. For these specific situations, a statistical analysis which develops distinctive 

susceptibility models, for different landslide types, should be carried out (Fell et al., 

2008). In this context, including information concerning the triggering mechanism of 

different landslide types into a landslide susceptibility analysis through a probabilistic-

based approach is a very challenging task. 

Based on highlighted significant challenges in the topic of landslide susceptibility, a 

procedure is hereby presented to cope with these difficulties. In particular, this research 

conveys a statistically-based landslide susceptibility assessment for the investigated 

region. For this purpose, a comprehensive database of past landslide locations is 

compiled in order to identify areas affected by past slope instability. A GIS archive is 

established in order to harmonize data regarding landslide locations, topographic 
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attributes, geological and tectonic factors, as well as the seismic input responsible for 

landslide activation (Figure 7). Specifically, a number of geo-environmental factors 

(slope gradient, slope aspect, profile curvature, geology, distance from faults), and 

information concerning seismic intensity, are combined with landslide occurrences to 

identify areas having a potential for landslide activation. One specific landslide type is 

considered for the purposes of the analysis, allowing a distinctive susceptibility model 

to be carried out. Details concerning landslide factors, landslide locations and the 

applied statistical method will be outlined in Chapters Three and Four. 

 

 

Figure 7: Conceptual framework to carry out landslide susceptibility analysis. In particular, a number of geo-

environmental parameters (slope gradient, slope aspect, profile curvature, geology, distance from faults, and seismic 

intensity) are combined with landslide occurrences to map landslide susceptibility. Details on the method will be 

outlined in Chapter Three. 
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2.3 Landslide hazard 

Landslide hazard represents the probability of occurrence over 

an area within a specified period of time of a potentially damaging phenomenon 

(Varnes & IAEG, 1984). It could be regarded as a 

temporal extension of susceptibility. Landslide hazard is sometimes confused with 

landslide susceptibility, although the temporal dimension makes a clear distinction. In 

other words, landslide susceptibility might be thought as a special case of landslide 

hazard, having one single temporal perspective instead of a time series (Lee & Jones, 

2004).  

The definition of landslide hazard has undergone some modifications over time. 

Guzzetti et al. (1999) revised the definition provided by Varnes and the IAEG 

Commission to include the magnitude of the landslide, with a specific link to the area, 

volume and velocity of the expected slope failure. 

Nowadays, this definition of landslide hazard is widely accepted throughout the 

scientific community. In spite of this, there are a number of challenges related to 

landslide hazard analyses. First of all, it should be remarked that compared to other 

natural hazards, like earthquakes, landslides have different characteristics which make 

the hazard evaluation more complex. One of the major problems in landslide hazard 

assessment is the incompleteness of landslide observations. Also, establishing a clear 

magnitude-frequency relation for a given landslide location is normally hampered. 

Indeed, after a landslide occurs, topographic conditions are changed, and the occurrence 

of the same slope failure in the same location is not likely to happen. An additional 

difficulty is that, unlike for other natural hazards, for landslides no unique measure of 

landslide magnitude is available (Hungr et al., 2005). For example, while for 

earthquakes, magnitude is a measure of the energy released during an event, in the case 

of landslides, a measure of the energy released during the failure is difficult to obtain.  

Despite these difficulties, landslide hazard analyses are widely performed (in Iceland: 

Bell & Glade, 2004;  in Japan: Uchida et al., 2006;  in Turkey: Akgun et al., 2012), and 

statistically-based methods for local landslide hazard assessments, for modeling 

seismically triggered shallow landslides and related run-out (travel distance) 
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calculations, are presented. On the other hand, landslide hazard analyses at the regional 

scale are quite rare. Run-out calculations are time consuming: they require huge data 

collection and integration efforts, as well as high computation times.  

With these premises, this work tries to overcome the difficulty of achieving a landslide 

hazard analysis over a large region, when only a limited number of landslide 

observations are available. By properly integrating GIS and programming tools, slope 

failures are simulated and a slope stability analysis is performed for the entire Central 

Asian region.  

Downhill movements of masses belong to a family of phenomena whose behavior is too 

complex to accurately predict. For this reason, the use of a limited number of downhill 

movements is not recommended for a reliable estimation of the overall slope stability 

conditions. Instead, running a large number of simulations provides information about 

the average most-likely physically possible paths along slopes. In this work, this 

limitation has been overcome with the adoption of an R package, which includes a 

function allowing for the generation of a high number of sampling points, based on an 

inhomogeneous Poisson Point Process (e.g., Pittore, 2014). 

Finally, it should be noted that unlike susceptibility, landslide hazard intrinsically 

contains more elements, allowing for the incorporation of dynamic concepts directly 

linked to the loss of life, injury, property damage, loss of livelihoods and services, 

social and economic disruption, or environmental damage (UNISDR, 2015). Therefore, 

in line with this, among the objectives of this work is the preparation of landslide hazard 

maps on the basis of previously computed susceptibility maps, in order to retrieve 

impact velocities of simulated slope failures, hence, deriving the hazard for exposed 

assets (Figure 8). Additional details concerning the method and data used for are 

provided in Chapters Three and Four, respectively.  

 



Chapter 2: Conceptual landslide risk framework 

 

 

Annamaria Saponaro - January 2018   22 

 

Figure 8: Overview of the steps followed to carry out the landslide hazard analysis. On the basis of prior-known 

landslide susceptibility, a physical modeling of downhill slope failures is performed to retrieve landslide hazard 

index. 

 

2.4 Landslide exposure 

Landslide exposure refers to the locations and characteristics of assets having a social or 

economic value, such as people, buildings, engineering structures, infrastructure areas 

and life lines, public service utilities and economic activities, that may be threatened by 

landslide occurrences.  

The purpose of exposure analysis is to identify elements at risk in areas that could 

potentially be affected by natural hazard events. In other words, if a natural hazardous 

event occurs in an area with no exposure, there is no risk. Exposure analysis plays a 

critical role in risk assessment, also considering that the greatest influence on the output 

of loss estimates from risk models arises from exposure data (UNISDR, 2015). 

Practically speaking, evaluating the exposure of elements at risk means evaluating the 

proportion of the assets that are located in the potential hazardous area. Although 

exposure analysis is widely carried out for other natural hazard, especially earthquakes 

and floods, very few studies have been devoted so far to the development of approaches 

for landslide exposure.  

Following the classification provided by Lee & Jones (2004), the elements at risk are 

divided into these major groups: 

1. Populations. This identifies the number of people which are located in the area 

likely to suffer a negative impact. More detailed analysis could include age-sex 
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distributions, as well as an indication of the state-of-health, as these aspects 

influence death rates and the nature of injuries within a population (see Section 

Vulnerability in this Chapter); 

2. Buildings, structures, services and infrastructures. The value of these physical 

assets is usually determined from local authority tax bands; 

3. Property. This includes the contents of houses, businesses and retailers, 

machinery, vehicles, and personal property. Information related to the value of 

these may be obtained from trade organizations and the insurance industry; 

4. Activities. This group includes all activities having both a financial or social 

basis, such as those linked to business, commerce, retailing, entertainment, 

transportation, agriculture, manufacturing and industry, minerals, cultural, 

social and recreation. Losses related to landslide occurrences are mainly linked 

to the temporary or permanent disruption of these activities and, expressed in 

terms of loss of revenue. 

One difficulty related to exposure analysis is that the total value of the elements at risk 

does not remain constant over time, and inflation, developmental growth, decline and 

depreciation have to be taken into consideration (Lee & Jones, 2004). Vulnerability 

itself also changes over time, due to increased initiatives for improvements in health and 

safety, standards of living, housing quality, technological development. 

Estimates of exposure have to take into account the following two distinct components: 

1. Permanent, where fixed assets, such as buildings or pipelines, could be 

damaged, irrespective of the timing of the landslide event. Assuming that these 

assets are always present in the zone of impact, the adverse consequences for a 

particular magnitude of event can be approximated to remain constant; 

2. Temporary, where the degree of risk can vary with the timing of the event, being 

it night or day, week-day or weekend, tourist season or off-season. In these 

specific circumstances, the consequences will reflect the chance of the event 

occurring at a time when mobile assets are either within the zone of impact or at 
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a relatively high level of concentration (i.e., occupancy rates for housing are 

higher at night).  

The effects of landslides can be very significant and vary according to geographic 

location. For example, landslides in Europe can cause significant economic losses, 

while in Asia, they can cause significant loss of life (Alexander, 2005). 

Addressing the exposure of people when they represent a mobile asset is very 

challenging. The principal difficulties are related to the assessment of the temporal and 

spatial distribution of people in an urban center, together with the ethical dilemma in 

quantifying the economic value of human injuries or deaths.  

 

Figure 9: Earthquake-induced landslides, Sichuan Province, China, 12 May 2008 (Source: USGS). 

 

Despite these difficulties, fortunately, a catastrophic disaster is not the inevitable 

consequence of hazardous event, and much can be done to reduce the exposure of 

populations living in areas where natural hazards occur, irrespective of frequency. 
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For the purpose of this work, a procedure to assess the exposure for people at the 

regional scale is presented, although no temporal information on past slope failures is 

available for the study-area. However, the quantification of the value of the elements at 

risk is not achieved in monetary terms, given the lack of this specific information. 

Nevertheless, a quantitative analysis of population exposure is achieved by expressing 

the proportion of persons in the zone of impact. By combining landslide hazard maps 

with the distribution of population over the entire Central Asian region, it is possible to 

retrieve population exposure, and subsequently identify high-exposed areas, which may 

require more attention and, if specifically needed, detailed risk analyses.   

 

2.5 Landslide vulnerability 

Landslide vulnerability identifies the reaction of the assets when exposed to the 

spatially variable forces produced by the hazardous event (Lee & Jones, 2004). It can be 

mathematically expressed as  (Einstein, 1988): 

   )10(,0  LLL DLDPV  2)  

where LD is the assessed or expected damage to an element given the occurrence of a 

hazardous landslide ( L ). It is expressed on a scale from 0 (no loss) to 1 (total loss), and 

is a function of the intensity of the phenomenon. 

Measuring vulnerability to hazards of natural origins has been addressed in the past over 

different scales and for different purposes (Birkmann, 2007). Compared to other 

components of risk assessment (e.g., susceptibility, hazard), a literature review reveals 

that a relatively low number of available methodologies which have been developed for 

the analytical analysis of vulnerability.   

Of particular concern is vulnerability analysis of exposed assets to slope instabilities, for 

which a more profound research gap exists. The reason for this is linked to the intrinsic 

complexity of landslide vulnerability, which depends on the landslide typology and 

mechanism, as well as on the intensity of the landslide movement. Additionally, based 
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on a literature review, it is evident that there is no common approach used for the 

assessment of vulnerability for communities prone to landslide. In particular, in 

situations where landslide vulnerability has to be determined over large areas, there is 

the problem of a lack of accepted standards among different investigators that can be 

used for effective emergency and disaster management (Galli & Guzzetti, 2007). 

Landslide vulnerability can be expressed using economic (monetary, quantitative) or 

heuristic (qualitative) scales (Alexander, 2005). When using economic measurements, 

vulnerability is most commonly expressed in terms of the element value, which can be 

expressed by its monetary value, or by its intrinsic value, or by its utilitarian value. The 

intrinsic value of human life is incalculable; however, several measures are used in 

actuarial work to put a monetary value on death or injury, including the “private value” 

of a statistical life (Alexander, 2005). 

Most of the work on landslide vulnerability has focused on buildings, structures and 

infrastructures. Some examples are the works of Hollenstein (2005), Galli & Guzzetti 

(2007),  Kaynia et al. (2008),  Uzielli et al. (2008),  Papathoma-Köhle et al. (2011),  

Mavrouli et al. (2014). 

When addressed heuristically, landslide vulnerability describes in qualitative terms 

expected or definite damage to an element at risk. Landslides can cause not only the loss 

of human lives, but they can also cause damage and temporary or permanent 

malfunctioning of economic and productive activities. With reference to instability 

phenomena, vulnerability typically expresses the level of loss produced in a given 

element or group of elements exposed to risk resulting from the occurrence of the 

natural phenomenon of a given intensity.  

Damage to structures and infrastructures can be classified as (Lee & Jones, 2004): 

 Superficial (minor damage), where the functionality of buildings and 

infrastructures is not compromised, and the damage can be repaired, quickly and 

at a relatively low cost; 

 Functional (medium damage), where the functionality of structures or 

infrastructures is compromised, with repairs taking time and significant effort; 
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 Structural (total damage), where buildings, life lines and transportation routes 

are severely damaged or destroyed, and extensive costly repairs or demolition 

and reconstruction operations are needed. 

While in the 1970s and early 1980s vulnerability was solely linked to physical fragility 

(e.g., the likelihood of a building collapsing due to the impact of an earthquake), 

nowadays the concepts of vulnerability describe the conditions of a society or element 

at risk that also determine the potential or revealed hazard’s impact in terms of losses 

and disruption (Birkmann, 2007).  

Recently, the concept of vulnerability has been broadened towards a more 

comprehensive approach including susceptibility, exposure, as well as different 

thematic areas, such as physical, social, economic, and environmental vulnerability (Li 

et al., 2010; Papathoma-Köhle et al., 2011;  Yang et al., 2015).  

Pascale et al. (2010) address landslide vulnerability of territorial systems through a 

novel conceptual approach. At the first place, the following subcategories are defined: 

physical, functional and systemic vulnerability. Physical vulnerability represents the 

extent to which an element suffers damage from a natural phenomenon of a given 

intensity; functional vulnerability represents the tendency of an element to suffer 

impaired functioning due to external pressure; finally, systemic vulnerability considers 

the system or territory as a whole, that is considering together people, infrastructures, 

industrial plant, natural elements, etc., and their interconnections. In particular, the 

concept of systemic vulnerability measures the tendency of a territorial system to suffer 

damage (usually functional) due to its interconnections with other elements of the same 

system. Unlike physical and functional vulnerability, the effects of systemic 

vulnerability on a territorial system are not linked to the particular disaster typology in 

question, but they are related to the level of interconnections between the various 

elements in the system (Pascale et al., 2010). In this way, areas with greater 

vulnerability within the urban fabric are identifiable, and programming strategies 

against landslide risk can be better defined. 

As an additional consideration, it should be noted that similarly to landslide exposure, 

assessing landslide vulnerability involves a certain degree of temporal variation. In fact, 
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landslide vulnerability is expected to change over time, due to increased initiatives for 

improvements in health and safety, standards of living, housing quality, technological 

development, or the reverse due to, for example, economic problems. 

In general, the risk to human life is considerably greater in developing countries, 

especially in Central Asia and South America. In both regions, high levels of tectonic 

activity, steep and unstable slopes, and populations concentrated in deep valleys where 

rockfalls, debris slides and rock avalanches can occur suddenly and with great 

devastation, emphasize the dangers involved. An additional distinction concerning 

landslide vulnerability should be made with respect to fast and slow landslides. 

Extremely rapid landslides may threaten life, as there is little time to react to them; in 

contrast, slow and extremely slow landslide rarely threaten life, although they can 

destroy structures leading to exorbitant economic costs (Alexander, 2005). 

Based on the highlighted challenges and difficulties, this work tries to carry out a 

vulnerability analysis of exposed assets to landslide phenomena. Considering the high 

impact on population which results from mass movements in developing countries like 

those in Central Asia, an approach aimed at identifying the expected level of social 

damage is defined, including a link to the expected impact velocity of slope failures. 

Specifically, the concept of territorial vulnerability is adapted to the study area, and 

proportional dependency between population density and expected human vulnerability 

is assumed. Thus, landslide vulnerability analysis is tailored to landslide occurrence, by 

considering the proximity of a population to the most landslide-prone geographic areas.  

 

2.6 Final remarks on landslide risk 

Landslide risk assessments represent the first step of the landslide risk management 

chain, from risk identification to risk reduction and preparedness activities. With the 

objective of defining actions to reduce the negative consequences of slope failures, 

landslide risk has to be at the first place identified, in a quantitative and objective 

manner.  
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As previously explained in this Chapter, landslide hazard and risk analysis are 

intrinsically complex. Like for any other natural hazard, for a comprehensive 

understanding of landslide-related disasters and risk, the natural environment, together 

with the social, political and economic environments, must be considered.  

Although the landslide risk formula – as defined in Eq. 1 – appears relatively simple, 

applying this formulation to practical situations (for example, a specific exposed 

element or a given trigger mechanism), gives rise to a number of complications. In 

particular, specific characteristics of the natural phenomenon causing damages and 

fatalities – i.e., the spatial probability, the temporal probability, the frequency and the 

intensity of landslide occurrences - have to be defined. In situations where the incidence 

of more than one natural hazard is expected, a potentially substantial increase in the 

system complexity also arises. In these circumstances, the definition of characteristics 

related to each single natural hazard is fundamental.  

In past decades, assessments of landslide risk have generally relied on the judgement 

and skills of experienced geologists, engineers, and geomorphologists. Based on their 

knowledge, a range of topics have been addressed, covering the recognition of the 

hazard, mapping of areas having a potential for slope instability, the creation of a terrain 

model and the development of approaches for the assessment of the main contributing 

factors and principal causal-mechanism of failure. However, their works are mainly 

related to particular areas or specific sites, and therefore a certain degree of subjectivity 

in addressing landslide risk is implied. Furthermore, a consensus among different 

perspectives is difficult to achieve. There is, hence, the need to introduce more rigorous 

and systematic procedures to better formalize the evaluation process towards a more 

‘opened’, ‘objective’ and ‘consistent’ assessment of landslide risk. 

Furthermore, a certain degree of complexity arises also in relation to the definition of 

the exposed assets and their vulnerability. Especially within contexts where an impact to 

multiple-assets is expected, the proper characterization of each exposed element is 

necessary for a reliable and unbiased risk assessment. To this respect, one should take 

care of properly defining the individual elements at risk, which are typically linked to 

exposed buildings, people and business infrastructures. In parallel, for these exposed 
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assets, the evaluation of physical, social and economic vulnerability has to be 

undertaken.  

An additional complexity is that risk zoning depends on the elements at risk, and hence 

on their temporal-spatial probability and vulnerability. In regions where a future urban 

development is expected, it should be clarified that the associated risk will change over 

time.  

Therefore, considering these premises, necessary criteria and issues related to the 

general complexity and associated gaps in knowledge, which have been highlighted in 

previous sections, the principal task of this dissertation is to accomplish a quantitative 

risk assessment of earthquake-induced landslides and its components for Central Asia. 

In particular, given the scope of performing a trans-border analysis, the number of 

landslide risk indicators is kept relatively low and the whole system relatively simple. In 

this way, it is possible to achieve a quantitatively-based analysis of landslide hazard and 

risk over a large area, where only the most relevant parameters involved in landslide 

processes are taken into consideration, without diminishing the significance of the 

results. In addition, it has to be remarked that an assumption has been made concerning 

the adopted landslide triggering mechanism. Being among the worldwide hotspots in 

seismicity, the wide threat of earthquakes is recognized over the entire Central Asian 

region; on the contrary, the influence of heavy or prolonged precipitations has only a 

local effect. Given the final objective of providing a cross-border product, the seismic 

input as the principal mechanism of landslide activation is adopted. 

A quantitative transnational analysis may be a very challenging and time-consuming 

task. This research work takes advantage of procedures for data sets harmonization – 

with a specific link to seismic and geo-technical data - which have been conducted 

during the period covering these research activities. 

In the following Chapters, methodologies and data which have been adopted to 

undertake the analysis for the countries of Kyrgyzstan, Tajikistan, and Uzbekistan, will 

be outlined in detail. Specifically, the theoretical background to the Weights-of-

Evidence method, and of dynamic slope-stability analysis, combined with an overview 
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of landslide factors, triggering mechanisms and the distribution of population, will be 

presented.  
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3 METHODOLOGIES 

 

3.1 Weights of Evidence Theory 

In this study, the Weights-of-Evidence method is used for generating a landslide 

susceptibility map for the entire Central Asian region. The Weights-of-Evidence method 

is a data–driven quantitative method used to combine evidences in support of a 

hypothesis (Bonham-Carter, 1994). The method was originally developed for medical 

studies and subsequently has been applied to other disciplines, e.g., identifying mineral 

deposit potential (Bonham-Carter et al., 1989). 

With respect to other methods, the Weights-of-Evidence method has been successfully 

used in previous landslide susceptibility studies for examining the distribution and 

spatial relationships of particular features. The method offers a flexible way of testing 

the importance of various input factors to the potential of slope failure, providing a 

simple statistical and straightforward tool that allows the calculated weights to be 

interpreted. Although already carried out in large scale contexts, the method has not 

been previously tested in data-scarce regions. 

Within the context of landslide susceptibility analysis, the influence of landslide 

potential factors (evidence) on the occurrence of landslides themselves (hypothesis) is 

assessed. Weights for each landslide causative factor are calculated based on the 

presence or absence of landslides within the study area. 
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Considering a given number of cells affected by landslide phenomena ( }{LN ), then the 

prior probability of landslide occurrence }{LP within the studied area T is expressed as 

(Bonham-Carter, 1994): 

 
}{

}{
}{

TN

LN
LP  , 3)  

where }{TN  is the total number of cells in the studied area. This initial estimate can be 

increased or decreased based on the relationships between landslide potential factors 

and the occurrence of landslides. In particular, the probability of finding a landslide 

potential factor within the studied area is given by: }{/}{}{ TNFNFP  , where }{FN is 

the number of cells in which the landslide factor is present, and }{TN  is the total 

number of cells in the studied area. 

Suppose that a landslide potential factor occurs in the studied area, and that a number of 

known landslides occur preferentially within the factor, it is possible to indicate the 

probability of finding a landslide given the presence ( F ) or the absence ( F ) of a factor, 

through the definition of conditional probabilities: 
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where }|{ LFP and }|{ LFP  are the conditional probabilities of being and not being 

within the factor, given the presence of a landslide. 

Equations 3) and 4) can be expressed in an odds-type formulation, where the odds, O , 

are defined as: )1/( PPO  .  

The weights for a landslide potential factor are, hence, defined as: 
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being W
  and W

  the positive and the negative weight, respectively.  

In the Weights-of-Evidence method, the natural logarithms of both sides of the 

equations are taken, resulting in: 

 }{ln}|{ln LOWFLO    
7)  

 }{ln}|{ln LOWFLO   . 
8)  

In case the influence of several factors on the distribution of landslides is taken into 

consideration, the summation of the weights of each factor is then used, provided that 

these factors are mutually conditional independent. The general expression for 

combining ni ...3,2,1  landslide factors is therefore: 
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If the i
th

 factor is absent, then W
becomes .W

  The difference between positive and 

negative weights is known as the weight contrast ( WWC   ) and provides a useful 

measure of the overall spatial correlation between a certain class of factor and the 

occurrence of landslides (Bonham-Carter, 1994). A positive C  indicates that the 

causative factor is present at the landslide location, and its magnitude is a measure of 

the positive correlation between the presence of the causative factor and landslides. On 

the other hand, a negative C  is used to assess the importance of the absence of the 

factor in landslide occurrence. Factors with contrast values around 0 have no significant 
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connection with the occurrence of landslides. The statistical significance of the weights 

can be verified by calculating their variances ( S
2 ) together with the studentized 

contrasts ( )(/ CSC ) by means of the following equations:  

 }]{/1}{/1[)(2 LFNLFNWS   
10)  

 }]{/1}{/1[)(2 LFNLFNWS   
11)  

 )()()(
222

WSWSCS


  
12)  

A script code in R has been prepared to perform the necessary calculations.  

In Weights-of-Evidence modelling, it is typically assumed that factors, which are 

outlined in Chapter Four, are conditionally independent with respect to landslide 

occurrences.  

It can be shown that equation 9) is equivalent to: 
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The left side of equation 13) indicates the observed number of occurrences in the 

overlap zone where both F1and F 2 are present, while the right side represents the 

expected number of occurrences in this overlap zone. }{LN is the number of cells 

affected by landslides. A contingency table can be prepared based on this relationship 

for testing the conditional independency of two factors (Table 2). Outcomes in the table 

which are greater than a reference value (for this specific case, the 99% significance 

level is adopted), suggest that the tested pair is not significantly different, and should 

not be used together in the analysis. Details concerning the test for conditional 

independence applied to each pair of landslide factors are provided in Chapter Five. 
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Table 2 Contingency table for testing conditional independence between Factor 1 (F1) and Factor 2 (F2) 

 Factor 1Present Factor 1 Absent Totals 

Factor 2 Present L}FFN{  21  L}FFN{  21  L}FN{ 2  

Factor 2 Absent L}FFN{  21  L}FFN{  21  L}FN{ 2  

 L}FN{ 1  L}FN{ 1  N{L} 

 

3.2 Dynamic slope-stability analysis 

This research work, far from providing a detailed slope characterization analysis, aims 

at achieving a regional scale assessment of the overall stability conditions over Central 

Asia slopes, part of the landslide hazard analysis. In particular, trajectories 

corresponding to downhill movements over geospatial environments are modeled, and 

expected run-out extensions of downhill sliding movements of predicted slope failures 

are then quantified. 

The first attempts at modeling the effects of seismic shaking on slopes were developed 

in the early 20
th

 century (Bell, 1900). Later formalized by Terzaghi in 1950, these 

efforts mainly led to the definition of three different approach: 1) Pseudostatic analysis, 

2) Stress-deformation analysis, and 3) Permanent displacement analysis. 

Pseudostatic analysis typically assumes seismic shaking as a permanent body force, 

which is added to a conventional static limit-equilibrium analysis, for a dry, 

cohesionless slope material (Figure 10). In particular, only the horizontal component of 

seismic acceleration is considered, assuming null the vertical one, to determine the 

factor of safety (FS), defined as the ratio between the shear strength of the soil and the 

shear stress induced on the potential surface. The pseudostatic factor-of-safety equation 

is given by: 

 )kWcos + ]/(Wsin)tankWsin - [(Wcos = FS   14)  
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where FS is the pseudostatic factor of safety, W is the weight per unit length of slope, α 

is the slope angle, φ is the friction angle of the slope material, and k is the pseudostatic 

coefficient. 

Due to its simplicity and easy of use, this method has been widely applied (Stewart et 

al., 2003; Bray & Travasarou, 2009), although the assumption that the force due to 

seismic shaking being constant and acting only in one direction, promoting instability, 

may lead to conservative estimates  (Kramer, 1996).  

 

Figure 10: Force diagram of a landslide in dry, cohesionless soil that has a planar slip surface. W is the weight per 

unit length of the landslide, k is the pseudostatic coefficient, s is the shear resistance along the slip surface, and α is 

the angle of inclination of the slip surface (Jibson, 2011). 

 

The objective of Stress-deformation analysis is to model the static and dynamic 

deformation of soil, providing the most accurate picture of what actually happens in the 

slope during the occurrence of an earthquake (Kramer, 1996). Over time, it has been 

applied to solve site-specific problems (Clough & Chopra, 1966), although not over 

regional scales. 

Finally, permanent displacement methods allow for the determination of displacement 

related to the sliding of a rigid block on an inclined plane, when a critical value of 

acceleration is exceeded. This family of methods – which is based on the work of 

Newmark (1965) – has been broadly applied in the past (Newmark, 1965;  Jibson, 

2011), provided that slope geometry, soil properties and earthquake strong motion 

records are available. Since the effect of dynamic pore pressure is neglected, permanent 

displacement methods are considered valid in case of compacted or overconsolidated 

materials  (Kramer, 1996). 
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The application of one of the above described methodologies within the context of the 

landslide research in this thesis was not attainable, for the following two main reasons. 

Given the focus of determining the main conditions for slope instability over a large 

geographic region, the inclusion of several parameters in the modeling procedure is not 

recommended. In addition, information concerning the expected seismic acceleration 

involved in the stability analysis was not available, nor was that of soil properties, 

leading to the necessity of adopting a simplified model procedure. 

Considering that seismic stability of a slope is highly influenced by its static stability 

(Terzaghi, 1950), the limit equilibrium model is assumed to approximate slope stability 

conditions of earthquake-induced landslides across Central Asia. In particular, based on 

the type of slope materials that can be approached at best by the model, the choice was 

for disrupted and unconsolidated Quaternary and Mesozoic materials, which are typical 

of the foothill areas of the study region. These slope failures are relatively small in size, 

and can be thought to be characterized by conditions of dried friction as well as null 

cohesion.   

The limit equilibrium model (Kramer, 1996) allows the analysis of total forces acting on 

a mass of rigid soil, above a potential failure surface. The main assumptions are that 1) 

the soil above the failure surface is rigid, and 2) the Factor of Safety (FS) is constant 

along the failure surface.  

For the dynamic stability analysis, it is considered a system consisting of a sliding 

punctual mass, under the action of Fn - the normal force, Fs - the sliding force, being α 

the slope angle, g the gravity acceleration, and μ the coefficient of friction.  

It is assumed that the rapid downhill motion of a relatively small mass is governed by 

the laws of dry friction (Scheidegger, 1973;  Scheidegger, 1975). Friction and slope 

control the acceleration of the sliding mass and this is physically described by the 

following equation: 

  cossin mgmgma   15)  

Consequently, observed mass acceleration take on values of:  
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 )cos(sin   ga  16)  

With these premises, the downhill movement of punctual masses is modeled. At first, a 

number of sources (seed points) are generated, and some flow lines corresponding to the 

expected traces of each sliding mass are subsequently retrieved. The farthest points 

reached by the sliding masses, identify the run-out zones.  

Based on the type of studied slope failures, a proper value for the angle of friction is 

chosen, in relation to common adopted values. Previous geotechnical studies (i.e., 

Hungr et al., 2005;  Geotechdata.info, 2013) suggest a value of 30 degrees for a loos 

sand soil, hence this value for angle of friction is selected for this work.  

It has to be underlined that the approach which has been described above is developed 

under a number of assumptions. Those assumptions were necessary to favor the 

application of a relatively simple approach over a large area. With regard to the type of 

slope failure which has been modeled, a particular case of disrupted soil slides is hereby 

addressed, given their known connection with seismic triggering (Keefer, 1984). Based 

on data availability, only landslides occurring in soft materials are addressed in this 

work, which are a particular case of disrupted soil slides. 

 

3.3 Advantages and innovative methodological aspects 

Associated with the above methods, GIS are very powerful known tools for time-

efficient processing of multi-source data covering large areas. This work hereby takes 

advantage of GIS tools, by performing a spatial analysis of landslide hazard and risk. In 

particular, the presented approach promotes the implementation of open source software 

(QGIS, GRASS, R), and take advantage of their ease of distribution, an aspect that is 

particularly desirable in developing countries such as those in Central Asia. 

The Weight-of-Evidence method offers a uniquely flexible way of testing the 

importance of various input factors to the potential of landslides, providing a simple 

statistical tool to interpret weights for each questioned landslide factor. On the other 
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hand, dynamic slope-stability analysis allows for identifying areas subjected to landslide 

movement on the basis of a physically modeled parameter (i.e., impact velocity). In this 

way, a cross-border physically-based analysis of slope-failure conditions is achievable, 

which in turn allows for identifying exposed assets to landslide runout. 

Although landslide processes and their impacts have already been investigated in 

Central Asia at local scales, a robust statistical analysis of country-wide landslide 

hazard and risk has been achieved yet. Additionally, the Weight-of-Evidence method 

has not been applied before over large areas: data which are usually adopted for regional 

scale analyses are typically coarsely defined, an aspect which prevents the application 

of statistically-based procedures. By properly collecting and processing geospatial data, 

this work hence succeeds in applying a statistically-based framework for landslide 

susceptibility analysis across Central Asia.  

While achieving a statistically-based analysis at the regional scale is a very challenging 

task, however, performing a physically-based analysis might be even harder. The most 

innovative part of this research is the integration of statically-based analyses with a 

physically-based approach, with the objective of identifying the hazard and risk 

associated with the occurrence of earthquake-induced landslides across Central Asian 

countries. 
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4 DATA COLLECTION AND SPATIAL DATABASE 

4.1 Introduction on data collection 

Among the primary steps in any kind of landslide susceptibility or hazard assessment 

are data collection and construction of a spatial database.  Usually, the identification of 

factors correlated with slope instability is based on the choice of physically-based 

indicators (Guzzetti et al., 1999). For the present research work, data relevant to a 

number of known parameters are collected, which will be described in detail throughout 

this Chapter: slope gradient, slope aspect, profile curvature, geology, distance from 

faults and seismic intensity are selected to perform the landslide susceptibility analysis, 

while population density is subsequently used for the exposure and risk assessment 

(Table 3).  

An inventory of landslides in the region is compiled and used as a reference dataset. The 

NASA released Shuttle Radar Topographic Mission digital elevation model, with a 

spatial resolution of around 90m (SRTM, 2004), has been used to derive topographic 

attributes over the entire Central Asian territory. Specifically, slope gradient, slope 

aspect, and profile curvature are calculated through the terrain analysis tool in QGIS. 
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Table 3: Overview of data sets and corresponding sources, which are used for the landslide analysis. 

Data type Source 

Location of past landslides Atlas of earthquakes in Kyrgyzstan (Kalmetieva et al., 2009) 

Slope gradient STRM Digital Elevation Model (2004) 

Slope aspect STRM Digital Elevation Model (2004) 

Profile curvature STRM Digital Elevation Model (2004) 

Geology Geological Map of Central Asian and Adjacent Areas” (Tingdong et 

al., 2008) 

Distance from faults Geological Map of Central Asian and Adjacent Areas” (Tingdong et 

al., 2008) 

Population density LandScan population density (Bright et al., 2012)   

Seismic intensity Probabilistic seismic hazard analysis (Bindi et al., 2012) 

 

With respect to geology and distance from faults, features of interest have been 

extracted from the “Geological Map of Central Asian and Adjacent Areas” (Tingdong et 

al., 2008), by means of digitization (Figure 11).  

 In particular, the Jalad-Abad province, in Kyrgyzstan, has been selected as a study area, 

given the wide variability of landslide factors in the area. Additionally, as can be seen 

from the frequency histograms (Figure 12), the distribution of landslide factors in Jalal-

Abad area is comparable to the one concerning the entire Kyrgyz territory. For this 

reason, this area is considered to be representative of the existing relationships among 

landslide factors in Kyrgyzstan. 
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Figure 11: Digitization of geological features for the territory of Kyrgyzstan. In the top, the original  geological map 

is shown; in the bottom, digitized stratigraphic units are shown: Quaternary (Q), Neogene-Quaternary (NQ), 

Neogene (N), Paleogene-Neogene (EN), Paleogene (E), Cretaceous (K), Cretaceous-Paleogene (KE), Jurassic-

Cretaceous (JK), Jurassic (J), Triassic-Jurassic (TJ), Triassic (T), Permian-Triassic (PT), Permian (P), 

Carboniferous-Permian (CP), Carboniferous (C), Devonian-Carboniferous (DC), Devonian (D), Silurian-Devonian 

(SD), Silurian (S), Ordovician-Silurian (OS), Ordovician (O), Cambrian-Ordovician (CaO), Cambrian (Ca), 

Cambrian-Proterozoic (PrCa), Proterozoic (Pr), Archean (Ar), Igneous Rocks (IR). 
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Figure 12: Frequency histograms relative to classified landslide potential factors in Jalal-Abad province (left) and 

over all Kyrgyzstan (right). In particular, the distribution of classified values for slope gradient, slope aspect, profile 

curvature, geology, distance from faults, and seismic intensity is shown. 
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4.2 Landslide locations 

A landslide inventory represents an essential ingredient in order to carry out landslide 

hazard analysis at the regional scale (Guzzetti et al., 1999). This helps to identify the 

locations of previous landslides in order to be able to predict future slope failures.  

There is no agreement within the scientific community on the best technique for the 

preparation of landslide inventory maps; researchers usually adopt different inventory 

maps where landslides are shown as points, scarps, and seed cells (Yilmaz, 2010). 

Small-scale maps may only show landslide locations (point strategy), as due to the scale 

of the map, it is not possible to outline the landslide’s extent. On the other hand, large-

scale maps may distinguish between source and deposit areas (Yilmaz, 2010). 

As mentioned, for the purposes of this study, we considered only one type of mass 

movement, i.e., landslides occurring in soft materials, which are a particular case of 

disrupted soil slide type. A selection of landslide sites is defined on the basis of 

published information (Kalmetieva et al., 2009), and their distribution is mapped as 

point locations (Figure 13).  

 

Figure 13: Locations of past landslides for the territory of Kyrgyzstan (Source: Kalmetieva, et al., 2009). The Jalal-

Abad study area is shown in blue. 
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The landslide susceptibility analysis was initially conducted for the Jalal-Abad region 

over a landslide sample consisting of 1,347 landslide locations (Figure 14). Specifically, 

50% of the total number of locations were randomly selected, and then used as the 

“training dataset”. The remaining 50% were then used as the “test dataset” for 

validating results.  

 

Figure 14: Sample of landslide locations for the Jalal-Abad district, subdivided in training (yellow points) and test 

(green points) datasets 

 

4.3 Topographic factors: slope gradient, slope aspect, profile curvature 

The stability of a slope is known to be highly dependent upon the slope gradient (angle) 

and its material properties (Terzaghi & Peck, 1967). The slope (Figure 15) is presented 

in degrees ranging from 0° to 89° and is divided into four bins with approximately the 

same number of features (quantile classification), 0°-6.6°, 6.6°-16.6°, 16.6°-27.5°, 

>27.5°. 

Defined as the direction of maximum slope of the terrain surface, slope aspect is 

typically taken into consideration, although in some cases its importance has been 

questioned (Guzzetti et al., 1999). For the selected areas, a classification based on 
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azimuth being divided into eight bins, North, North-East, East, South-Est, South, South-

West, West, North-West, has been carried out (Figure 16). 

Curvature represents one of the topographic attributes which is also commonly included 

in landslide susceptibility analysis (Ayalew et al., 2004). In particular, the profile 

curvature - defined as the second derivative of the slope with respect to the maximum 

steepness direction – may help in understanding patterns of the flows’ acceleration and 

deceleration, and therefore, erosion and deposition. For the selected area, profile 

curvature values have been classified (quantile classification) into four bins, -0.02507 ̶ -

0.00101, -0.00101 ̶ -0.00005, -0.00005 ̶ 0.00095, 0.00095 -0.01891 (Figure 17). 

 

 

Figure 15: Distribution of slope gradient for the territories of Kyrgyzstan, Tajikistan and Uzbekistan, ranging from 

0° to 89° and divided into four bins (quantile classification), 0°-6.6°, 6.6°-16.6°, 16.6°-27.5°, >27.5°. 
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Figure 16: Distribution of slope aspect for the territories of Kyrgyzstan, Tajikistan and Uzbekistan, classified 

according to azimuth and correspondingly divided into eight bins, North, North-East, East, South-Est, South, South-

West, West, North-West. 
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Figure 17: Distribution of profile curvature for the territories of Kyrgyzstan, Tajikistan and Uzbekistan, classified 

(quantile classification) into four bins, -0.02507 ̶ -0.00101, -0.00101 ̶ -0.00005, -0.00005 ̶ 0.00095, 0.00095 -0.01891. 

4.4 Geo-tectonic factors: geology, distance from faults 

Lithology plays an important role in landslide susceptibility studies because different 

geological units have different slope failure behaviours. For example, landslides in loess 

materials have occurred in Uzbekistan, while landslide-prone slopes in Cretaceous rocks 

may be found in Kyrgyzstan. For our study, geological information is obtained from 

“The Geological Map of Central Asia and Adjacent Areas” (Tingdong et al., 2008), 

scaled 1:2,500,000. Overall, the region is covered by a range of different sedimentary 

formations, mostly dated to the Quaternary, Neogene, Paleogene, Cretaceous, Jurassic, 

and Triassic. Igneous rocks related to the Palaeozoic epoch are also present.  

Based on this information, stratigraphic units have been digitised from Tingdong et al. 

(2008) and accordingly classified into Paleozoic, Mesozoic and Cenozoic units (Figure 

18).   
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Figure 18: Geology map for the territories of Kyrgyzstan, Tajikistan and Uzbekistan, based on the classification of 

stratigraphic units into Cenozoic, Mesozoic, and Paleozoic eras. 

 

The presence of major lineaments is among the important factors governing the stability 

of slopes (Varnes & IAEG, 1984). Tectonic structures form zones of weakness in rocks 

and might accelerate the process of slope failures. In landslide susceptibility studies, 

distance from lineament features (i.e., faults) is typically used to investigate any cause-

effect relationships between lineaments and landslide occurrence (Gemitzi et al., 2011;  

Pradhan et al., 2010). Central Asia is covered by a large number of active faults (e.g., 

the Talas-Fergana fault). For the actual analysis, fault lines were derived from the 1: 

2,500,000 scale geology map and four-buffer zone maps (< 1km, 1 - 5km, 5 - 10km, > 

10km ) were prepared in GIS (Figure 19). 
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Figure 19: Distance from faults map for the territories of Kyrgyzstan, Tajikistan, and Uzbekistan, presented through 

four-buffer zone maps (< 1km, 1 - 5km, 5 - 10km, > 10km ). 

 

4.5 Population density 

Population density is known to represent an appropriate measure to assess the exposure 

and vulnerability related to earthquakes occurrences. For landslide tailored studies, the 

analysis of exposure and vulnerability in small cities as well as rural communities – 

which by definition have a lower population density – is particularly relevant. While 

large cities often have considerable resources for dealing with natural disaster, smaller 

settlements are usually more vulnerable (Cross, 2001).   

In this work, the LandScan population density dataset (Bright et al., 2012)  is adopted, 

given that it provides the finest resolution global population distribution data available 

(approximately 1 km resolution) and represents an ambient population (average over 24 

hours). 
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Figure 20: Distribution of population density for the countries of Kyrgyzstan, Tajikistan and Uzbekistan. (Source: 

LANDSCAN, 2012).The map is classified into four bins (quantile classification), 0-1059, 1059-2137, 2137-3846, > 

3846 (people/km2).  

 

From this data set, population density map for the territories of Kyrgyzstan, Tajikistan, 

and Uzbekistan was prepared (Figure 20). The map is presented in values ranging from 

0 to 13172 persons/km
2
, and divided into four bins with approximately the same 

number of features (quantile classification), 0-1059, 1059-2137, 2137-3846, > 3846 

(persons/km
2
). 

4.6 Trigger mechanism: seismic ground motion 

As the study area is widely and strongly affected by earthquakes, it is necessary to take 

seismic ground shaking, expressed through the observed macro-seismic intensity (MSK 

64), into account as a triggering factor for landslides. Within the Earthquake Model 

Central Asia (EMCA) project, Bindi et al. (2012) carried out an uniform assessment of 

the seismic hazard in Central Asia, mainly guided by the observed seismic histories 
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without any a-priori assumption on seismic zonation or model of time recurrence. The 

application of such an approach to cross-border catalogues and considering intensity 

prediction equations developed for the investigated area (Bindi et al., 2011), allowed a 

systematic and homogeneous evaluation of the hazard to be obtained, as well as the 

evaluation of the probability of exceedance of any given intensity value over a fixed 

exposure time (50 years) over the entire region of interest.  

For the territory of Kyrgyzstan and Tajikistan, these studies returned intensities of IX to 

be expected in the future (over 50 years), while for Uzbekistan, lower intensities of VII 

and VIII are expected. The main advantage of the approach followed is that it serves as 

a step towards a homogenized and updated seismic input. 

After importing values to GIS, a raster map was created and the resulting intensities 

categorized into 3 classes: I = VII, I = VIII, and I = IX (Figure 21). Although intensity 

values have not been provided at each individual landslide location, such a map 

provides an overall suggestion of future intensities, and hence the potential for landslide 

triggering.  
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Figure 21: Distribution of seismic intensity values for the countries of Kyrgyzstan, Tajikistan, and Uzbekistan, 

expressed through the observed macro-seismic intensity (MSK 64), and classified into three classes: VII, VIII, IX. 
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5 APPLICATION OF WEIGHT-OF-EVIDENCE METHOD 

5.1 Test for Conditional Independency of landslide factors 

As already explained in Chapter Three, the application of the Weight-of-Evidence 

method requires landslide factors to be conditional independent of each other. Hence, a 

chi-square test for checking the conditional independency for each possible pair of 

landslide factor is performed. In particular, equation 13) is adopted to calculate the 

number of cells following criteria expressed in Table 2. The chi-square values are 

calculated at the 99% significance level and 1 degree of freedom, and compared with 

tabulated values, where calculated chi-square values greater than 6.64 suggest that the 

pairs are not significantly different. In our study, conditional dependency exists between 

distance from faults and seismic intensity ( 9.5792  ), while geology and distance 

from faults are conditional independent of each other ( 0.3202  ). This means, for 

example, that the pair distance from faults-seismic intensity should not be used together 

to map landslide susceptibility. On the contrary, the pair geology-distance from faults 

could be combined. The whole overview of chi-square outcomes in relation to each pair 

of landslide factor is provided in Table 4. 
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Table 4: Chi-square values for testing pair-wise conditional independency of all factors (99% significance level). 

Those pairs where conditional dependency is found are highlighted in bold. 

 Slope Aspect Prof. Curv. Geology Dist. Faults 
Seismic 

Intensity 

Slope - 2.943 0.064 6.310 0.600 12.756 

Aspect  - 3.115 1.008 1.801 0.741 

Prof. Curv.   - 1.466 0.003 0.817 

Geology    - 0.320 176.823 

Dist. Faults     - 9.579 

Seismic 

Intensity 
 

 
   - 

 

5.2 Weights’ calculation 

Following the statistical approach described in Chapter Three, the landslide 

susceptibility analysis is conducted for the Jalal-Abad district in Kyrgyzstan. The choice 

of this test area is primarily due to the need to find a region where the distribution of 

landslide factor values is representative of existing relationships for the entire country, 

while preserving enough variability in these values.  

The landslide susceptibility analysis is carried out over a landslide sample consisting of 

1,347 landslide locations. Specifically, 50% of the total number of locations is randomly 

selected from the sample, and then used as the “training dataset”. The remaining 50% is 

used as the “test dataset” for validating results.  

The “training dataset” of landslides is overlaid with each landslide potential factor to 

calculate weights and the statistical parameters representative of existent spatial 

relationships (Table 5) by applying equations 5, 6, 9, 10, 11 and 12. As can be seen, the 

most noteworthy classes of parameters with a positive impact on slope instability are: 

slope gradient 6° - 16.6°, north-facing slope aspect, profile curvature -0.00101(1/m)  ̶  -

0.00005 (1/m), Mesozoic-aged lithologies, distance from faults greater than 10km, and 

seismic intensity values (MSK 64) equal to IX. Furthermore, the highest contrasts (

)(/ CSC  ) values are found for the geology factor, while lowest ones are for profile 

curvature.  



Chapter 5: Application of Weight-of-Evidence method 

 

 

Annamaria Saponaro - January 2018   57 

Table 5: Class, computed weights, variances and contrast values obtained from the application of the Weights-of-

Evidence method to the Jalal-Abad study area, Kyrgyzstan. 

Factor / Class total cells  
landslide 

cells  

free from 

landslides 

cells  
W

  )(2
WS

  W
  )(2

WS  C  )(/ CSC  

Slope gradient (°)    

 

 

 

 

  0-6.6 560,923 36 560,887 -0.970 0.028 0.098 0.002 -1.069 -6.235 

6.6-16.6 1,144,613 356 1,144,257 0.608 0.003 -0.420 0.003 1.028 13.240 

16.6-27.5 1,193,560 250 1,193,310 0.213 0.004 -0.109 0.002 0.321 4.017 

> 27.5 1,025,605 25 1,025,580 -1.938 0.040 0.263 0.002 -2.202 -10.801 

Slope aspect (°)    

 

 

 

 

 

 

N (337.5 – 22.5) 353,555 84 353,471 0.339 0.012 -0.041 0.002 0.379 3.249 

NE (22.5 – 67.5) 364,992 57 364,935 -0.081 0.018 0.008 0.002 -0.089 -0.642 

E (67-5 – 112.5) 523,164 84 523,080 -0.053 0.012 0.008 0.002 -0.061 -0.524 

SE (112.5 – 157.5) 535,069 84 534,985 -0.076 0.012 0.011 0.002 -0.087 -0.747 

S (157.5 – 202.5) 561,148 67 561,081 -0.350 0.015 0.048 0.002 -0.397 -3.085 

SW (202.5 – 247.5) 552,571 91 552,480 -0.028 0.011 0.004 0.002 -0.032 -0.287 

W (247.5 – 292.5) 602,707 112 602,595 0.093 0.009 -0.018 0.002 0.111 1.068 

NW (292.5 – 337.5) 426,817 88 426,729 0.197 0.011 -0.027 0.002 0.224 1.954 

Profile curvature (1/m)          

-0.02507  ̶  -0.00101 1,028,255 189 1,028,066 0.082 0.005 -0.031 0.002 0.113 1.310 

-0.00101  ̶  -0.00005 934,311 176 934,135 0.107 0.006 -0.036 0.002 0.142 1.617 

-0.00005  ̶   0.00095 947,914 130 947,784 -0.211 0.008 0.059 0.002 -0.269 -2.757 

 0.00095  ̶   0.01891 1,028,232 172 1,028,060 -0.012 0.006 0.004 0.002 -0.017 -0.187 

Geology(era)    

 

 

 

 

  Cenozoic 1,161,722 203 1,161,519 0.031 0.005 -0.013 0.002 0.045 0.532 

Mesozoic 391,100 351 390,749 1.668 0.003 -0.643 0.003 2.311 29.793 

Paleozoic 2,382,883 113 2,382,770 -1.273 0.009 0.743 0.002 -2.016 -19.534 

Distance from faults(km)    

 

 

 

 

  < 1 522,534 31 522,503 -1.049 0.032 0.095 0.002 -1.144 -6.218 

1 – 5 1,586,752 200 1,586,552 -0.295 0.005 0.159 0.002 -0.455 -5.378 

5 – 10 970,330 205 970,125 0.221 0.005 -0.084 0.002 0.306 3.642 

> 10 834,883 230 834,653 0.487 0.004 -0.185 0.002 0.671 8.241 

Seismic Intensity (I)    

 

 

 

 

  I = VII 1,145,958 55 1,145,903 -1.261 0.018 0.258 0.002 -1.519 -10.789 

I = VIII 973,285 84 973,201 -0.674 0.012 0.149 0.002 -0.823 -7.055 

I = IX 1,816,462 528 1,815,934 0.540 0.002 -0.950 0.007 1.490 15.633 
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5.3 Landslide susceptibility model 

After the weights and statistical parameters of relevance are calculated, landslide factors 

maps are re-classified according to their positive or negative correlation with landslide 

locations. A landslide susceptibility zonation map is, hence, obtained by combining 

previously calculated contrast values with re-classified factors maps based on: 

 ,

1




n

j
CijLSI  17)  

where LSI  indicates a Landslide Susceptibility Index and Cij  represents the contrast 

for the i
-th

 bin of the j
-th

 factor.  
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6 REGIONAL SLOPE-STABILITY ANALYSIS 

6.1 Identification of landslide source areas: seed-points generation 

The procedure for the analysis of slope-stability for the entire Central Asian region has 

the ultimate objective to create an index denoting expected earthquake-induced 

landslides’ destructiveness across the region. Hence, a number of statistical and spatial 

analysis tools available in the R programming language, in combination with Quantum 

GIS (QGIS) and GRASS tools, are adopted in order to develop a computational routine 

and, subsequentially, create the landslide hazard index for the whole region (Figure 23). 

The first step for the slope-stability analysis is the identification of potential source 

areas, meaning those areas where slope failures are more likely to originate. This 

operation is conducted on the basis of previously computed landslide susceptibility 

values. Specifically, for each investigated country, the landslide susceptibility map is 

used as the input for the automatized generation of source-locations (points) samples.   

The generation of seed points is achieved thanks to the adoption of a collection of QGIS 

scripts and models developed within the FP-7 SENSUM Project to implement 

algorithms for generating Focus Maps (SENSUM project, 2014). A focus map is a 

representation of the spatial “relevancy” with respect to the set of available information, 

and constraints (SENSUM project, 2014). Based on spatial landslide susceptibility, it is 

possible to obtain a map defining the spatial density of probability of sampling a 

location given the level of susceptibility. 
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Figure 22: Overview of tasks and related tools used to carry out the landslide hazard analysis. In blue, tools which 

were made available from the SENSUM project, in yellow scripting tools which were developed ex-novo, in red 

scripting tools which were prepared to adapt available QGIS tools and to integrate R and QGIS tools, respectively. 

 

In QGIS, the Processing Toolbox environment is used to call native and third-party 

algorithms by means of a simple graphical interface. In such a geoprocessing 

environment (Figure 23), tools are subdivided into scripts and models, each referring to 

a specific scripting type, which are automatically loaded when starting QGIS. In this 

case, the body of the script is composed of R code. A detailed overview about the 

installation and use of Focus Maps utilities is provided throughout the SENSUM 

document Deliverable 3.4. 
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Figure 23: The QGIS Processing Toolbox, showing several available scripts. In particular, the SENSUM set of tools 

which are used to generate seed-points for landslide hazard analysis is shown. 

 

In particular, the raster map corresponding to the landslide susceptibility map is used as 

the spatial density distribution layer, and a scaling coefficient is adopted to control the 

final number of seed points. Due to computational constraints, the scaling factor is set 

equal to 0.1, allowing for the generation of a total of 1675156, 879899, and 3713918 

points for Kyrgyzstan, Tajikistan and Uzbekistan, respectively (Figure 24). In the end, a 

specific function calling for an inhomogeneous Poisson Point Process, allows for the 

generation of points, based on input prior landslide susceptibility.  
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Figure 24: Distribution of source-location points for the countries of Kyrgyzstan, Tajikistan, and Uzbekistan. Dark 

areas indicate high density of points, in agreement with high landslide susceptible areas. On the contrary, light areas 

represent low density of points, in agreement with low landslide susceptibility levels.      

 

6.2 Computation of downhill flow lines 

Next, source points are used to calculate surface trajectories of hypothetical punctual 

masses during their downhill movements across mountain slopes. This task is achieved 

by means of the r.drain GRASS plug-in combined with R coding. By taking an 

elevation model as the input raster layer, r.drain is iteratively used to calculate flows 

corresponding to least-cost paths at user-provided locations (a coordinate parameter is 

specified). Each path is computed by choosing the steeper slope between adjacent cells. 

It should be noted that r.drain currently finds only the lowest point in the input file that 

can be reached through directly adjacent cells that are less than or equal in value to the 

cell reached immediately prior to it; therefore, it will not necessarily reach the lowest 

point in the input file.  
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Although multiple starting points can be provided, a maximum of 1024 starting points 

can be used as input to r.drain. Therefore, for each country, the large seed-points 

sample is initially split into smaller subsamples, each having 900 points. Flow lines are 

subsequently obtained by means of an automatized procedure through GRASS 

command line scripting. Specifically, the procedure includes the following steps: 

- Importing the elevation model (raster format) together with sub-samples of 

starting points (vector format) as the needed input to r.drain; 

- Saving r.drain output flow lines, including the assignment of an identifier (ID) 

to each output; 

- Extracting nodes from computed flow lines (being the row format of “line” 

type); 

- Adding geometric attributes to each retrieved node, mantaining the consistency 

with the original projected reference system of elevation model.  

 

6.3 Calculation of impact velocity 

After having retrieved coordinates of points delineating downhill surface trajectories, 

the associated impact velocity is determined, starting from observed mass acceleration 

(eq. 15). It is assumed a friction angle (φ) equal to 30°, a value which is commonly 

found for loose sand materials, and friction coefficient (μ) equal to tan (φ). For the 

calculation of mass acceleration, α represents the slope angle and g the acceleration due 

to the gravity. For each trajectory, the distance between adjacent points is computed 

(ds), based on the corresponding cell sizes defined from the projected reference system: 

72.921m, 77.668m, 74.574m, for Kyrgyzstan, Tajikistan, and Uzbekistan, respectively. 

Let’s consider the case of a 4-point trajectory (Figure 25), calculated in Kyrgyzstan. At 

point[𝑥1, 𝑦1], mass acceleration is equal to 𝑎1 = 𝑔(𝑠𝑖𝑛𝛼1 − 𝜇𝑐𝑜𝑠𝛼1), while its initial 

velocity is null (𝑣1 = 0). Once downhill movement of the point mass starts, its mass 

acceleration and velocity values will correspondingly change, following Newton's laws 

of motion. At point[𝑥2, 𝑦2], the point mass will hence have acceleration 𝑎2 =



Chapter 6: Regional slope-stability Analysis 

 

 

Annamaria Saponaro - January 2018   64 

𝑔(𝑠𝑖𝑛𝛼2 − 𝜇𝑐𝑜𝑠𝛼2), and velocity 𝑣2 = 𝑣1 + 𝑎1𝑑𝑡1  (given that 𝑣 = 𝑣0 + 𝑎𝑡), 𝑑𝑡1 

being the time to cover the distance 𝑑𝑠1(known from the Digital Elevation Model‘s 

resolution: ~103m). Since 𝑑𝑠1 = 𝑣1 𝑑𝑡1 + 0.5𝑎1(𝑑𝑡1)2 (given that 𝑑𝑠1 = 𝑣1 𝑑𝑡1 +

0.5𝑎1(𝑑𝑡1)2), it turns out that 𝑑𝑡1 = √2𝑑𝑠1 𝑎1⁄  . Similarly, in order to reach the point 

[𝑥3, 𝑦3], the point mass will cover 𝑑𝑠2 (known from the Digital Elevation Model‘s 

resolution: ~73m), with a velocity 𝑣3 = 𝑣2 + 𝑎2𝑑𝑡2, and a travel time 𝑑𝑡2 = (−𝑣2 +

√(𝑣2
2) + 2𝑑𝑠2𝑎2) 𝑎2⁄  .  

 

Figure 25: Exemplification of punctual modeling of downhill velocity. Details on the values assumed by the variables 

are provided in the text. 

 

Under this physical framework, the impact velocity of sliding point masses is then 

calculated for each single point of the downhill retrieved flow lines. R coding has 

shown a better time computation efficiency, the reason why it is used to perform all 

necessary calculations. Specifically, for the entire territory of Kyrgyzstan, Tajikistan, 

and Uzbekistan, a data frame spatial object including attributes for each point is 

constructed, with a total number of 275876, 258779, and 933810 points, for Kyrgyzstan, 

Tajikistan, and Uzbekistan, respectively. Each velocity value is calculated between 

consecutive points belonging to the same trajectory (hence having, the same identifier 

field). 

Figure 26 shows an example of the calculations for the country of Kyrgyzstan. In this 

figure, each observation refers to a prior modeled flow line identified by means of “cat” 

column name, where the “cat” label stands for category. “x” and “y” attributes indicate 
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the longitude and latitude for each observation, while the “slope” attribute is converted 

from degrees to radians, in order to make practicable the calculations in R; mass 

acceleration (“acc”) of rapid moving materials is sub-sequentially calculated as a 

function of slope angle, gravity acceleration, and coefficient of friction values. 

Distances (“ds”) and expected travel times (“dt”) between consecutive points, are then 

used to retrieve velocities values (“vel”). “ds” attribute field can take on a value either 

equal to 72.921 m (vertical or horizontal path) or to 103.126 m (diagonal path), in 

agreement with the Digital Elevation Model’s resolution in Kyrgyzstan. It should be 

noted that, at the source-location point corresponding to the first point in flow line, the 

impact velocity is null. 

 

Figure 26: Extract of R object data frame (first 10 observations). “cat” attribute (standing for category) identifies 

the points belonging to the same flow line; “x” and “y” columns correspond to longitude and latitude, respectively; 

the “slope” attribute is expressed in radians; “acc” and “vel” are in m/s2 and m/s, respectively; “ds” and “dt” 

represent the distance and travel time between consecutive points of the same flow line, in meters and seconds, 

respectively. 

6.4 Creation of the Landslide Hazard Index (LHI) 

The creation of the Landslide Hazard Index (LHI) map is accomplished by means of the 

following steps: 

- Interpolation of velocity values over the entire region; 

- Application of a slope threshold to results; 

- Quantile classification of velocity values. 
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It has to be remarked that, due to computation constraints, information concerning the 

impact velocities of potential slope failures relate only to 10% of maximum achievable 

sampling points (see section 6.1 for more details). For this reason, a point-by-point 

physical modeling of the expected impact velocities is not obtained. However, seed-

point samples adopted for the physical modeling are properly scaled to the national 

landslide susceptibility input information, and are hence considered representative of 

the overall relationships between landslide potential and geometrical slope 

configuration.  

In order to retrieve the distribution of the impact velocities of the modeled landslides 

over a regular grid of points adjusted to the Digital Elevation Model’s resolution, a 

spatial interpolation over the entire region covering Kyrgyzstan, Tajikistan and 

Uzbekistan is carried out. The Interpolation plugin in QGIS is used to generate an 

Inverse Distance Weighted (IDW) interpolation of the impact velocity vector layer, 

together with a raster layer preserving spatial extent and resolution of the map. The 

computation is performed by averaging the values of data points in the neighborhood of 

each processing cell, being a 10km-sized cell. The outcomes of the interpolation in 

raster format show an overall distribution of impact velocities, with values ranging 

between 11.692. ̶ 39.128 m/s, for the entire Central Asian region.  

Afterwards, a slope threshold is applied over the entire region in order to limit velocity 

values to areas where slope is greater than 6 degrees, under the assumption that slope 

failures do not occur for slope gradient values lower than 6 degrees. For this specific 

step, the Raster Calculation tool in GIS is adopted to multiply the output raster map of 

interpolation velocity values by a user-defined raster map accounting for the slope 

threshold. The distribution of impact velocity values can be visualized in Figure 27. 

Finally, impact velocity values are classified into 4 sub-classes, based on the quantile 

scheme. 
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Figure 27: Distribution of impact velocity values for Kyrgyzstan, Tajikistan, and Uzbekistan, after the interpolation 

and the application of the slope threshold. 
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7 RESULTS AND VALIDATION 

 

7.1 Landslide susceptibility results and validation 

Following the approach explained in Chapter Five, landslide susceptibility maps are 

created by combining weighted landslide factors maps. Specifically, maps are prepared 

by combining those landslide factors which are found to exhibit conditional 

independency of each other (Table 6). In this way, the influence of choosing a certain 

combination of landslide factors to map susceptibility can be investigated. Additionally, 

the susceptibility model obtained by considering all factors together is considered 

(Table 6). 

Table 6 : Four possible landslide susceptibility models of independent factors, based on the outcomes of the chi-

square test, which has been described in Chapter 5. Additionally, the model resulting by the combination of all 

factors is considered. 

Model A Model B Model C Model D Model E 

Slope Aspect Prof. curvature Aspect Slope 

Aspect Prof. curvature Geology Prof. curvature Aspect 

Prof. curvature Geology 
Distance from 

faults 
Seismic Intensity Prof. curvature 

Geology 
Distance from 

faults 
  Geology 

Distance from 

faults 
   

Distance from 

Faults 

    Seismic Intensity 
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Figure 28: Landslide Susceptibility Index (LSI) maps for the Jalal-Abad study area, Kyrgyzstan, based on the 

combinations of conditional independent factors (Model A, B, C, D), and a combination of all factors (Model E, as 

outlined in Table5).Specifically, Model A is derived from the combination of slope, aspect, profile curvature, geology, 

and distance from faults factors, while Model B is from the combination of aspect, profile curvature, geology, and 

distance from faults factors. Normalized susceptibility values are shown. The yellow circles indicate previous 

landslide locations (training dataset in Figure 14). 
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Figure 28 continued. Model C is derived from the combination of profile curvature, geology, and distance from faults 

factors, while Model D from the combination of aspect, profile curvature, and Seismic Intensity factors.  
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Figure 28 continued. Model E is derived from the combination of all the factors, being slope, aspect, profile 

curvature, geology, distance from faults, and Seismic Intensity factors.  

 

The result of the summation is a continuous interval of values ranging from -6.720 to 

4.531 (Model A), from -3.771 to 3.503 (Model B), from -3.438 to 3.124 (Model C), 

from -2.848 to 2.011 (Model D), and from -9.062 to 6.021 (Model E), indicative of 

various degrees of landslide susceptibility. Normalized values are calculated by dividing 

the difference between a value and the minimum result by the maximum minus the 

minimum, allowing them to take on values between 0 and 1: from 0.033 to 0.955 

(Model A), from 0.060 to 0.945 (Model B), from 0.087 to 0.932 (Model C), from 0.103 

to 0.903 (Model D), from 0.016 to 0.971 (Model E). Afterwards, susceptibility values 

are classified into 10 equal-sized sectors corresponding to different levels of 

susceptibility (Figure 28). 

In particular, it can be observed (Figure 28) that high LSI levels are present in the 

southern area, precisely along the eastern border of Fergana valley, where slope values 

mostly range from 0.0º to 16.6º, and the majority of past landslides are also distributed. 

In addition, high landslide susceptibility are recognized across the Jalal-Abad province 

region, though the lack of landslide observations. This latter result might indicate the 
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potential for landslide activation and, therefore, serve as input when estimating 

landslide risk. 

To check the predictive capabilities of any model, an essential requirement is to carry 

out a validation of the results. Without some kind of validation, such results are useless 

since they lack knowledge of the degree of confidence in the model, a crucial element 

for transferring results to end users and stakeholders (Chung & Fabbri, 2003).  

Cross-validation is commonly used for assessing the capability of results from a 

statistical analysis to be generalized to an independent data set. The procedure consists 

of partitioning a sample of data into complementary subsets. The analysis is, then, 

performed on one subset – named the “training set”, and the validation carried out on 

the other subset – named the “test set”.  

In the field of landslide hazard assessment, the cross-validation of the results is 

commonly carried out by partitioning the data in time or in space (Chung & Fabbri, 

2003). When the temporal approach is chosen, landslide occurrences are subdivided into 

two subsets referring to different time periods, typically named “past” and “future” 

landslides. This approach is meant to construct the prediction model based on “past” 

occurrences and then to validate the results with respect to “future” ones. When 

temporal information is missing, spatial robustness validation is commonly applied.  

The validity and accuracy of landslide susceptibility maps are typically ascertained with 

the help of success- and prediction-rate curves in combination with the area under the 

curves. The curves provide information about the relationship between the proportion of 

area identified as being landslide susceptible and the actual landslide occurrences. In 

particular, success-rate curves show how good the susceptibility model is in fitting the 

already occurred landslides, while prediction-rate curves provide quantitative 

information about landslides that might occur in the future. The area under the curve 

provides a measure of the total accuracy based on the rate curves, where a total area 

equal to one indicates perfect accuracy. The common procedure consists of sorting in 

descending order the calculated index values that refer to the total number of cells in the 

study area. Landslide susceptibility results are hence cross-tabulated with landslide 

locations and presented as a cumulative frequency diagram. 
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When comparing the landslide training dataset with landslide susceptibility maps, 

77.211%, 60.420%, 57.721%, 79.160%, and 68.966% of landslides are found in the 

20% of highest susceptibility classes of model A, B, C, D, and E, respectively. Related 

accuracy values are equal to 0.794, 0.734, 0.723, 0.686, 0.805 (Figure 29a). On the 

other hand, comparing the landslide test dataset with the five landslide susceptibility 

models, 75.537%, 60.299%, 58.060%, 79.104%, and 66.119% of landslides are found in 

the 20% of highest susceptibility classes of model A, B, C, D, and E, respectively. 

Correspondent accuracy values are equal to 0.788, 0.733, 0.715, 0.691, 0.801 (Figure 

29b).  
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Figure 29: Accuracy assessment of landslide susceptibility models for training (a) and test (b) databases, 

respectively. Receiving Operating Characteristic Curves (ROC) are used to check the validity and accuracy of 

landslide susceptibility models. 
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7.2 Landslide susceptibility map for Central Asia 

Based on the accuracy assessment, the landslide susceptibility model calibrated for 

Jalal-Abad region can be considered reliable as the input landslide factors are good 

indicators of existing variability conditions. In particular, Model E (Figure 29) shows 

the highest accuracy (AUC = 0.800), and is hence used as the basis for extension to the 

territories of Kyrgyzstan, Tajikistan and Uzbekistan. For this scope, landslide factors 

are re-classified and weighted, following the above described procedure. In particular, 

values are normalized and classified into 10 equal-interval classes, ranging from 0.016 

to 0.971.  

 

Figure 30: Landslide Susceptibility Index (LSI) map for Kyrgyzstan, Tajikistan and Uzbekistan calculated with 

respect to (Model E, Table 5) slope gradient, slope aspect, profile curvature, geology, distance from faults, and 

seismic intensity factors. Normalized susceptibility values are shown.  

The resulting cross-border landslide susceptibility map (Figure 30) shows where 

landslides are preferentially triggered by earthquakes within seismically active Central 

Asia mountain belts. The map emphasizes the relatively high potential for landslides 

over the entire territory of Kyrgyzstan, specifically along the eastern boarder of the 
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Fergana valley, in the South of Talas province, and in the Issyk-kul district. It has to be 

noted that high levels of susceptibility can be found in the Naryn province where the 

conditions for slope failures exist though the scarce occurrence of past landslides. A 

general low level of landslide susceptibility can be observed for almost the entire 

territory of Uzbekistan. This outcome is plausible given the prominence of flat and 

desert areas. Exceptions are represented by the Tashkent and Buhkara provinces, which 

are characterized by high and medium levels of landslide susceptibility, respectively 

(Figure 30). With regard to the Tajik territory, high levels of landslide susceptibility are 

expected in the central districts of Tojikobod and Nurobod (Figure 30), in the proximity 

to the devastating 1949 Khait (Evans et al., 2009). 

7.3 Landslide hazard index (LHI) map for Central Asia 

This section presents results relative to landslide hazard analysis, obtained by following 

the procedure described in Chapter Six.  

The Landslide Hazard Index (LHI) map (Figure 31) indicates the expected level of 

hazard due to the activation of slope failures across the Central Asian region. The map 

shows a relatively high level of hazard where the slope gradient is also relatively high. 

In particular, highest hazard values are mainly shown along the Alay Range and the 

Pamir, in Kyrgyzstan and in Tajikistan; relatively high hazard values can also be 

observed along the North and Central Tien Shan in Kyrgyzstan, in the Pskem 

Mountains in Uzbekistan. 
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Figure 31: Landslide Hazard Index (LHI) map for the countries of Kyrgyzstan, Tajikistan, and Uzbekistan. The map 

shows hazard level due to the impact velocity of slope failures across the region. Normalized values are shown.  

 

7.4 Landslide risk map for Central Asia 

The risk analysis is achieved by combining the population density map with the 

landslide hazard index map. As far as the vulnerability component is concerned, a 

binary function is considered so that vulnerability takes on a value equal to ‘0’, in 

absence of exposure, and a value equal to ‘1’, in presence of exposure. Both the 

population density and landslide hazard index maps are initially classified into 4 

subcategories, following a quantile classification scheme (Figure 32).  
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Figure 32: Population density map (top) and landslide hazard index map (bottom) for Kyrgyzstan, Tajikistan and 

Uzbekistan. A quantile classification scheme has been chosen to categorize values into 4 bins, being 0 – 1059, 1059 – 

2137, 2137 – 3846, > 3846 (people/km2), for population density, and 0 – 18.39, 18.39 – 22.11, 22.11 – 24.24, 24.24 – 

39.13 (m/s), for landslide hazard index map.   
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Afterwards, a class-by-class multiplicative method is used to obtain the final landslide 

risk map. Hence, class 1 of landslide hazard index is multiplied by class 1 of population 

density returning a value equal to 1, class 1 of landslide hazard index is multiplied by 

class 2 of population density returning a value equal to 2, and so on. Final values are 

visualized in form of a matrix, where values ranging between 1 and 2 (shown in yellow) 

indicate ‘low level’, values ranging between 3 and 6 (shown in light orange) indicate 

‘medium level’, values ranging between 8 and 9 (shown in dark orange) indicate ‘high 

level’, and finally values ranging between 12 and 16 (shown in red) indicate ‘very high 

level’ (Figure 33). As part of the classification, proportional dependency between 

population density and expected people vulnerability is assumed, which in turn results 

in assigning a high level of risk to highly populated areas.  

 

Figure 33: Class-by-class multiplicative approach which has been applied to prepare the landslide risk map. First, 

each class of Landslide Hazard Map is multiplied by each class of Density Population Map (right); afterwards, 

values are classified into’low’, medium’, ‘high’, and ‘very high’ level (right).   

 

The final outcome is, hence, a map showing 4 different levels of risk due to landslide 

occurrences across the territory of Kyrgyzstan, Tajikistan and Uzbekistan (Figure 34). 

As can be seen from the map, a very high level of risk is locally expected in the Jalal-

Abad and Osh provinces, Kyrgyzstan, in the Gorno-Badakhshan region near the urban 

areas of Khorugh and Murghab, Tajikistan, and in the Kashkadarva region, Uzbekistan. 

Moreover, a high level of risk can be observed for several areas, i.e., those located in the 
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proximity of Fergana Valley and Jalal-Abad areas in Kyrgyzstan, being highly densely 

populated areas. A medium level of risk can be identified in the Tashkent province in 

Uzbekistan. Although the urban area of the city is not at risk, a certain level of risk is 

expected in the surrounding area proximal to the Pskem Mountains, due to the 

contribution of vulnerability in the final risk calculation. On the other hand, there is a 

low-medium level of risk extensively distributed across Kyrgyzstan, Tajikistan, and 

Uzbekistan, primarily due to the presence of small settlements (having a population 

density in the order of 1000 persons/km
2
) exposed to significant landslide hazard. 

Besides, areas in white correspond to bodies of water and unpopulated areas, mainly the 

mountain regions of the North and South Tien Shan, the Pamir, and the Kyzylkum 

desert, for which the risk of having landslide-induced damage is null.  

 

Figure 34: Risk map of earthquake-induced landslides for Kyrgyzstan, Tajikistan and Uzbekistan. The map shows the 

expected level of damage due to the occurrence of landslides having a certain impact velocity across the region. 

Specifically, 4 levels of risk are shown: low, medium, high, and very high.  
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8 DISCUSSION 

The analysis of landslide susceptibility results reveals that the most influential factors to 

slope instability, sorted according to their values of contrast, are: the class of Mesozoic 

materials, the class IX of seismic intensity, the class 6.6° – 16.6° of slope gradient, 

distance from faults greater than 10km, the class 292.5° – 22.5° of slope aspect, and the 

class -0.00101  ̶  -0.00005 of profile curvature. In addition, the classes linked to the 

highest slope stability probabilities are: the class of Paleozoic materials, the class of 

slope gradient greater than 27.5º, the class VII of seismic intensity, distance from faults 

less than 1km, the class 157.5º – 202.5º of slope aspect, and the class -0.00005  ̶   

0.00095 of profile curvature. 

Precisely, relatively high slope values do not imply landslide occurrence, in agreement 

with the existing evidence (Havenith et al., 2006) that most landslides in Kyrgyzstan 

occur on relatively low slope angles (< 20°). Clearly, a relatively low slope angle is 

associated with the presence of soft materials due to their mechanical properties.  

With regard to slope aspect, small contrast values clearly indicate the partial 

contribution of this factor in the landslide susceptibility analysis. Nevertheless, the 

presence of southwest monsoon winds, might make south-facing slopes relatively wet 

and undisturbed, while leaving north-facing slopes drier, less vegetated, and, 

consequently more exposed to landslide phenomena. In agreement with this statement, 

similar evidences have already been provided for Central Asia (Strom, 2013). 
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Most of past landslides are linked to negative values of profile curvature, which 

correspond to convex-shaped slopes. Although having small contrast values, the control 

of convex morphologies to slope instability can be explained with local seismic 

amplification phenomena occurring in topographic ridges.  

The influence of geology is also clear, since there is an increase in the contrast values 

from the older geological units to the more recent ones. This agrees with the fact that, 

especially in the northern Kyrgyzstan (Kalmetieva et al., 2009), most landslides are 

found on Quaternary materials. A relatively high degree of rock fracturing might be 

responsible for the occurrence of slope failures in Mesozoic rocks, as revealed by the 

high contrast values. On the other hand, it is clear that Palaeozoic materials have no 

connection with landslide initiation. It has to be remarked that the distribution of 

geological materials is not uniform throughout Central Asian countries. For example, a 

relatively lower level of landslide susceptibility is found in Tajikistan with respect to 

Kyrgyzstan. In fact, the hereby proposed susceptibility model entitles Mesozoic rocks as 

the most prone to landslides. However, in Tajikistan the majority of rocks are Paleozoic 

materials (in particular fractured igneous rocks) that, based on the calibrated model, are 

classified as “not influent”.  

Additionally, the widespread presence of loess lithology both in Tajikistan and 

Uzbekistan should not be underestimated, considering connections to previous slope 

failures (Evans et al., 2009, Niyazov & Nurtaev, 2013). The fact that both fractured 

igneous and loess materials are not explicitly addressed in the analysis might reflect the 

relatively low susceptibility level found in these countries.  

At a relatively large distance from the faults (> 10km), an increase of landslide 

occurrences can be observed. The presence of relatively deep hypocentres might be the 

reason for a considerable surficial distance between fault lines and landslides, even 

beyond 10km. This evidence, in line with what has been previously shown (Gemitzi et 

al., 2011), confirms the influence of neotectonic lineaments and fault density on 

landsliding phenomena. In addition, a connection between landslide occurrences and 

focal mechanisms of earthquakes might be speculated. While a relatively high number 

of landslides are expected in case of strike-slip mechanisms (being rocks materials more 
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fractured in the proximity of the epicenter), the presence of slope failures at large 

distances from faults might be connected to reverse focal mechanisms. 

 

 

Figure 35: Khandiza block slide site (Uzbekistan), occurred in loess and probably caused by an earthquake in the 

Pamir-Hindu Kush region (April, 2008) ( Source: Niyazov & Nurtaev, 2013). 

 

As far as the seismic input is concerned, earthquakes of magnitude around 7 are 

expected in order to approximate the identified seismic intensity values of VIII and IX. 

According to observed seismicity, it is possible to find evidence of past earthquakes 

with magnitude of 6.8 - 7 having an impact on the investigated areas. It has to be 

underlined that, despite alternative seismic input parameters are possible, in this case, 

the intensity assigned at the site accounts for all the possible combination of magnitude 

and distance determining ground shaking at the site. Therefore, for the purpose of the 

actual landslide susceptibility analysis, seismic intensity is for sure more reliable than 

other energy-related parameters like PGA.  
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In reference to landslide hazard results, it must be noted that impact velocities derived 

from physical modelling turn out to be relatively higher that those typically derived for 

the same materials (Varnes, 1984). At the first place, this result may be related to the 

assumption of rapid downhill motion of relatively small masses (Scheidegger, 1973), 

which is at the root of the physical modeling framework. In addition, the contribution of 

sudden loading which is typically occurring during an earthquake might be the reason 

behind extremely rapid velocities, even greater than 5 m/s (Hungr et al., 2005). Such 

slope failures usually involve loose granular materials overlying stable substrate, and 

often originate during heavy rain, when the perched saturation condition of the loose 

layer is reached.  

One limitation of the landslide susceptibility model hereby presented is that rockslides 

and large slope failures are not addressed. This is linked to the choice of developing a 

susceptibility model by using only landslides occurred in soft materials, due to their 

majority.   

Unfortunately the available information prevents us to clearly distinguish between the 

trigger mechanisms causing those landslides used to develop the susceptibility model. 

However, considering the local influence of monsoons, slope failures occurring in the 

Fergana Area might have been triggered by heavy or prolonged precipitations.  

Even though conventional landslide susceptibility analyses do not incorporate triggering 

information  (Fell et al., 2008), the present study considers also the inclusion of the 

seismic input, in line with susceptibilities analyses previously presented by Schicker & 

Moon (2012), who included rainfall, and Holec et al. (2013), who included both 

seismicity and rainfall. Besides, given our focus on investigating the potential for 

landslide activation over a large territory, only seismicity has been considered as the 

triggering mechanism. While having an impact on slope instability, the effect due to 

precipitations might only have a local influence and, therefore, is out of the scope of this 

study.  

Based on the analysis of accuracy values for susceptibility models (Figure 29), it can be 

seen that most of susceptibility models show AUC values greater than 0.70 and can, 

therefore, be accepted as significant. Model E has finally been chosen as applicable to 
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the entire country, being the most accurate one. Given that the condition of total 

independency among factors in never completely verified in nature (Bonham-Carter, 

1994), we have not excluded the combination of those factors known as the most 

relevant to landslide initiation in Kyrgyzstan, similarly to what has been carried out by 

Dahal et al. (2008) and Pradhan et al. (2010) in Nepal and Malaysia, respectively. 

Moreover, for regional scale analyses of landslide susceptibility, overestimating the 

number of predicted landslides is a common problem. In order to tackle this problem, 

the adoption of one single landslide point per unit area is considered in the present study 

(Neuhäuser & Terhorst, 2007).  

An important issue in landslide susceptibility and hazard studies is represented by the 

influence on the final susceptibility values of transforming continuous variables into 

discrete variables. In this respect, Remondo et al.  (2003) demonstrated how the 

predictive capability of validation curves obtained from input data, which were 

classified into only a few intervals, and the outcome from almost continuous variables, 

is quite similar. Based on this consideration, landslide potential factors have been 

classified in such a way as not to have many classes in the susceptibility analysis. As a 

general observation, it can be stated that increasing the number of classes in landslide 

factors leads to unstable results.  

Overall, the operation of classifying susceptibility and hazard values is an ongoing topic 

of debate within the scientific community, given that there are no reference rules on 

categorizing data (Ayalew et al., 2004). In this study, susceptibility and hazard values 

are at first normalised and afterwards classified, following the quantile classification 

scheme among a number of possible alternatives (i.e., natural breaks, equal size). The 

reason behind this choice is to have each class approximately equally represented on the 

final map. Moreover, quantiles are very useful for ordinal data, since the class 

assignment of quantiles is based on ranked data. Finally, by adopting the same number 

of classes, a comparison among landslide susceptibility and hazard maps is achievable, 

together with a statistically reproducible framework. 

Moreover, landslide hazard results are clearly linked to slope geometry as well as to 

landslide susceptibility. In fact, most of expected hazardous areas correspond to areas 
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either having high slope or high susceptibility. For this reason, landslide hazard index, 

far from being of site-specific nature, has to be considered as a broad indicator of the 

expected impact velocity due to mass movements at a national level. Unfortunately, the 

lack of historical information concerning landslide-related damages over a large area 

prevents to carry out a validation of both landslide hazard and risk results. Although 

only sparse, a number of available local landslide datasets allow for a validity check of 

results, and confirm the potential for landslide activation throughout the region. 

Besides, historical observations of strongest seismically-induced landslides occurred in 

Central Asia (Figure 3), are found inside identified most landslide-prone areas. It has to 

be remarked that, these datasets were not used in the statistical analysis because of their 

limited nature.  

Regarding landslide risk results, it has to be remarked that the physical damage to life 

lines induced by slope failures is not specifically addressed, and therefore, the total level 

of risk might be underestimated.  

As has already been pointed out (Das, 2011), the validation of risk results is a very 

difficult task to be achieved, given high uncertain in the estimates. The work hereby 

presented, by addressing one single landslide type together with expected impact only to 

exposed population, provides a relatively simple framework allowing results’ uncertain 

to be  relatively low. The choice of population density as element at risk has a particular 

meaning in Central Asian countries, where fatalities due to landslides are more 

significant than economic losses.  

An essential part of any landslide hazard and risk assessment is the prediction of the 

character of failure and a quantitative estimate of post-failure motion (“runout”) 

including travel distance and velocity (Hungr et al., 2005). In line with this, the 

computation framework presented in this work allows not only the computation of 

impact velocity but also to infer information about runout distances of simulated slope 

failures. 

Although various methods to carry out quantitative landslide hazard and risk analyses 

are available, applications are still rare and mainly dependent on the occurrence of 

disasters. In order to support this research direction, the hereby proposed method 
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demonstrate the applicability of a Bayesian-based procedure for detecting landslide-

prone areas at the regional scale, and for identifying the most important factors inducing 

slope failures. Moreover, a quantitative-based landslide hazard and risk framework 

allowing a prior assessment of the expected destructiveness due to landslide activation 

is provided. In this way, landslide-prone areas are identified in advance, and the 

occurrence of disasters might hence be limited. Reinforcing buildings located within the 

landslide susceptible areas would be high costly, and therefore impracticable on an 

economic perspective. It is then of vital importance that land planners are provided with 

appropriate information and tools, which allow the location of people, buildings and 

main infrastructures being more vulnerable to slope failures. 
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9 CONCLUSIONS 

Central Asia is one of the most challenging places in the world where various natural 

hazards can heavily injury populations and resources. Among these hazards, landslides 

pose a serious threat to human life and human facilities. Focusing on landslide-related 

disasters after they occur is essential from a humanitarian point of view, but 

unfortunately not sufficient for reducing their tragic consequences to people, 

infrastructures and the environment. Furthermore, considering remote conditions 

characterizing Central Asian countries, data are not easily accessible, or limited in 

nature, or may be affected by different sources of uncertainty. For this reason, collecting 

of resources and knowledge for identifying areas for future landslide activation and 

quantifying vulnerability and risk are crucial tasks for long-term risk mitigation.  

In order to mitigate landslide risk, this work evaluates its components over the entire 

Central Asian region. For the first time, a cross-border risk map of earthquake-induced 

landslides is produced at a transnational level in Central Asia. To this scope, an 

approach to evaluate the potential of seismically-induced landslides using statistical 

relationships between past landslides and the most significant seismo-tectonic, 

geological and morphological factors in Central Asia countries is presented. The 

Bayesian-based method is initially calibrated and cross-validated with an independent 

dataset in Kyrgyzstan, providing with a landslide susceptibility model having an 

accuracy level greater than 70%, which allows considering the model sufficiently 

reliable for urban planning purposes. Afterwards, due to uniformity in 

geomorphological and tectonic factors characterizing all Central Asian countries, an 
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extension of the model to the territories of Uzbekistan and Tajikistan is carried out. At a 

second stage, the susceptibility analysis is used as prior information for a quantitative 

hazard analysis and to evaluate expected damage to people due to the sliding process 

induced by earthquakes, over the entire Central Asian region.  

It can be concluded that geology plays a critical role in guarantying slope stability. 

Mesozoic materials are found to be the most responsible for landslide initiation. The 

huge variability of these materials (soft and semi-hard rocks, principally deposits of 

clays, argillites, sandstones, limestones - often covered by Quaternary loess), prevents 

us to discriminate the influence of specific rock types, which would add more value to 

the analysis. The contribution of rock structure to instability is also clear given the fact 

that most of landslides occurred in places with relatively moderate slope gradient values 

(6-16°). Additionally, due to the presence of neotectonic lineaments all over the 

country, the strength of rock materials is reduced and slopes are made unstable. It has 

been observed that, at a certain distance from faults, slope failure phenomena are quite 

sever. The resulting cross-border landslide susceptibility map emphasizes the relatively 

high potential for landslides over the entire country of Kyrgyzstan, specifically along 

the eastern boarder of Fergana valley, in the South of Talas province, and in Issyk-kul 

district; besides, high levels of susceptibility can be found in the Naryn province where 

the conditions for slope failures exist though the scarce occurrence of past landslides. A 

general low level of landslide susceptibility can be observed for almost the entire 

territory of Uzbekistan, with exceptions of the Tashkent and the Buhkara provinces 

characterized by high and medium landslide susceptibility, respectively. With regard to 

the Tajik territory, high levels of landslide susceptibility are expected in central districts 

of Tojikobod and Nurobod. 

Besides, it turns out that impact velocity of earthquake-induced mass movements can be 

particularly significant along the North and Central Tien Shan, the Pskem Mountains, 

the Alay Range, and the Pamir. In addition, landslide risk results show that a very high 

level of risk is locally expected in the Jalal-Abad and Osh provinces, Kyrgyzstan, in the 

Gorno-Badakhshan region near the urban areas of Khorugh and Murghab, Tajikistan, 

and in the Kashkadarva region, Uzbekistan. Moreover, a high level of risk can be 

observed for several areas, i.e., those located in the proximity of Fergana Valley and 
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Jalal-Abad areas in Kyrgyzstan, being highly densely populated areas. On the other 

hand, there is a low-medium level of risk extensively distributed across Kyrgyzstan, 

Tajikistan, and Uzbekistan, primarily due to the presence of small settlements (having a 

population density in the order of 1000 persons/km
2
) exposed to significant landslide 

hazard.  

By taking into account limitations and assumptions of the described approach, results 

hereby presented can be effectively used to model landslide susceptibility, hazard and 

risk also in neighboring regions as well as in other data-scarse regions of the world, 

being characterized by the same combination of landslide influential parameters as 

Central Asia countries. 

As part of future work, a more detailed investigation of existing relationships between 

quaternary rocks (in particular loess) and slope failures is recommended in order to 

provide specific insight for landslide susceptibility in Tajikistan and Uzbekistan. For 

this reason, a more detailed inventory of past landslides is under construction, including 

geological information at the landslide site. Furthermore, a more detailed study of the 

connections between faults and earthquake source mechanisms would provide a deeper 

characterization of the seismic ground shaking as input to landsliding phenomena. 

Finally, collecting information on damages caused by landslides, including not only the 

number of fatalities but also the number of people affected and injured, would definitely 

increase the understanding of human vulnerability to landslides. Moreover, the analysis 

of physical vulnerability to slope failures in Central Asia might be undertaken, provided 

that information about induced-damages to buildings and life-lines are made available. 

To this scope, clear dependencies between the impact area of a landslide and the amount 

of damage to built-up areas and infrastructures can be established.   

Although landslide studies have been already started in Central Asia, a sound statistical 

methodology for susceptibility of earthquake-induced landslides and risk mapping 

applicable over the entire region at transnational level has never been carried out before. 

By identifying areas with a potential for future seismically-induced slope instability 

together with expected impact on population, the present work offers the unique value 

of presenting first attempts of a cross-border and harmonized landslide analysis, and 
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provides national authorities with a regional map which serves as a prelude for landslide 

risk mitigation activities.  
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