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CHAPTER 1

INTRODUCTION

1.1 Background

Landslides, being one of the most destructive natural hazards, cause significant
damage to life and property around the world. They are considered as the third most
significant type of natural disaster on a global scale (van Westen et al., 2011). During
the 1990s, about 9% of worldwide occurrence of all natural disasters were attributed
to landslides (Yilmaz, 2009; Mousavi et al., 2011). It has been estimated that every
year, landslides claim the lives of roughly 1000 people and destroy property worth $4
billion! (Lee & Pradhan, 2007; Karsli et al., 2009). Between 2006 and 2016, a total of
4,862 catastrophic landslide events were recorded which resulted in more than 55,000
fatalities worldwide (Froude & Petley, 2018). In 2019, landslides account for 17% of
the fatalities associated with natural hazards each year (Aristizabal & Sanchez, 2020;
Sim et al., 2022). Due to the unplanned urbanization and fast pace of increase in po-
pulation, the developing countries are even more vulnerable to landslide hazard (Pet-
ley, 2012a). The developing countries experienced more than 95% of all disasters and
deaths associated with landslide and other types of mass movement (Hansen, 1984;
Aleotti & Chowdhury, 1999). Landslides cost developing countries 0.5% of their gross
national product each year (Mandal & Mondal, 2019). Many researchers conclude that
the threats from landslides are much greater than are generally recognized in many
countries, causing an annual loss of property greater than any other natural disaster,
including earthquakes, storms and floods (Glade, 1998; Guzzetti et al., 1999). Land-
slide research has drawn worldwide attention owing to a growing awareness and con-
cern on the socio-economic impact of landslides (Aleotti & Chowdhury 1999; Cham-
pati Ray & Lakhera, 2004). It is also partly due to its frequency of occurrence among
other natural hazards. According to the International Disaster Database (EM-DAT)
data, during 2000-2024, landslides caused 18,653 deaths and affecting over 8 million

people worldwide (Table 1.1). In reality, however, the number of deaths, people affec-

1 Unless otherwise specified, all Dollar ($) references used in the chapter are in US Dollars
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ted and property damages will be much more, as data on a global scale may not include
several unreported incidents. This often leads to underestimation of the impacts and
number of landslide events in the report (Petley, 2012a; Kirschbaum et al., 2015;

Froude & Petley, 2018).

Table 1.1

Global landslide statistics during 2000-2024 as per EM-DAT database (OFDA/CRED 2025)
. No. of Total . Total Damage
Continents Events Deaths Injured | Homeless Affected [US (000'S)
Total 65 3,449 604 23,878 | 2,85,344 71,312

Africa
Avg/event - 53 9 367 4,390 1,097
) Total 90 3,292 1,153 | 2,07,293 | 5,64,153 | 25,85,741

Americas
Avgl/event - 37 13 2,303 6,268 28,730
Asi Total 244 11,641 2,472 | 1,80,610| 78,83,939 | 31,95,509
sia

Avg/event - 48 10 740 32,311 13,096
Total 10 66 37 3 7,381 | 10,41,887

Europe
Avgl/event - 7 4 0 738 | 1,04,189
) Total 12 205 32 10,000 19,044 60,000

Oceania
Avg/event - 17 3 833 1,587 5,000
TOTAL 421 18,653 4,298 | 4,21,784 | 87,59,861 | 69,54,449

In addition to the loss of life, landslides also cause severe economic damage. The
estimated global annual economic loss due to landslides is $20 billion, representing
17% of total global disaster losses from 1980-2013, which amount to $121 billion
annually (Klose et al., 2016). Japan and Italy suffer the highest economic loss, with
estimated annual losses of $4 billion and $2.6-5 billion, respectively. Other countries
with significant financial losses include India ($1.3 billion), China ($0.5 billion), and
Brazil ($0.35 billion) (Sim et al., 2022). In Colombia, landslides have resulted in
economic damages exceeding $654 million from 1900 to 2018 (Aristizabal & San-
chez, 2020). Moreover, in the US alone, landslides cause approximately $2 billion
economic losses and thousands of deaths each year (Hart, 2024). With the increasing
occurrence of severe weather events linked to global climate change, the worldwide
impacts of landslides are increasing further. This emphasizes the urgent need for im-

proved risk assessment, mitigation strategies, and policy interventions.



India is a vast country with varied topographic as well as climatic conditions, and
frequent occurrence of landslide disasters are no exception. In fact, India ranks the first
in terms of fatal landslide occurrences in the world (Froude & Petley, 2018). About
12.6% of land area of the country (approximately 0.42 million km?) is susceptible to
landslide hazard (Kaur et al., 2017; Mani et al., 2024). In India, landslide activity is
mostly observed in the Himalayan region, the Western Ghats and the Nilgiri ranges in
the south (Martha et al., 2021). During the year 1998-2018, more than 75,000 landslide
events were recorded across the country (NRSC, 2023). Among these, the Northwest
Himalayan region accounts for 66.5% of the total events while the Northeast Hima-
layas account for 18.8%. It is no surprise that the Himalayan region contribute to
almost 15% of the global rainfall-induced landslides (Dikshit et al., 2020a; Bhat, 2024).
The National Disaster Management Authority (NDMA), in 2019, estimated that the
annual losses due to landslides in India were approximately X150—200 crores (Das et
al., 2023). In terms of fatalities, more than 300 lives were lost every year due to land-
slides in India as per the reports by the National Crime Records Bureau (2010-2019)
(Roy et al., 2022). These figures are likely to increase in the present-day situations
considering the climatic change scenarios and the fast pace of population growth in

the hilly regions (Stanley et al., 2024).

1.2 Statement of the problem

Mizoram, located in the north-east India is the southern extension of the north-east
Indian Himalayas and is considered to be one of the most landslide prone regions in
the country. According to the Landslide Atlas of India (NRSC, 2023), Mizoram topped
the list in recording the highest number of landslide incidences across the country
during 1998-2022. Landslide is the most frequent natural hazards experienced by the
state. A number of landslides have been reported each year from various locations,
particularly during the monsoons. This causes a great deal of misery to public, and
sometimes results in the loss of life and property. It also damages transportation lines
and communication networks, apart from causing economic burden on the society.
Neo-tectonism, young geology, high degree of slope and relief, heavy precipitation
and unplanned land use practices are the factors which contribute to the high suscep-

tibility of landslides in the region (Tiwari et al., 1996).



In the past years, several disastrous landslides have occurred within Mizoram. The
year 1929 was known as Minpui Kum which literally means “Year of Mass Land-
slides” where it rained continuously for ten days, causing numerous landslides across
the state. On 9 August, 1992, a stone quarry collapsed at Hlimen locality within Aizawl
which claimed about 66 lives, and damaged 17 houses. Heavy cloudburst on 16 and
17 May, 1995 resulted in massive mass movements at Lawngtlai and Saiha districts,
wherein 33 people lost their lives and affected 737 houses. As per the Disaster Mana-
gement & Rehabilitation (DM&R) Department records, landslides resulted in 127 fata-
lities and injured 110 people between 2006 and 2023, besides affecting 8,758 houses
within the entire state (DM&R, 2020; 2023). More recently, due to heavy rainfall
which accompanied Cyclone Remal in May 2024, devastating landslides occurred at
several places. This event claimed approximately 40 lives with several properties des-
troyed across the entire state. Some of the severe landslides occurred within Mizoram
are presented in Table 1.2.

Aizawl city, the state capital has experienced several decades of rapid and uncon-
trolled urbanization, which resulted in unplanned development and haphazard con-
struction along the steep and unstable slopes (Rodgers & Tobin, 2014). Construction
of infrastructural developmental activities have often been carried out without consi-
dering the bearing capability of the land, which increase the vulnerability of both the
population and physical structures to landslide hazards. The basic infrastructures in-
cluding roads, drainages and sewerage systems have not kept pace with its rapid
growth. Many of the buildings were constructed without strictly adhering to the buil-
ding codes and engineering designs. Moreover, as urbanization continues, there is a
proportional increase in population density which subsequently led to the increasing
vulnerability of the local residents. The risks of landslides in Aizawl are further am-
plified by factors such as increasing population, unplanned urbanization, disparities in
socio-economic conditions, constructions in high-hazard zones, and increasing cli-
matic change. These issues collectively pose a significant threat to the city and its long-
term development. In view of all these, it is important to develop and adopt a scientific
approach to assess vulnerabilities and risks associated with landslides. This will be a
valuable tool for administrators and decision-makers involved in disaster mitigation

and risk reduction programmes.



Table 1.2 Important landslides within Mizoram (DM&R, 2020; 2023)

Date/Year

Location

Description

Casualty/Affected

1-10 June, 1929

Whole Mizoram

Known as “Minpui kum”.
Due to incessant rainfall,
numerous landslides
occurred in the entire state

Data not available

11 July, 1986 SQUth Hlimen, Landslide/Rockslide 4 persons dead
Aizawl
1991 Sihpui & Ramthar Sinking/subsidence of hill 70 houses destroyed
Veng, Aizawl slope
South Hlimen, 66 persons dead; 17
9 August, 1992 Aizawl Stone quarry collapsed houses destroyed
Recurrent slide/sinking
occurred. This occurred
1992 Hunthar Veng, again in 1993, 1995, 1996, | NH-44A and 17 houses
Aizawl 1997, 2001, 2003, 2005, | damaged

2006, 2007, 2008, 2010,
2011

16— 17 May, 1995

Lawngtlai and Saiha
Districts

Heavy coudburst results in
massive landslides

33 persons dead; 6 others
injured; 737 houses
damaged

Subsidence of land within

45 houses along with 55

2004 Ngopa Village the settlement families affected
Armed Ven More than 100 houses
2004-05 . 9 Subsidence of land affected; 25 houses
Aizawl
vacated
2005 Chanmari West, Subsidence/sinking of 30 houses vacated

Aizawl

land

September, 2007

Mamit District

Several landslides
throughout the district

NH-44A blocked for 13
days

Mamit Town and

Subsidence of land within

66 and 10 houses
destroyed in Mamit town

2010 Ngopa Village the settlement and Ngopa village,
respectively
21 July, 2012 Keifang Stone Rockfall at the quarry 19 persons killed and

Quarry

swept a bus down a ravine

injured 16 others

8 August, 2012

Aizawl-Tuirial Road

Debris slide swept a local
taxi down a cliff

3 persons killed and
injured 3 others

11 August, 2012

Ramhlun Sports
Complex and
Ramhlun Vengthar,
Aizawl

Reactivation of
Subsidence/sinking of
land from 2004

7 houses damaged; 56
families were evacuated

Landslide of translational

17 persons killed and

11 May, 2013 Laipuitlang, Aizawl injured 9 persons;
character
destroyed 12 houses
Ramhlun Sports Reactivation of
July, 2013 Complex and Subsidence/sinking of 15 houses destroyed and

Ramhlun Vengthar,
Aizawl

land

several families evacuated




Table 1.2 (continued)

Date/Year

Location

Description

Casualty/Affected

May - July, 2017

Aizawl, Lunglei and
Lawngtlai Districts

Heavy rainfall caused
flooding along the major
rivers within the district,
along with several

13 persons dead; 1,144
pucca houses and 2,878
kutcha houses were
damaged

landslides
10 persons died; one
4 June, 2018 Lunglawn, Lunglei | Debris slide house completely
damaged
11 June, 2018 Kanaan Veng, Landslide Total damage of NH-06

Hnahthial Town

12 June, 2018

Hunthar Veng,
Aizawl

Recurrent slide/sinking
occurred

29 families evacuated
during 2015-2019

Aizawl to Champhai

NH-06 totally damaged

19 July, 2019 Road Landslide near Haidai stream
. NH-306 completely
19 July, 2019 Mualkhang Landslide blocked
25 July, 2019 Bawngkawn, Aizawl | Landslide NH-06 completely
blocked
College Ven Subsidence/sinking of 12 families were
July, 2019 ge 9 g evacuated; 7 residential
Lunglei land .
houses dismantled
3 blocks of BSUP
concrete building
2 July, 2019 Durtlang, Aizawl Landslide of translational | collapsed as a result of

character

which 3 persons dead and
injured 11 others; 138
families were evacuated

1.3 Research Gap and Motivation

Within the Aizawl municipal area, quite a number of hazard assessment studies have
been undertaken in the form of hazard and/or susceptibility zonation, geotechnical and
site-specific studies. However, studies on the different vulnerabilities and risks asso-
ciated with landslides are very meagre and limited. The effects of landslides on the
various indicators of vulnerability such as physical, socio-economic and demogra-
phics, and the subsequent risk analyses have not yet been thoroughly investigated and
studied. The lack of comprehensive and detailed studies in this aspect highlights a
significant lacuna in understanding and addressing the damages caused by landslides.

Furthermore, translating research findings into actionable information for decision-

makers still remains a challenge.



In order to address all these issues, the present study is taken up to assess the land-
slide susceptibility/hazard, to examine and evaluate the vulnerabilities, both physical
and socio-economic aspects in order to have a clear picture on the exposure of people
and infrastructures to landslide hazard. By integrating both hazard and vulnerabilities,
landslide risk assessment in the Aizawl municipal area is carried out. Focusing on
quantitative statistical models for susceptibility mapping, and quantifying the vulnera-
bilities, this research aims to provide a more comprehensive and accurate understan-
ding of landslide risk. The findings of this research are expected to contribute to a more
understanding of the spatial distribution of landslide hazard, vulnerabilities and risk,
better-informed land-use planning decisions, and ultimately, enhanced resilience to

landslide disasters.

1.4 Research Questions and Objectives

The aim of this research is to assess the different levels of landslide risk within the
study area, derived from the analyses of landslide hazard/susceptibility and the phy-
sical and socio-economic vulnerabilities. Therefore, the present study aims to answer
the following questions:

e What is the spatial distribution of landslide hazard/susceptibility within the
study area?

e What are the most contributing factors for the susceptibility of landslides with-

in the study area?
e What are the elements at risk?
e What is the level of physical vulnerability based on building and road network?

e What is the level of social vulnerability based on different socio-economic and

demographic indicators?
e What are the most contributing factors of social vulnerability?
e What is the level of landslide risk within the Aizawl municipal area?

e \What factor influences the risk of landslide?



With a view to answer the above questions, the present study has been carried out with
the following objectives:

1) To map the landslide-prone areas within the study area
2) To assess physical and social aspects of vulnerability

3) To assess the degree of landslide risk within the study area

1.5 Assumptions

While carrying out the present research, the following assumptions were made:

e Landslide susceptibility conditions, particularly rainfall-triggered shallow land-

slides, are assumed consistent throughout the period of this study.

e Data obtained for the present study from various sources including official
sources, fieldwork, and previous studies, along with the methodological frame-

works adopted are reliable and adequate for the analyses.

e Geospatial and statistical models used are calibrated to represent realistic con-

ditions.

e The socio-economic and demographic data (from the 2011 Census) provide a
baseline for assessing social vulnerability, with the recognition and acceptance
that remarkable demographic and socio-economic changes over the past de-
cade may not be fully captured, which can influence the current vulnerability

assessment.

e Structural resilience is assumed to be adequately represented by the materials

used in the construction in spite of data constraints in other factors.

e Risk assessment results specifically for infrastructures within the study area are

valid despite the absence of past landslide damage data for validation.

e The exclusion of landslide magnitude, temporal characteristics, and popula-
tion-specific risk assessments due to data limitations is acceptable for the cur-

rent study scope.



1.6 Research Hypotheses

The present research aims to test the following hypotheses:

e Landslide susceptibility varies with topographic factors (e.g., slope angle), land

use/land cover, and lithological variations.

e Physical vulnerability remarkably differs based on the type of construction

materials used.

e Socio-economic vulnerability is influenced by demographic factors such as
gender, dependency ratios, literacy rates, housing conditions, and population

density.

e Higher combined vulnerability correlates positively with higher levels of land-

slide risk within the study area.

1.7 Significance of the Study

Landslides represent a significant and persistent threat to human life, infrastructure,
and economic stability, particularly in rapidly urbanizing hilly settlements such as
Aizawl. This study holds great significance for several reasons. Firstly, it contributes
directly to enhancing disaster management practices within Mizoram by providing
spatial insights into the landslide susceptibility, hazard, vulnerabilities and associated
risks. Such knowledge is specifically important for informed policy-making, strategic
urban planning, and the implementation of targeted mitigation measures. Secondly,
the comprehensive evaluation of both physical and socio-economic vulnerabilities in
the present study offers some important perspectives that are often overlooked in con-
ventional landslide studies, thereby promoting a broader understanding of disaster im-
pacts on diverse community sectors. Thirdly, by utilizing geospatial and statistical
techniques, this research serves as a methodological framework that can be replicated
in similar geographic and socio-economic contexts across other landslide-prone areas.
Consequently, the outcomes of this study are anticipated to substantially contribute to
the knowledge on landslide risk reduction, disaster resilience, and sustainable urban

development in Aizawl and similar contexts worldwide.



1.8 Definitions of the terms

In the context of landslide risk assessment, the terms hazard, vulnerability, and risk
are often used in an interdisciplinary manner, comprising physical, environmental, and
socio-economic dimensions. Owing to the complexity and overlapping interpretations
of these terms across different scientific domains, it is essential to adopt clear and con-
sistent definitions that align with widely accepted frameworks. This section provides

the working definitions of these concepts as used throughout the present study.

Hazard: A hazard is a potentially damaging physical event, phenomenon, or human
activity that may cause the loss of life or injury, property damage, social and econo-
mic disruption, or environmental degradation. In the context of geomorphological pro-
cesses, natural hazards include phenomena such as landslides, earthquakes, cyclones,
and floods. As per the United Nations Office for Disaster Risk Reduction (UNDRR,
2020), a hazard is defined as “a process, phenomenon or human activity that may cause
loss of life, injury or other health impacts, property damage, social and economic dis-

ruption or environmental degradation.”

Hazards can be natural (landslides, earthquakes), technological (industrial accidents),
or anthropogenic (human-induced). Wisner et al. (2004) emphasized that the notion of
hazard must also consider the social construction of risk, particularly how certain
populations are more exposed due to systemic vulnerabilities.

Susceptibility: In the context of landslides, susceptibility refers to the likelihood or
spatial probability of landslide occurrence in a given area based on the intrinsic cha-
racteristics of the terrain (Brabb, 1984), without considering the temporal frequency
or potential consequences of such events. It represents the predisposition of a slope or

terrain unit to fail under existing environmental and geological conditions.

According to Corominas et al. (2015 & 2023), susceptibility is formally defined as “a
quantitative or qualitative assessment of the volume (or area) and spatial distribution
of landslides that exist or potentially may occur in an area. Susceptibility may also in-
clude a description of the velocity and intensity of the existing or potential landslides”.

Landslide susceptibility assessment is the initial step toward comprehensive landslide
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hazard and risk assessment (Martha et al., 2013). It can also be an end product used
for land-use planning and environmental impact assessment, especially in areas where

data scarcity prevents a full hazard evaluation (Corominas et al., 2014).

Vulnerability: Vulnerability refers to the conditions determined by physical, social,
economic, and environmental factors or processes which increase the susceptibility of
an individual, a community, assets, or systems to the impacts of hazards. Vulnerability
determines the degree to which a system or element is likely to experience harm due

to exposure to a hazard.

The Intergovernmental Panel on Climate Change (IPCC, 2014) defines vulnerability
as “the propensity or predisposition to be adversely affected. Vulnerability encompas-
ses a variety of concepts and elements including sensitivity or susceptibility to harm
and lack of capacity to cope and adapt.”

In landslide risk assessment, vulnerability is often categorized into different dimen-
sions, such as physical vulnerability (structural susceptibility of infrastructure), social
vulnerability (demographic and socioeconomic attributes), economic vulnerability
(livelihood dependence and resource loss), and environmental vulnerability (eco-sys-

tem fragility and degradation).

Wisner et al. (2004) further highlighted that vulnerability is deeply rooted in socio-
political structures and inequalities, which often dictate differential access to resources

and decision-making power, thus shaping the uneven distribution of disaster impacts.

Risk: In the context of landslides, risk refers to the expected consequences resulting
from the interaction between landslide hazards and the exposed elements at risk, consi-
dering their vulnerability. It quantifies the potential for losses such as fatalities, inju-
ries, property damage, infrastructure disruption, and economic impacts arising from

landslide occurrences within a specified area and timeframe.

Following Varnes (1984), landslide risk can be defined as “the expected number of
lives lost, persons injured, damage to property, or disruption of economic activity due

to a landslide hazard for a given area and period.” This formulation emphasizes both
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the probability of a landslide event and the severity of its consequences on vulnerable
elements exposed to the hazard.

The assessment of landslide risk requires integration of spatial data on landslide sus-
ceptibility or hazard, demographic and infrastructure exposure, and the degree of vul-
nerability of these elements. This risk-based approach enables prioritization of mitiga-
tion strategies and supports effective decision-making in land-use planning and disas-

ter risk reduction.

In the context of landslides, risk assessment seeks to quantify the expected consequ-
ences such as fatalities, building damage, or economic losses due to landslide activi-
ties. Risk can be qualitative, semi-quantitative, or quantitative, depending on data avai-
lability and methodological approaches. van Westen et al. (2008) expanded upon these
principles by developing spatially explicit methods to model risk through the integra-

tion of hazard zonation, vulnerability indices, and exposure layers.

1.9 Organization of the Thesis

This thesis is organized into seven chapters, each of which addresses specific com-
ponents of the research related to landslide hazard, vulnerability and risk assessment

in the Aizawl municipal area. A brief overview of each chapter is presented below:

Chapter 1 serves as the introduction to the research. It firstly presents the background
of the study by discussing the global and national significance of landslides as a ha-
zard. It outlines the problem statement, identifies the research gaps that motivate this
study, and defines the research questions and objectives. The significance of the study

along with definitions of important terms used in the thesis are also presented.

Chapter 2 provides a comprehensive review of the existing literature. It presents a
detailed review of the fundamental concepts of landslides, including their definitions,
types, and classifications. The chapter examines current trends and methodologies in
landslide research, with a specific focus on susceptibility and hazard using geospatial
technologies. The chapter further explores the concepts of social and physical vulnera-
bilities, and also the concepts and frameworks of landslide risk. A brief review of
previous landslide studies conducted in the study area is also included.
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Chapter 3 presents a detailed account of the study area. It covers the geographical
location, historical development, administrative setup, and socio-economic profile of
the area. It also describes the physical characteristics that influence landslide occur-
rences, such as climate, rainfall, geology, soil, and drainage systems, and recounts the

significant historical landslide events within the study area.

Chapter 4 outlines the methodology for the quantitative assessment of landslide sus-
ceptibility. It presents the preparation of the landslide inventory and the selection and
processing of twelve landslide conditioning factors. The chapter also provides a tho-
rough explanation of the three bivariate statistical models employed, including the pro-

cess for model validation.

Chapter 5 focuses on the methodology and analysis of landslide vulnerability and
risk. It explains the approaches taken to evaluate both social and physical vulnerability.
The chapter details how socio-economic data and physical infrastructure data were
utilized to create vulnerability indices, which were then integrated with the landslide

hazard map to generate a final landslide risk index for the study area.

Chapter 6 presents the results and discussion of the analyses conducted. It describes
the landslide susceptibility maps generated from the three models and discusses their
performance and validation in addition to the discussion on the spatial correlation of
various factors and landslides. This chapter also presents the findings of the social,
physical, and combined vulnerability assessments. The final landslide risk index is pre-
sented, and the spatial patterns of susceptibility, vulnerability, and risk across the study
area are analyzed and discussed along with the implications of the results.

Chapter 7 summarizes the major findings and contributions of the study. It synthesi-
zes the outcomes of the susceptibility, vulnerability, and risk assessments. The chapter
concludes by providing recommendations for policy, planning, and future research di-

rections based on the findings of the study.
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CHAPTER 2

REVIEW OF LITERATURE

This chapter presents a comprehensive review of the fundamental concepts related to
landslides, including their definitions and classifications along with important para-
meters which influence their occurrence and behavior. An examination of existing lite-
ratures on landslide research trends with emphasis on susceptibility and hazard assess-
ments using geospatial technologies (Remote Sensing and GIS) is also presented. It
also explores the concepts and methodologies utilized in vulnerability assessments,
particularly on both the social and physical dimensions, and their integration into land-
slide risk assessment models. An overview of previous landslide studies conducted

within the study area is also provided.

2.1 Definition of Landslide

The term landslide was used for the first time by James Dwight Dana in 1838 (Cruden,
2003; Hedding, 2020). Landslide was then initially understood only in broad terms,
and systematic scientific study lagged behind the terminology. One of the first scienti-
fic investigations of landslides was conducted by Swiss geologist Albert Heim on the
catastrophic Elm rockslide of 1881 (Wieczorek & Snyder, 2009). He and other early
European geologists began to conduct scientific studies on landslides, from which a
more systematic definition and classification of landslides have originated. One of the
key pioneers was C. F. Stewart Sharpe who defined landslides as “the perceptible down-
ward sliding or falling of a relatively dry mass of earth, rock, or a mixture of the two”
(Sharpe, 1938). The definition given by Sharpe was a foundational attempt to describe

slope failures and was influential in early geomorphologic and engineering studies.

As understanding of landform and slope processes began to broaden, researchers rea-
lized the need for broader definitions of landslides. Terzaghi (1950) defined a landslide
as “a rapid displacement of a mass of rock, residual soil, or sediments adjoining a
slope, in which the center of gravity of the moving mass advances in a downward and

outward direction”. This definition broadened the scope beyond Sharpe’s definition by

14



including any rapid downslope movement of slope-forming materials. The phrase
“downward and outward movement” used by Terzaghi introduced a key concept that

would reappear in later definitions.

These early definitions proposed, while seminal at the same time, had ambiguities par-
ticularly regarding the movement rate and water content. In 1958, an American geo-
logist David Joseph Varnes introduced a more comprehensive definition and classi-
fication schemes. He defined landslide broadly as the “downward and outward move-
ment of slope-forming materials composed of natural rock, soils, artificial fills, or
combinations of these materials” (Varnes, 1958). This definition echoed the descrip-
tion given by Terzaghi, and became a cornerstone for subsequent landslide literature.
Varnes (1978) presented an updated definition of landslide in similar broad terms as
“constitut[ing] the group of slope movements wherein shear failure occurs along a
specific surface or combination of surfaces”. He replaced the term landslide with slope
movement to include a variety of mass movement processes, rather than a specific type

of sliding along a defined surface.

In 1984, Varnes revised the definition of landslide to encompass almost all slope
movements: “the term landslide comprises almost all varieties of mass movements on
slopes, including some, such as rockfalls, topples, and debris flows, that involve little
or no sliding” (Varnes, 1984). This definition explicitly acknowledged that landslides
are not limited to the literal sense of land and sliding. Other types of mass movements
such as rockfalls and debris flows were now considered types of landslides, despite
the lack of a discrete sliding surface. In the meantime, Chorley et al. (1984) proposed
another widely accepted definition as, “the detachment and downslope transport of soil
and rock materials under the influence of gravity. The sliding or flowing of these mate-
rials is due to their position and gravitational forces, but mass movement is accelerated
by the presence of water, ice and/or air. This definition of mass movement permits
consideration of the movement of earth materials at all scales and at all rates”. This
definition implies that gravity alone acts as the primary factor, and excludes the in-

volvement of other transporting agents like wind, water flow, ice, or molten lava.

As landslide research expanded globally, with more researchers engaged in landslide

studies, there was a concerted effort by the international scientific community to for-
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malize landslide definitions and nomenclature. The International Geotechnical Socie-
ty, in collaboration with UNESCO, formed Working Party on World Landslide Inven-
tory (WP/WLI). The Working Party defined a landslide as “the movement of a mass
of rock, earth or debris down a slope” in 1990. A year later, Cruden (1991) published
the same definition which was intended for non-technical and informal use (Hedding,
2020). The definition proposed by the WP/WLI was adopted and suggested for infor-
mal use in the International Decade for Natural Disaster Reduction (1990-2000). This
definition was recommended for widespread adoption, and indeed, it was soon em-
braced in both research and official glossaries, and became one of the most (if not the
most) cited definitions in landslide literatures. Cruden and Varnes (1996) also reaftir-

med the definition proposed by the Working Party and Cruden (1991).

Despite these refinements, however, some scholars argued that the term landslide has
remained somewhat ambiguous, as it is used synonymously with various mass move-
ment processes. Shanmugam and Wang (2015) argued that the term /andslide has been
used inconsistently for which it lacks conceptual clarity. They stated that it was erro-
neous to describe and include those processes such as debris flows or topples with no
true sliding motion as landslides. They suggested to reserve the term for phenomena
where sliding can be empirically verifiable. They further recommended the use of the

broader term, mass-transport deposits (MTD) when such confirmation is lacking.

Thus, it can be recognized that the broad range of landslide occurrences and their intri-
cate interactions with the surrounding environment make them challenging to adopt a
single, universally accepted definition for landslides. It can also be observed that con-
temporary definitions of landslide are the product of over a century of refinement.
Ultimately, owing to the effort of WP/WLI (1990) and Cruden (1991), a near-consen-
sus definition emerged that remains in use today.

2.2 Morphology of Landslide

Before going further, it is important to first introduce a common terminology for des-
cribing and defining the various features, geometry, and dimensions associated with
landslides. A clear understanding of these terms is essential for studying the landslide

hazard assessment. Figure 2.1 presents a block diagram of an idealized rotational fai-
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lure earth flow, as originally proposed by Varnes (1978) where each characteristic fea-

ture is labelled and defined. This diagram served as a foundational reference for iden-

tifying and categorizing landslide components. Figure 2.2 shows another diagram pro-

posed by the International Association of Engineering Geology (IAEG) Commission

on Landslides (IAEG, 1990), and Cruden and Varnes (1996), which further elaborated

and defined landslide features. The description of the terminology in these diagrams is

subsequently presented in Table 2.1.
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Fig. 2.2 A diagrammatic illustration of Landslide features after IAEG (1990) and Cruden and

Varnes (1996)
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Table 2.1 Definitions of landslide features referred to in Figure 2.1 & 2.2

Sl. Name Definition
No.
1 Crown Practically undisplaced material adjacent to highest parts of main
scarp
Steep surface on undisturbed ground at upper edge of landslide caused
2 Main scarp by movement of displaced material (13, stippled area) away from
undisturbed ground — that is, it is visible part of surface of rupture (10)
Highest point of contact between displaced material (13) and main
3 Top
scarp (2)
Upper parts of landslide along contact between displaced material and
4  Head -
main scarp (2)
5 Minor sca Steep surface on displaced material of landslide produced by
P differential movements within displaced material
6  Main bod Part of displaced material of landslide that overlies surface of rupture
Y between main scarp (2) and toe of surface of rupture (11)
Portion of landslide that has moved beyond toe of surface of rupture
7  Foot . .
(11) and overlies original ground surface
8 Tip Point on toe (9) farthest from top (3) of landslide
Lower, usually curved, margin of displaced material of a landslide,
9 Toe . .
most distant from main scarp (2)
10 Surface of rupture Surface that forms (or that has formed) lower boundary of displaced
p material (13) below original ground surface (20)
1 Toe of surface of Intersection (usually buried) between lower part of surface of rupture
rupture (10) of a landslide and original ground surface (20)
12 Surface of separation Part Qf original ground surface (20) now overlain by foot (7) of
landslide
Material displaced from its original position on slope by movements
13 Displaced material in landslide; forms both depleted mass (17) and accumulation (18):
stippled on Figure 2.2
14 Zone of depletion AI:GE.I of landslide within which displaced material (13) lies below
original ground surface (20)
. Area of landslide within which displaced material (13) lies above
15  Zone of accumulation .
original ground surface (20)
16 Depletion Volume bounded by main scarp (2), depleted mass (17) and original
ground surface (20)
Volume of displaced material (13) that overlies surface of rupture (10)
17" Depleted mass but underlies original ground surface (20)
18 Accumulation Volume of displaced material (13) that lies above original ground
surface (20)
Undisplaced material adjacent to sides of surface of rupture (right and
19 Flank . .
left is as viewed from crown)
20 Original Surface of slope that existed before landslide took place ground

surface
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2.3 Classification of Landslide

Classification of landslides provides a systematic way to describe and compare slope
failures, which is important for scientific analysis and hazard assessment. Over a cen-
tury, several classification frameworks have been proposed by geologists, geomorpho-
logists and engineers using different criteria and factors which were refined and modi-
fied through ages. The modern nomenclature systems were built on the pioneering

work of early classifications.

The first classification of landslides was attempted by Dana in 1863, where his cate-
gorization of landslides laid the foundation for the subsequent development of modern
landslide classification systems (Sharpe, 1938; Cruden, 2003). He differentiated mass
movements into three types based on their characteristics, which were eventually iden-
tified as debris flows, earth spreads, and rock slides. Baltzer (1875) and Heim (1882)
both investigated the widespread mass movements observed in the European Alps.
Their classifications were based on the type of movement and the materials involved.
Baltzer identified them as fall, slide, and flow, whereas Heim classified them as “soil
slip, earth slide, earth fall, rock slip, rock fall, compound slide, and unclassified and

special case” (Li & Mo, 2019).

Early in the 20th century, Howe (1909) introduced additional categories such as creep
and slump, apart from several other categories of slides. Stiny (1910) provided one of
the first detailed and inclusive classification systems by categorizing mass movements
based on the types of movements and materials, and the driving forces where gravity
acts either directly or is assisted by water, ice, or snow (Miiller, 1979). Later, Heim
(1932) presented a revised classification scheme that included up to 20 different types
of landslips having involvement with water in the process. Ladd (1935) based his clas-
sification on the lithology of the shear plane and mechanics of failure as primary
factors, while type of movement and water content were considered as secondary fac-
tors. Savarenskii (1937) came up with another classification scheme which was based

on the type of material and shape of the slip surface.

Sharpe (1938) undertook extensive literature reviews on previous classification sys-

tems to aggregate them into a unified and comprehensive scheme. He used the type of
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movement and type of material as primary factors, with velocity and the amount and
phase of water (or ice) as secondary factors. His classification scheme not only synthe-
sized earlier ideas but also set the stage for subsequent classifications (Shroder et al.,
2005). Utilizing morphological attributes or the geometry of failure as primary criteria
for the first time, Skempton (1953) devised another classification scheme, specifically
considering the depth-to-length ratio of landslides. His approach of classification

showed the importance of landslide geometry and mechanics.

Varnes (1958) developed a matrix classification system which was built on Sharpe
(1938) framework. His scheme categorized landslides into three principal types of
movement, namely, falls, slides, and flows, and two primary types of material (rock
and engineering soils). He also differentiated between rotational and planar slides apart
from incorporating the involvement of water and deformation of the materials in the
process. However, it faced certain limitations, such as the ambiguity in categorizing
rapid flows of rock fragments and placing lateral spreads under the category of slides
(Shroder et al., 2005). Varnes (1978) updated his original classification where the no-
menclature was revised from landslide to slope failure, to include a wider range of
phenomena. Additionally, the updated classification included debris and earth under
the engineering soils, and also incorporated topples as a distinct type, and categorized
lateral spreads separately even though they might fit within the complex category. He
also reassigned rock fragment flows to the complex category, and introduced rock flow
or deep creep to include the newly recognized sackung (sagging) type of movement.
The simplicity, clarity and relevance of this updated classification led to its widespread
adoption, and it set the stage for later refinements. Towards the end of the 20th century,
the International Geotechnical Society's UNESCO Working Party on World Landslide
Inventory (WP/WLI) under the International Association of Engineering Geologists
(IAEG) adopted the landslide classification framework proposed by Varnes (1978) to
standardize landslide nomenclature. The WP/WLI then formulated a series of methods
to report, to prepare summary, to describe, and to quantify the rate of landslides based

on this classification (WP/WLI, 1990; 1991; 1993 & 1995).

In the 20th century, several peripheral classification systems emerged to make minor
modifications. For instance, Hutchinson (1968) expanded the concept of landslides by

incorporating various categories of creep and subsidence. Zaruba and Mencl (1969)
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based their classification on geological features and age of landslide events. Carson
and Kirkby (1972) highlighted distinctions among flows, slides, and heaves. Nemcok
et al. (1972) introduced a classification specifically suited for engineering geological
mapping based on the geomechanical characteristics and velocity of movement. While
Erskine (1973) emphasized the degree of landslide activity, Blong (1973) and Crozier
(1973) both based their classifications on the morphological attributes. Coates (1977),
on the other hand, focused his classification on the type of material and the nature of

the movement.

The modifications and refinements for the widely adopted and influential classification
system proposed by Varnes (1978) were attempted by various workers during the late
20th century. For instance, Hutchinson (1988) contributed by introducing new concepts,
such as sagging-failure classification and rebound movements which was linked to
natural erosion or anthropogeny. Brunsden (1984) substituted the term earthflow, to a
much less precise term mud slide. In Europe, the EPOCH classification system, pub-
lished in 1993, gained popularity as it was considered “simple and suitable for Euro-
pean conditions” (Dikau et al., 1996). Another notable revision was done by Cruden
and Varnes (1996) without much change, and preserved the original framework (Table
2.2). However, instead of treating the complex category as a separate type, they sug-
gested using it as a descriptive term for landslides that involve multiple movements.
They also incorporated a standardized landslide velocity scale (from extremely slow
to extremely rapid) to the classification to describe movement speed in a consistent

way (Table 2.3).

Hungr et al. (2014) proposed a comprehensive update to the Varnes (1978) classifi-
cation system to align with modern geotechnical and geological terminology. They
updated the material definitions to better distinguish between grain-size distributions
and origins. They also introduced a more precise terminology for certain movements
and included landslide types that had been studied in recent decades. This updated
scheme featured formal definitions for 32 distinct landslide types which comprised a
wide range of landslide phenomena. One pronounced modification was the exclusion
of complex landslides from separate category to allow room for creating multiple type

names for landslides involving more than one type of movement.
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Table 2.2 Varnes (1978) classification of landslides updated by Cruden and Varnes (1996)

Type of material
Mechanism of movement Engineering soil
Bedrock
Predominantly fine Predominantly coarse
Falls Rockfall Earthfall Debris fall
Topples Rock topple Earth topple Debris topple
Rotational Rock slump Earth slump Debris slump
Slides Few units  Rock block slide Earth block slide Debris block slide
Translational
Many units Rockslide Earthslide Debris slide
Lateral spreads Rock spread Earth spread Debris spread
Rockflow Earthflow Debris flow
Flows Rock avalanche Debris avalanche

(Deep creep) (Soil creep)

Combination in time and/or space of two or more principal

Complex and compound types of movement

Among the various frameworks proposed so far, the classification proposed by Varnes
(1978), refined by Cruden and Varnes (1996), and which was later updated by Hungr
et al. (2014) remained the most widely accepted in contemporary landslide studies and
hazard assessments. This approach is now routinely used by the WP/ WLI and national
organizations such as the U.S. Geological Survey (USGS) and the British Geological
Survey (BGS). Its widespread acceptance indicated its practicality in both field investi-

gations and engineering applications.

2.4 Landslide Movement Types

As stated earlier, the Varnes (1978) classification of landslides was widely used and
adopted by the WP/WLI and other organizations. According to this scheme of classi-
fication, landslides are classified based on the type of movement into five principal
categories, viz., falls, topples, slides (with rotational and translational sub-types), late-
ral spreads, and flows. Each category is defined by the kinematics of the failure (how
the material moves) rather than the material type alone. Complex movements that
involve more than one failure mechanism are also recognized as complex or compound

landslides.
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Table 2.3

Classification of velocity of movement of landslides (Cruden & Varnes, 1996; AGS, 2002)

Probable destructive significance

Velocity .. Velocity Typical
Class Description (mm/s) Velocity
A A
7 Extremely
Rapid
5x 103 5m/s
6 Very Rapid
5x 10! 3 m/min
5 Rapid
5x 10! 1.8 m/hr
4 Moderate
5x10° 13 m/month
3 Slow
5x10° 1.6 m/year
2 Very slow
5x 107 16 mm/year
1 Extremely
slow
v v

Disaster of major violence, buildings destroyed by
impact of displaced material, many deaths, escape
unlikely

Some lives lost; velocity too great to permit all
persons to escape

Escape evacuation possible; structures, posses-
sions and equipment destroyed

Some temporary and insensitive structures can be
temporarily maintained

Remedial construction can be undertaken during
movement; insensitive structures can be maintain-
ed with frequent maintenance work if total move-
ment is not large during a particular acceleration
phase

Some permanent structures undamaged by move-
ment

Imperceptible without instruments, construction
possible with precautions

2.4.1 Falls

Falls are abrupt, vertical or near-vertical movements in which masses of rock or soil

detach from a steep slope or cliff and move mainly by free-fall, bouncing, and rolling

(Varnes, 1958; 1978). In a rockfall, blocks or boulders break loose along fractures,

joints, or bedding planes and plunge through the air which strike the slope face on the
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way down (Fig. 2.3a). Falls are characterized by very rapid to extremely rapid type of

movements, and the velocity depends on the steepness of the slope.

2.4.2 Topples

Topples involve the forward rotation and overturning of a mass of rock or soil out of
the slope, pivoting about a point or axis near or below the base of the moving mass
(Varnes, 1958; 1978). In a topple, a block of rock or column of soil tilts forward and
may eventually collapse, which often leads to a fall or slide of the same material once
it rotates past a critical angle (Fig. 2.3b). The speed of movement in topples can be

slow or rapid.

2.4.3 Slides

Slides are characterized by a distinct zone of weakness separating the moving material
from the stable ground underneath. Slides are subdivided into two main kinematic

types based on the geometry of the failure surface:

i) Rotational Slides: A rotational slide is also called a slump, and it occurs along a cur-
ved, concave-up rupture surface, which resulted in a backward-rotating movement of
the slide mass (Fig. 2.3c). Rotational slides create a steep head scarp at the upslope
end and an uplifted toe where the displaced material piles up. These slides involve

relatively soft, homogeneous materials that can sustain a spoon-shaped failure surface.

ii) Translational Slides: A translational slide occurs when a landslide mass moves out-
wards and downwards along a roughly planar surface with little to no rotation of the
blocks (Fig. 2.3d). The failure plane is a pre-existing structural surface in the ground.
The distinct feature of translational slides is the planar nature of the failure, and unlike

rotational slides, there is no spoon-shaped surface.

2.4.4 Lateral Spreads

Lateral spreads are a type of landslide characterized by horizontal extension and frac-
turing on gentle or nearly flat slopes due to the sudden loss of strength in an underlying

layer (Fig. 2.3e). In a lateral spread, the solid upper crust of ground breaks up and
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spreads apart, riding horizontally over a softer or liquefied substrate. The movement
can be subtle or more catastrophic if the material completely loses strength. Lateral

spreads are most commonly triggered by earthquake shaking.

2.4.5 Flows

Flows are landslides in which the moving material behaves as a viscous or fluid-like
mass, with internal deformation distributed throughout the moving debris. There are

four common sub-types of flows:

i) Debris Flow: This is a fast-moving slurry of mixed coarse debris constituting of
rock, soil, vegetation and water (Fig. 2.3f). Debris flows occur when intense rainfall
or rapid snowmelt generates torrents of water that mobilize loose slope materials into
a flowing mass (Highland & Bobrowsky, 2008). Debris flows can be rapid to extreme-

ly rapid, and can travel at velocities of several miles or kilometers per hour.

ii) Debris Avalanche: These are extremely large and rapid debris flow which occur on
steep open slopes rather than channels (Fig. 2.3g). Debris avalanches involve a shal-
low, highly fluid cascade of soil and debris that can fan out over large areas at the slope
foot (Highland & Bobrowsky, 2008). Snow or ice sometimes take part in the move-

ment process along with water which results in what is known as lahars.

iii) Earthflow: This is a plastic, slow-to-rapid flow of fine-grained soil or weathered
rock that occurs on moderate slopes (Highland & Bobrowsky, 2008). Earthflows have
a characteristic hour-glass shape which is usually narrow source area at the top,
feeding into a widening, elongated flow track and spreading out at the toe (Fig. 2.3h).
They are relatively slower, and usually pose more long-term disruption than sudden

violent impact.

iv) Creep: Creep is the informal name for a slow earthflow with steady downward creep
of soil or rock under gravity (Highland, 2004). The movement is slow to extremely slow
which is in the order of millimeters to centimeters per year (Fig. 2.3i). Owing to the
slowness of movement, it is difficult to detect. Creep is identified from the bending of
tree trunks, leaning poles or retaining walls, tilted grave-stones, and soil ripples (High-
land, 2004).
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2.4.6 Complex Landslides

A complex landslide is sometimes called a composite landslide, and involves two or
more types of movement in the same event or landslide mass (Highland, 2004). In
other words, the failure does not fit neatly into one category but is a combination or
sequence of different movement mechanisms. Complex landslides occur when an ini-

tial slope failure of one type triggers or transitions into another type.

a) b)
19) d)
f)

Firm clay

Lateral Spread

Debris Avalanche Earth Flow

, Tilted pole

Fig. 2.3 Different types of Landslides. a) Fall, b) Topple, c) Rotational Slide, d) Translational
Slide, e) Lateral Spread, f) Debris Flow, g) Debris Avalanche, h) Earth Flow, and i) Creep
(after Highland & Bobrowsky, 2008)
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2.5 Landslide Susceptibility Vs Landslide Hazard Mapping

In landslide literature, there often exists confusion between the terms landslide sus-
ceptibility and landslide hazard (Chacon et al., 2006; Corominas et al., 2023), with the
two terms frequently used interchangeably or synonymously. Indeed, analyses of 367
research articles from 1972 to 2021 revealed that approximately 15% of publications
mistakenly used susceptibility and hazard terms as synonyms (Tyagi et al., 2022). In
the true sense, however, the two terms express different concepts (Fell et al., 2008;
Reichenbach et al., 2018). Landslide susceptibility refers to the probability that a land-
slide may occur in an area based on the terrain conditions (Brabb, 1984; Soeters & van
Westen, 1996). It reflects the extent to which a terrain is prone to slope instability, and
estimates where landslides are likely to take place. As such, susceptibility analysis does
not account for the temporal aspect of failure, i.e., when or how often landslides might
occur, nor does it incorporate the magnitude, i.e., the potential size or destructiveness
of such events (Guzzetti, 2005). Landslide susceptibility is therefore, the spatial proba-

bility or propensity of slope failures under certain geo-environmental conditions.

In contrast, landslide hazard is defined as the probability of a landslide of a given mag-
nitude occurring within a given period and in a given location (Varnes, 1984). Unlike
susceptibility, hazard assessments address when or how frequently a landslide may
occur, and sow large it is expected to be (Guzzetti et al., 2006a). Because hazard incor-
porates both spatial and temporal components, it is more challenging to determine than
susceptibility, which represents only the spatial component. In general, the main differ-
rence between the two concepts lies in that landslide susceptibility involves assess-
ments of past landslide occurrences, while landslide hazard implies the prediction of

future landslide events (Guzzetti, 2005).

Despite advancements in remote sensing and statistical modelling, landslide hazard
assessment continues to face certain challenges due to the limited availability and qua-
lity of landslide data (van Westen et al., 2008). In many instances, historical records
often miss small, non-catastrophic, or events located in remote areas (Hervas & Bo-
browsky, 2009; Steger et al., 2021). Even when these are recorded, they often lack
precise spatial and temporal details, particularly in areas with frequent and numerous

landslide events (Blais-Stevens & Septer, 2008), which are essential for understanding
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landslide frequency and magnitude. Furthermore, quantitative data such as landslide
volume, runout distance, or triggering thresholds are often missing, which make it dif-
ficult to apply detailed mechanistic or probabilistic models (Peres & Cancelliere, 2014;
Sun et al., 2021). As a result, researchers are often compelled to rely on susceptibility
assessments as a substitute, even though these do not fully represent hazard potential

(Froude & Petley, 2018; Caleca et al., 2022).

To overcome some of these limitations, researchers have utilized multi-temporal aerial
photographs and satellite imageries to compile landslide inventories over various time
periods (Guzzetti et al., 2012). However, the efficacy of this approach is often con-
strained by issues such as image resolution, data acquisition frequency, and subjective
interpretation (Fernandez et al., 2021). Consequently, in many data-scarce environ-
ments, landslide hazard assessments are either highly generalized or substituted by
susceptibility maps (Singh et al., 2021; Riaz et al., 2023), which affects the accuracy

of subsequent risk assessments and mitigation planning (Caleca et al., 2022).

2.6 Landslide Susceptibility Mapping

Landslide susceptibility mapping is defined as an assessment, either quantitative or
qualitative, of the classification, size (volume or area), and spatial distribution of land-
slides that already exist or could potentially occur in an area (Fell et al., 2008). A cen-
tral aim of landslide susceptibility mapping is to predict where landslides are likely to
occur (Reichenbach et al., 2018). A landslide susceptibility map divides the terrain into
zones that show different likelihoods for the occurrence of specific types of landslides,
and its assessment may also include descriptions of the velocity and intensity of poten-
tial or existing landsliding (Ercanoglu & Sonmez, 2018). Landslide susceptibility map-
ping is recognized as an important step in landslide hazard and risk assessment and
management (Ercanoglu & Sonmez, 2018; Lee, 2019). At the same time, it may also
function as a standalone output that serves as a valuable tool for improving landuse
planning, avoiding development in threatened areas, reducing potential damage and
loss of life, and informing environmental impact assessments (Cascini, 2008; Fell et
al., 2008; Corominas et al., 2014). Therefore, landslide susceptibility mapping is of
immense importance for producing dependable hazard and risk maps (Ercanoglu &

Sonmez, 2018).
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2.6.1 Basic Assumptions

There exist wide differences in opinion among the researchers on the methodology or
the scope of landslide susceptibility zonation (LSZ) mapping (Brabb, 1984; Guzzetti
et al., 1999). Quite a number of approaches have been developed for LSZ mapping,
each with its own set of strengths and limitations. Despite these lack of consensus on
the methods and scope of LSZ, all the proposed approaches are based on certain
fundamental assumptions which are universally accepted (Varnes, 1984; Carrara et al.,

1991; Hutchinson, 1992; Turner & Schuster, 1996; Guzzetti et al., 1999). These are:

1) Landslides leave identifiable features, many of which can be detected, classified,
and mapped either directly in the field or through stereoscopic interpretation of aerial
photographs, satellite imageries, and others (Rib & Liang, 1978; Varnes, 1978; Han-
sen, 1984; Hutchinson, 1988; Dikau et al., 1996; Turner & Schuster, 1996). If a land-
slide does not produce observable or measurable changes, it cannot be identified or

mapped, either in the field or with remotely sensed images.

i1) Landslides do not happen by chance (Guzzetti et al., 2002; Turcotte et al., 2002).
Instead, they result from the interaction of various physical processes, and are dictated
by mechanical laws that can be evaluated through empirical, statistical, or determinis-
tic models. The predictive models of landslide occurrence can be developed by identi-
fying and mapping the instability factors which influence both the initiation and pro-

pagation of landslides (Crozier, 1986; Hutchinson, 1988; Dietrich et al., 1995).

1i1) The conditions which rendered slope failures in the past and present are considered
likely to induce similar instabilities in the future (Varnes, 1984; Carrara et al., 1991;
Hutchinson, 1992; Aleotti & Chowdhury, 1999; Guzzetti et al., 1999). This implies
that understanding of the past and present landslide events is important for forecasting
future occurrences. This assumption, which is based on the principle of uniformita-
rianism, indicates that slope failures are the outcome of ongoing and consistent pro-

cesses operating over time.

iv) The spatio-temporal occurrence of landslides can be assessed through heuristic
investigations, determined from the analysis of environmental variables, or simulated

using physically-based models. Based on such analyses, an area can be classified into
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different susceptibility (or hazard) zones, each representing varying levels of proba-
bility (Carrara et al., 1995; Soeters & van Westen, 1996; Aleotti & Chowdhury, 1999;
Guzzetti et al., 1999).

In an ideal practice, any method used for landslide mapping and evaluation should in-
corporate all these assumptions, failure to which the applicability of the method will
be limited regardless of the scope or the goal of the evaluation (Guzzetti et al., 1999).
However, it is extremely difficult to apply all these principles in reality due to lack of
historical data, uneven distribution of landslides, and the subjectivity in the method

employed (Aleotti & Chowdhury, 1999).

2.6.2 Landslide Inventory Mapping

A landslide inventory map is a type of map that presents records of landslide pheno-
mena (Mihali¢ Arbanas et al., 2023). It is a spatial distribution of landslides which is
represented as polygons or points (Wieczorek, 1984). It is considered the fundamental
initial step in any landslide study (Dai et al., 2002; Fell et al., 2008; Guzzetti et al.,
2012), and serves as a basis to understand their spatial and temporal occurrences (Mar-
tha et al., 2010a). It contains the location, run-out distance, volume, classification, date
of occurrence, and other characteristics of landslides happening in an area (Wieczorek,

1984; Guzzetti et al., 2000; Fell et al., 2008).

2.6.2.1 Types of Inventory Maps

Based on the type of mapping, there are two main types of inventory maps: archive
and geomorphological maps (Guzzetti et al., 2000; Malamud et al., 2004). The archive
inventories are compiled based on information from literature or other archive sources
without involved procedures of landslide detection and mapping (Brabb, 1995; Glade,
1998; Salvati et al., 2009). These are generally small scale and synoptic inventory
maps (Guzzetti et al., 2012). Geomorphological inventories, on the other hand, contain
landslide data derived through the interpretation of remote sensing data, such as aerial
photographs, Very High Resolution (VHR) satellite images, Digital Terrain Models
(DTMs), and limited ground surveys or field checks (Mihali¢ Arbanas et al., 2023).

They can be either medium- or large-scale inventory maps (Reichenbach et al., 2005;
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Martha & Kerle, 2010; Ghosh et al., 2011). The geomorphological inventories can be
further classified into the following types (Guzzetti et al., 2012):

i) Historical Inventories: This type of inventory maps represents the cumulative
effects of several landslide events over long periods, which can be in terms of tens,
hundreds, or thousands of years (Brabb & Pampeyan, 1972; Galli et al., 2008). The
age of the landslide in historical inventory cannot be estimated, and is represented as

recent, old or very old, or sometimes undifferentiated (Guzzetti et al., 2012).

ii) Event Inventories: These represent landslides caused by a single triggering event,
such as rainfall, earthquake, or snowmelt events (Harp & Jibson, 1996; Martha & Ker-
le, 2012; Xian et al., 2022). The date or period of the triggering event is usually consi-
dered as the date of occurrence of landslides. They are useful for documenting the full
extent of events, and in determining the landslide size and area (Guzzetti et al., 2002;

Malamud et al., 2004).

iii) Seasonal Inventories: These are the “landslides triggered by single or multiple
events during a specific season or a few seasons” (Fiorucci et al., 2011). Seasonal land-
slide inventory can be generated using several sets of aerial or satellite images taken
at different time periods or dates (Guzzetti et al., 2004; Galli et al., 2008; Martha et al.,
2021).

iv) Multi-temporal Inventories: These types of inventories represent landslides trig-
gered by multiple events over longer or extended periods, such as years to decades
(Guzzetti et al., 2005; Martha et al., 2021). These are also prepared based on various
sets of satellite or aerial images captured at different dates. A complete multi-temporal
inventory can sometimes be achieved by combining the interpretation of historical

records with participatory mapping (van Westen et al., 2012).

2.6.2.2 Methods and Techniques

The various methods and techniques for preparing landslide inventory maps have

evolved over time, ranging from traditional field-based approaches to more advanced

remote sensing techniques. This is basically due to the advancement of both geospatial
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technologies and computational techniques, as well as methodological innovations.

These techniques are briefly discussed below:

1) Conventional Methods: These are traditional techniques that have been used for a
long time, and often rely heavily on visual interpretation and fieldwork (Guzzetti et

al., 2012). This type of mapping techniques includes:

i) Geomorphological Field Mapping: This involves direct observation and mapping
of landslide features in the field (Cardinali et al., 2002). Fieldwork can be used to iden-
tify individual or small groups of landslides and collect data to improve the interpre-
tation of images (Catani et al., 2025). While providing high detail, field mappings are
costly, time-consuming, and inefficient for large areas (Guzzetti et al., 2012; Li, 2025).
Nowadays, field mappings are mainly undertaken to support and integrate remote

sensing techniques (Scaioni et al., 2014).

ii) Visual interpretation of aerial photographs: This has historically been a major
source for landslide inventory map preparation (Rib & Liang, 1978; Martha et al.,
2010a; Catani et al., 2025), which uses stereoscopic interpretation of aerial photo-
graphy (Carrara et al., 1995; Turner & Schuster, 1996). It allows identification of land
use, geologic and geomorphic features related to landslides (Mollard & Janes, 1984).
However, this is an empirical and uncertain method that requires expertise and training
apart from well-defined set of rules for interpretation (Antonini et al., 2002; Catani et

al., 2025).

2) New and Emerging Methods: Over the past few decades, there has been a signi-
ficant shift towards employing recent and new methods, largely driven by the need for
rapid mapping over large areas, increased data availability, and technological advan-
cements in remote sensing and artificial intelligence (AI) (Petley, 2012b; Novellino et

al., 2024; Lissak, 2025). These new methods are discussed below:

i) Remote Sensing-based Techniques: These are based on satellite, airborne, and ter-
restrial remote sensing technologies (Casagli et al., 2017) which facilitate quick and
easy landslide inventory mapping by reducing the time and resources needed for sys-
tematic updates and compilation (Guzzetti et al., 2012). VHR optical satellite imagery
(Murillo-Garcia et al., 2015; Martha et al., 2016a) and its derivatives like panchromatic
(Martha et al., 2012; Lacroix et al., 2013), pan sharpen (Zhang, 2008; Huang et al.,
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2019), false colour composites (FCCs) (Abdallah et al., 2007; Domakinis et al., 2008)
and ratioing of the bands (Chen et al., 2024) are effectively used for landslide detection
and mapping. Synthetic Aperture Radar (SAR) images are less sensitive to weather
conditions like clouds, rain, and fog (Xu et al., 2023), and are considered an effective
option for landslide mapping and detection (Mondini et al., 2021). Interferometric
SAR (InSAR) and its advanced forms such as Differential Interferometric SAR (Din-
SAR), Multi-temporal Interferometry (MTTI), Persistent Scatterer Interferometry (PSI),
and Ground-Based Interferometric SAR (GB-InSAR) techniques are employed for
monitoring slope movement and measuring ground deformation (Metternicht et al.,
2005; Wasowski & Bovenga, 2014). Both air-borne and terrestrial Light Detection and
Ranging (LiDAR) data provide extra high resolution, and are increasingly utilized for
detection and mapping of small and shallow landslides hidden by vegetation and cloud
cover (McKean & Roering, 2004; van Den Eeckhaut et al., 2007). In addition, the VHR
Digital Elevation Models (DEMs) and shaded relief derived from LiDAR and optical
satellite imageries are also employed for analyzing surface morphology and for estima-
tion of landslide volumes (Kasai et al., 2009; Martha et al., 2010b; 2016b). Landslide
mapping using Unmanned Aerial Vehicle (UAV) is a relatively new technique which
is increasingly graining grounds, and provide a very detailed information on landslide

features (Casagli et al., 2017; Ilinca & Sandric, 2025).

ii) Data Processing and Analysis Techniques: This represents the techniques used for
processing and analyzing the remote sensing data and its derived features to identify
and map the landslides. One of the most commonly used techniques include the change
detection method where satellite images acquired before and after an event are com-
pared to detect changes indicative of landslides (Martha et al., 2016a; Coluzzi et al.,
2025). Another frequently used technique involves semi-automatic method for pixel-
and object-based satellite image analyses (Keyport et al., 2018; Lissak, 2025). In Pixel-
Based Image Analysis (PBIA), the changes in color or luminosity pixel by pixel bet-
ween pre- and post-event images are analyzed (Meena et al., 2022; Bhuyan et al., 2023;
Casagli et al., 2023). The Object-Based Image Analysis (OBIA) or Object-Oriented
Analysis (OOA) takes into account the spatial context of pixels by grouping them into
meaningful objects or segments on the basis of their spatial and spectral characteristics

(Lissak, 2025). This technique has been effectively utilized for landslide detection and
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mapping by various researchers (Martha et al., 2010a; 2011; 2012; Amatya et al., 2021;
Ghorbanzadeh et al., 2022a).

iii) Artificial Intelligence (AI)-based Techniques: Al-based methods such as Machine
Learning (ML) and Deep Learning (DL) are increasingly employed to enhance and
improve the accuracy of landslide detection and mapping (Bhuyan et al., 2023; Akosah
et al., 2024; Sandric et al., 2024). These methods offer opportunities to simplify, im-
prove, and quicken landslide mapping, and to identify features such as inactive old
landslides (Létal et al., 2025). Al models are mainly used for classifying or segmenting
image pixels into probable landslide instances (Catani et al., 2025) by using either
pixel- or object-based segmentation techniques (Karantanellis et al., 2021; Meena et
al., 2022). For both the techniques, ML methods such as Support Vector Machine
(SVM) (van Den Eeckhaut et al., 2012) and Random Forest (RF) (Tavakkoli Piralilou
et al., 2019) have been employed to identify and detect landslides. The Fully Convolu-
tional Networks (FCNs) of the DL algorithms, and its variants such as the ResU-Net
was successfully used for landslide detection in conjunction with OBIA technique
(Ghorbanzadeh et al., 2022b). Another DL algorithm called Convolutional Neural Net-
works (CNN) was also found to be effective for landslide inventory mapping (Ghor-
banzadeh et al., 2019; Ji et al., 2020).

2.6.3 Landslide Causative Factors

The occurrence of landslides is influenced by a wide variety of factors that include
geological, hydrological, meteorological, morphological and anthropogenic domains.
These factors were broadly divided into two categories (Crozier, 1986; Dikau et al.,
1996; Kanungo et al., 2009): 1) the internal or preparatory factors, and ii) the external
or triggering factors. The internal factors represent the most conducive set of condi-
tions under which mass movements are likely to occur, particularly when acted upon
by an external triggering agent such as prolonged rainfall or seismic activity. The
internal causative factors, which comprise the inherent geomorphological character-
ristics of the terrain, undergo temporal changes in both their material properties and
geometry. The two major categories of landslide causative factors are shown in Table

2.4.
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Table 2.4 Landslide Causative Factors

SI.

No. Category Factors
Lithology
Geological Structure (Faults, Lineaments, Joints, etc)
1 :Dnrzeggfaltg;y Eactors Geomorphology (Slope, Aspect, Curvatures, etc)
Vegetation
Hydrogeology
Seismicity
) External or Climate (Precipitation, Snowmelt)

Triggering Factors Anthropogeny

Undercutting by River/\Waves

A brief description of these causative factors is presented in the following paragraph.

i) Lithology: Lithology influences the strength, porosity, and permeability of rock and
soil materials. Weak lithological units are more susceptible to slope failure due to their
poor mechanical properties and high rates of weathering (Sajinkumar et al., 2011;
Regmi et al., 2013). Highly fractured or sheared rocks also provide less resistance to
deformation and fail more easily under gravitational stress. In areas of interbedded
lithologies, the juxtaposition of strong and weak layers often forms planes of weakness

that facilitate mass movement (Liu et al., 2023).

ii) Geological Structure: Structural discontinuities such as faults, fractures, linea-
ments, joints, and bedding planes influence slope stability by acting as planes of weak-
ness or by transmitting subsurface water, thereby promoting instability (Stead & Wolter,
2015). Fault zones often consist of crushed and altered rock material that exhibits low
shear strength (Lockner & Beeler, 2002; Ben-Zion & Sammis, 2003). Moreover, the
orientation of structural features relative to slope aspect also plays a critical role. Bed-
ding planes parallel to the slope gradient are particularly conducive to planar failures

(Pipatpongsa et al., 2022; Singh et al., 2017a).

iii) Geomorphology: Geomorphic variables of the terrain influence both the internal
and external stability of slopes. Slope gradient is one of the most direct influencing

factors of landslide susceptibility (Dai et al., 2001). Steeper slopes are subjected to
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greater gravitational forces which sometimes reduce slope stability. Aspect governs
microclimatic conditions such as solar radiation, evapotranspiration, and soil moisture
retention, which indirectly affect vegetation growth and soil development (McGuire et
al., 2016; Li et al., 2024). The curvature of the terrain controls water accumulation and

the spatial distribution of stresses (Krebs et al., 2015).

iv) Vegetation: Vegetation plays an important role in slope stability. Root systems con-
tribute to slope stability by increasing soil cohesion, intercepting rainfall, reducing sur-
face runoff, and mitigate the mechanical impact of raindrops (Greenway, 1987; Reu-
bens et al., 2007). However, removal of vegetation by deforestation, forest fires, or
disease outbreaks can reduce slope resistance by exposing soils to erosion and satu-
ration, which further lead to increased landslide activities (Glade, 2003). Shallow-

rooted species may be ineffective in stabilizing deep-seated failures (Singh, 2010).

v) Hydrogeology: Hydrogeological conditions, including the presence of perched
water tables, aquifers, or zones of high infiltration, affect slope stability by increasing
pore water pressure (Bogaard & Greco, 2016; Tang et al., 2020). Increased pore water
pressure reduces the effective normal stress acting on potential failure planes, which
further lowers shear strength and ultimately induces slope failure (Iverson, 2000). In-
filtration of water into highly permeable materials or along structural discontinuities
exacerbates this effect. Seasonal saturation cycles, particularly during heavy monsoon
or snowmelt periods, often coincide with high landslide incidence (Osawa et al., 2018;

Fan et al., 2025).

vi) Earthquakes: Seismic shaking generates dynamic stresses that can induce failure
in marginally stable slopes. Earthquakes often reduce soil cohesion, increase pore pres-
sure in saturated materials, and cause liquefaction in loose, granular soils which acti-
vate rapid slope failures (Keefer, 1984; Jibson, 1996). Landslides triggered by earth-
quakes are common in seismically active regions such as the Himalayas (Parkash,
2013), where ground motion frequently exceeds slope stability thresholds. Moreover,
seismic events can also reactivate older, dormant landslide scars (van Den Eeckhaut et

al., 2009a).

vii) Climate: Climatic variables, particularly rainfall and snowmelt, serve as the pri-
mary external triggers of landslides worldwide. Intense or prolonged rainfall increases

soil moisture and pore pressure, and reduces shear strength which eventually results in
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slope failure (Zhang et al., 2011). In areas experiencing snowfall, rapid snowmelt can
saturate soils and lead to shallow landslides (Chiarelli et al., 2023). In addition, freeze—
thaw cycles in high-altitude areas cause expansion and contraction of soil and rock

materials, further weakening slope materials over time (Liu et al., 2024a).

viii) Anthropogeny: Human interventions in the natural environment are among the
leading contributors to slope instability (Alexander, 1992). Activities such as road con-
struction, excavation, deforestation, unplanned urbanization, and mining disturb the
natural equilibrium of slopes (Jaboyedoff et al., 2018; Maki Mateso et al., 2023). These
activities often involve deforestation, changes of slope geometry, and obstruction or
redirection of drainages. All these contribute to an increase in landslide frequency and

magnitude.

ix) Undercutting by Rivers and Waves: Erosional processes at the base of slopes,
caused by river incision or wave action remove base support and steepen the slope toe.
This undercutting leads to over-steepened profiles and retrogressive failure, particu-
larly in river valleys and coastal cliffs (Martinsen, 1994; Gutiérrez et al., 2023). This
mechanism is especially prominent during high-flow events, storm surges, or sea-level

changes that intensify erosion.

These causative factors form the basis for landslide susceptibility mapping (Ercanoglu
& Sonmez, 2018). There are no strict guidelines or standardized rules in the selection
of the type and number of causative factors in the landslide susceptibility mapping
(Chawla et al., 2018; Pandey et al., 2019). It depends on the local terrain conditions,

availability of data, and based on the empirical field observations (Das et al., 2023).

2.6.4 Mapping Unit

For any LSZ mapping, preliminary selection of suitable mapping unit is required (Guz-
zetti et al., 1999). A terrain mapping (or modelling) unit, by definition, refers to a dis-
tinct portion of the land surface characterized by a unique combination of ground con-
ditions, which are distinguishable from those of neighbouring units through clearly
identifiable boundaries (Hansen, 1984; Carrara et al., 1995; van Westen et al., 1997).

The mapping/modelling unit represents both the internal homogeneity and external
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(between units) heterogeneity of the terrain (Alvioli et al., 2016). The mapping units

can be classified into five types, as follows (Guzzetti et al., 1999):

i) Grid-cells or pixels, which are commonly used in raster-based GIS frameworks,
divide the study area into uniform square units of pre-defined dimensions. Each cell
functions as an analytical unit and is assigned values corresponding to the selected
landslide conditioning factors, such as morphological, geological, or land-use attri-
butes. Grid-cells units are widely adopted in landslide susceptibility studies due to their
ease of implementation and scalability across various levels of analysis (Reichenbach

etal., 2018).

ii) Slope units, also sometimes referred to as slope facets, refers to a geomorpholo-
gically consistent terrain unit characterized by relatively uniform slope aspect and gra-
dient, divided by natural topographic features such as ridgelines, spurs, gullies, and
stream channels (Carrara et al., 1991; Anbalagan, 1992). These are generated either
from high-resolution Digital Terrain Models (DTMs) through GIS software, or ma-

nually delineated from topographic maps.

iii) Unique-condition units are derived by categorizing each landslide causative factor
into few significant classes within individual thematic layer or map. By overlaying
these layers sequentially, spatial zones with consistent combinations of factor classes,
referred to as unique conditions are generated (Bonham-Carter, 1994; van Westen et
al., 1997; Chung & Fabbri, 1999). The spatial configuration and number of these units

depend on the classification scheme applied to the input variables.

iv) Terrain units are based on the principle of observed interrelations between various
natural geological and geomorphological processes and forms which resulted in the
creation of distinct natural boundaries. Traditionally, these units are utilized by geo-
morphologists, and they form the foundation of the land-system classification method,
which is widely employed in various land resource studies (Verstappen, 1983; Hansen

etal., 1995).

v) Topographic units are sub-divisions of slope units defined by the perpendicular
intersections of contours and flow boundaries. The local morphometric characteristics
and the total drainage area contributed by all upslope elements are calculated for each

topographic unit.
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Literature reviews show that grid-cells unit is the most commonly employed mapping
unit followed by slope unit (Reichenbach et al., 2018; Huang et al., 2022; Lima et al.,
2022; Das et al., 2023). It has been found that slope units are widely recognized as the
more accurate and geomorphologically appropriate mapping unit for LSZ mapping
(Erener & Diizgiin, 2012; Ba et al., 2018). The selection of a suitable mapping unit for
landslide susceptibility assessment is influenced by several factors, such as the type of
landslide phenomena being investigated, the scale of the study, and the availability of
both technical and financial resources. Additional considerations include the quality,
resolution, and scale of the thematic data required, as well as the accessibility of appro-
priate tools for information management and spatial analysis. Each method of dividing
the terrain has certain advantages and limitations, which can be either enhanced or
reduced depending on the susceptibility evaluation technique employed (Carrara et al.,
1995; Guzzetti et al., 1999). The characteristics of the different mapping units are
given in Table 2.5.

Table 2.5
Classification and characteristics of different mapping units (after Zhao et al., 2021)

Unit Type Primary ldeas Advantages Limitations

Grid unit Divide the territory into  Small sampling limitand The natural slope is
regular squares with easy gridding separated, and the
same size connection with

geological and
geomorphic information

is lacking
Terrain unit According to The relationship between Needs a lot of
geomorphological and landslide and land topography geology
geological boundary surface is easy to information, and it is
analysis subjective
Unique Overlay all the landslide  Covering different factor Regional environment
condition unit  factor layers, delete the  attributes for statistical ~ differences are not
smallest polygon, and get analysis considered, and it is
the element subjective
Slope unit Divide the territory into  Has definite geological ~ Poor automation
independent slopes by significance
ridge line and valley line
Topographic ~ Dividing by the Suitable for predicting Not closely related to
unit intersections of contours  shallow landslide under  deep or complex
and flow tube boundaries the control of surface landslides
saturation and
topography
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2.6.5 Mapping Scale

The selection of appropriate mapping scale is one of the most important factors to be
considered in landslide susceptibility, hazard and risk assessments. It influences the
methods used, data requirements, and the ultimate purpose and applicability of the re-
sulting maps (Soeters & van Westen, 1996; Kanungo et al., 2009; Corominas et al.,
2014). Mapping scale refers to the “ratio between distance on the map and the corres-
ponding distance on the ground” and this has been used “to define a map’s level of
detail, its content, and its positional accuracy” (Goodchild, 2011). The mapping scale
in landslide studies determines the level of detail and spatial resolution at which
landslide inventory, susceptibility, hazard and risk areas are identified and delineated

(Fell et al., 2008; Meena & Nachappa, 2019).

In the literature, there are different categories of mapping scales, each associated with
specific spatial extents, purposes, and methodological considerations. These can be
classified into the following types (Soeters & van Westen, 1996; Cascini, 2008; Fell et
al., 2008):

i) Small (or National) Scale (<1:100,000 or <1:250,000 or <I:1 million): These
generally cover an area larger than 10,000 km?, and are mainly used for landslide in-
ventory mapping and zoning of landslide susceptibility for the purposes of information
to the general public and policy makers (Cascini, 2008; Fell et al., 2008; Corominas et
al., 2014). The level of details is low, as the assessment is undertaken mainly based on
generally applicable rules (Soeters & van Westen, 1996). Hence, they are not recom-

mended for statutory zoning purposes (Fell et al., 2008).

ii) Medium Scale (1:100,000 to 1:25,000 or 1:25,000 to 1:200,000): These mapping
scales are appropriate for areas ranging from 1,000 to 10,000 km?, and are mainly used
for landslide inventory and susceptibility zoning for regional development or very
large-scale engineering projects (Cascini, 2008; Fell et al., 2008). However, maps at
this scale may not provide data required for design purposes, and are used for landslide
inventory and landslide susceptibility mapping for regional development (Soeters &

van Westen, 1996).
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iii) Large Scale (1:25,000 to 1:5,000 or 1:5,000 to 1:15,000): This type of mapping
scale covers relatively small areas, which generally ranges from 10 to 1,000 km?, and
is suitable for local level mapping of landslide inventory, susceptibility, hazard and
risk assessments (Cascini, 2008; Fell et al., 2008). It can also be applied during site
investigations conducted prior to the design phase of engineering projects (Soeters &
van Westen, 1996; Corominas et al., 2014). Deterministic or process-based techniques

are often applied at this scale (Cascini, 2008; Shano et al., 2022).

iv) Detailed or Site-Specific Scale (>1:5000 or >1:1000): This scale focuses on areas
ranging from “several hectares to tens of square kilometres”, and is appropriate for
“intermediate and advanced hazard zoning levels for local and site-specific areas,” as
well as “for the design phase of large engineering structures, roads, and railways”
(Cascini, 2008; Fell et al., 2008). This is the only scale suitable for statutory purposes
in site investigation before the design phase (Soeters & van Westen, 1996; Corominas
et al., 2014), and involves intensive, site-specific analyses of individual slopes or land-

slide bodies (Wang et al., 2013a; Ercanoglu & Sonmez, 2018).

A summary of these mapping scales and their applicability are presented in Table 2.6.

2.6.6 Methods of Landslide Susceptibility Zonation

In literature, landslide susceptibility zonation methods are broadly categorized into
qualitative (direct) and quantitative (indirect) approaches (Kanungo et al., 2009; Coro-
minas et al., 2014; Reichenbach et al., 2018). Qualitative approaches are subjective,
ascertain susceptibility heuristically, and portray susceptibility levels using descriptive
(qualitative) terms (Guzzetti et al., 1999; Reichenbach et al. 2018). The quantitative
methods, on the other hand, are based on statistical techniques that incorporate under-
standing of past landslides and the predisposing factors to predict the areas susceptible

to landslides (van Westen et al., 2006; Lee et al., 2020).

2.6.6.1 Qualitative Approach

The qualitative methods are also sometimes referred to as heuristic or knowledge-dri-

ven approach which relies on expert judgment regarding the influence of various cau-
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Table 2.6 Landslide zoning mapping scales and their application (after Fell et al., 2008)

Scale Indicative range Examples of zoning application Typical area of zonin
description of scales P g app P g
Small <1:100,000 Landslide inventory and suscepti- >10,000 km?

bility to inform policy makers and the
general public

Medium 1:100,000 to Landslide inventory and suscepti- 1,000-10,000 km?
1:25,000 bility zoning for regional develop-
ment; or very large scale engineering
projects

Preliminary level hazard mapping for
local areas

Large 1:25,000 to Landslide inventory, susceptibility 10-1,000 km?
1:5,000 and hazard zoning for local areas

Intermediate to advanced level hazard
zoning for regional development

Preliminary to intermediate level risk
zoning for local areas and the
advanced stages of planning for large
engineering structures, roads and
railways

Detailed >5,000 Intermediate and advanced level Several hectares to tens
hazard and risk zoning for local and of square kilometres
site-specific areas and for the design
phase of large engineering struc-
tures, roads and railways

sative factors contributing to landslide occurrence. Data inputs are generally obtained
through field investigations, interpretation of aerial photographs, and the integration
of remote sensing data. This approach consists of techniques such as distribution ana-

lysis, direct geomorphological evaluation, and map overlay or combination methods.

1) Distribution Analysis: The distribution analysis method, also known as landslide
inventory mapping, is among the more straightforward techniques for landslide sus-
ceptibility assessment (Soeters & van Westen, 1996). It involves documenting the spa-
tial distribution of landslides within a given area using satellite imagery, aerial pho-
tographs, field observations, and existing historical records (Wieczorek, 1984; Espizua
& Bengochea, 2002). The resulting inventory is generally represented on a map using
polygons or point features, and may also be utilized to generate landslide density maps

(Wright et al., 1974). Although this method does not establish a correlation between
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landslide occurrences and their predisposing factors, it provides a quantitative depic-
tion of landslide distribution and serves as a back-bone for other assessment techniques
(Dai & Lee, 2002; Galli et al., 2008). However, its major limitations lie in its inability
to indicate the susceptibility level for future landslides and its lack of temporal infor-

mation regarding landslide events (Soeters & van Westen, 1996).

2) Geomorphological Analysis: In this approach, experienced geomorphologists deli-
neate landslide-prone areas by interpreting field observations (Kienholz et al., 1984;
Pachauri & Pant, 1992; Reichenbach et al., 2005). Direct knowledge about the terrain
and professional experience with a comprehensive understanding of the various causa-
tive factors are required in this approach. The terrain is subdivided by the experts into
zones of relative stability or instability directly in the field based on the geomorpho-
logical/geological setting and the observed phenomena (Corominas et al., 2014).
Direct geomorphological mapping allows for the detailed observation of terrain fea-
tures, which can lead to more accurate landslide susceptibility maps. Also, it captures
the complexity of geomorphological features that might be generalized or overlooked
in indirect methods (van Westen et al., 2003). At the same time, however, the process
is inherently subjective, and the results depend on the experience of the expert which
may vary widely between individuals (Shano et al., 2020). Moreover, it is difficult to
quantify accuracy or reproduce results, since it lacks a formal validation against land-

slide inventories (Pardeshi et al., 2013).

3) Map Combination Method: This is also called index-based method which was once
widely used for LSZ mapping owing to its simplicity and accuracy. This approach re-
lies on a priori knowledge, and its reliability largely depends on the understanding of
the investigator on the various geomorphological processes influencing slope stability.
In this approach, the instability factors are categorized, assigned ranks, and weighted
based on their assumed or expected importance in inducing slope failures (Hansen et
al., 1995; Lallianthanga & Laltanpuia, 2014). Accordingly, heuristic and subjective de-
cision rules are formulated based on this information to identify unstable zones and
delineate landslide susceptibility areas (Anbalagan, 1992; Sarkar et al., 1995). Even-
though this approach is simple and straightforward, the assignment of ranks and
weights to the instability factors and their respective sub-classes remains largely sub-

jective, which is informally termed as blind weighting (Gee, 1992). Furthermore, LSZ
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maps produced through this approach exhibit region-specific biases, which are diffi-

cult to eliminate due to its dependence on expert judgment (Kanungo et al., 2009).

While qualitative methods offer advantages such as simplicity, cost-effectiveness, and
applicability in data-scarce regions, they are limited by their subjectivity, lack of re-
producibility, and difficulty in validation (Guzzetti et al., 1999). Despite these limi-
tations, qualitative approaches continue to be widely used, particularly in preliminary
assessments and in areas where detailed quantitative data are not available (Pardeshi

et al., 2013; Sujatha & Sudharsan, 2024).

2.6.6.2 Quantitative Approach

In quantitative method, the relationship between slope instability and controlling fac-
tors are numerically quantified (Aleotti & Chowdhury, 1999) by producing numerical
estimates such as probabilities of landslide occurrence or factors of safety (Guzzetti et
al., 1999). These methods are generally considered more objective than the qualitative
approaches because they rely on data-driven analysis and mathematical or statistical
techniques rather than solely on expert judgment, and generate reproducible results.
The quantitative approach of LSZ mapping is mainly represented by the Statistical and

Deterministic methods.

1) Statistical Methods: This method is based on the analysis of the functional rela-
tionships between the past and existing spatial distribution of landslides and their insta-
bility factor using GIS tools (Chacoén et al., 2006; van Westen et al., 2008). The statis-
tical methods were used for landslide analysis and mapping since mid-1970’s, and re-
present one of the early methods employed for LSZ mapping. Neuland (1976) was
considered the first to employ this approach for his slope failure prediction study in
Germany. A few years later, Carrara (1983) used the statistical method to predict land-
slides in southern Italy based on the geological and geomorphological attributes. Fol-
lowing these pioneering works, a number of landslide susceptibility studies were under-
taken by several researchers across diverse geographical regions using various statisti-
cal methods (Reichenbach et al. 2018). The various statistical methods used for LSZ

mapping are broadly categorized into bivariate and multivariate models.
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i) Bivariate statistical models: This model examines two variables to assess or de-
termine the correlation between independent and dependent variables (Bertani et al.,
2018; Krysik, 2018). In this approach, each causative factor map and the landslide
distribution (landslide inventory map) are combined together, and the weighting values
for each parameter class are calculated based on landslide densities (Soeters & van
Westen, 1996; van Westen et al., 1997; Corominas et al., 2014). A diagrammatic over-

view of the general concepts of bivariate methods is given in Figure 2.4.

Landslide occurrence map Parameter maps Weight maps
For tother types the process is repeated Selection of relevant factors for the Resulting from step 3
Only 1 landslide type is analyzed at prediction of landslides should be
the time made first. Only some are shown.
Pixels wilh landslides: 253 Slope length ] | Weight: Slope length I
Total pixels in map: 1853 Sl . T p L A
ope convexity | Weight: Slope convexity |—\
Slope direction Weight: Slope direction i \ G
Distance to roads I | | Weight: Distance to roads |
Distance to streams l Weight: Distance to streams I
Landslide density: 0.1365 Lithology I | | Weight: Lithology '—\
¢ . Slope classes Weight: Slope classes - —\\
1. Overlay of the first factor Geomorphology 1l | Weight: Geomorphology
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Fig. 2.4 A diagrammatic illustration of the bivariate statistical method after van Westen et al.
(1997)
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There are different types of bivariate models which are briefly described below:

a) Frequency Ratio (FR): This method calculates the ratio of the landslide occurrence
probability to non-occurrence for a given factor class (Lee & Talib, 2005; Pradhan,
2010). In practice, FR is computed as the percentage of landslide area in a class divi-
ded by the percentage of total area occupied by that class (Kumar & Anbalagan, 2015;
Wang & Li, 2017). An FR value >1 indicates that landslides are more likely than ave-
rage in that class, while FR value <1 means less likely or lower susceptibility to land-
slides (Wu et al., 2016; Li et al., 2017). These ratios serve as weights and ratings for
the factors and their respective classes, which are then subsequently combined to gene-

rate the LSZ map (Chimidi et al., 2017; Liu et al., 2022).

b) Information Value (IV): This method is also sometimes called the statistical index
(Rautela & Lakhera, 2000; Zhang et al., 2016a), landslide index (Rawat & Joshi, 2012;
Posner & Georgakakos, 2015), or relative effect (Pradhan & Kim, 2014; Ramesh &
Anbazhagan, 2015) methods. The IV method was initially introduced by Yin and Yan
(1988) to predict the spatial probability of slope instability. The method involves assig-
ning weight to each class by computing the natural logarithm of the ratio between the
conditional probability of landslide occurrence within a specific class of a thematic
factor and the overall landslide probability (Jade & Sarkar, 1993; Lin & Tung, 2004;
Sarkar et al., 2013). Positive IV values indicate a greater likelihood of landslide occur-
rence, while negative values suggest a lower likelihood (Saha et al., 2005; Khouz et

al., 2022).

¢) Weights-of-Evidence (WofE): This is based on Bayes’ theorem and conditional pro-
bability which was originally developed for mineral potential mapping (Bonham-Car-
ter, 1994; Agterberg et al., 1993), and later applied to landslides (Neuhduser & Ter-
horst, 2007; Martha et al., 2013; Laltanpuia et al., 2024). The method operates as a
log-linear form of the Bayesian probability model to derive weights for each factor
class based on presence or absence of landslides (Goetz et al., 2015; Cao et al., 2021).
For each class, WofE computes a positive weight (for landslide presence) and a nega-
tive weight (for absence) using prior (unconditional) and posterior (conditional) proba-
bilities. The difference (weight contrast) indicates the net effect of that class on land-
slide occurrence (Sterlacchini et al., 2011; Neuhduser et al., 2012). When a class of a

factor is strongly associated with landslides, it will have high positive and low negative
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weights. The weights for all evidence layers can then be summed to produce a landslide

susceptibility score (Ilia & Tsangaratos, 2016; Vakhshoori & Zare, 2016).

These are the most frequently used bivariate statistical models for LSZ mapping. Apart
from these, there are other models within this category which are also employed in
landslide studies. These include Evidential Belief Function (Althuwaynee et al., 2012;
Nohani et al., 2019), Index of Entropy (Pourghasemi et al., 2012a; Devkota et al.,
2013), Shannon Entropy (Shadman Roodposhti et al., 2016; Addis, 2023), Landslide
Nominal Risk Factor (LNRF) method (Gupta & Joshi, 1990; Saha et al., 2005) Yule’s
Co-efficient (Ram et al., 2020; Khan et al., 2024), and Matrix-Assessment Approach
(Cross, 1998; De Graff et al., 2012).

ii) Multivariate Statistical Models: This model considers the relative contribution of
multiple causative factors simultaneously to the total landslide susceptibility within a
defined area (Ayalew & Yamagishi, 2005; Kanungo et al., 2009). In this method, the
percentage of landslide occurrences associated with each mapping unit is evaluated,
and the corresponding data layer representing the presence or absence of landslides is
generated through statistical modelling (van Westen et al., 1997; Kavzoglu et al., 2015;
Baeza & Corominas, 2001). The generalized working principle of the multivariate

methods is shown in Figure 2.5.

The common techniques of multivariate statistical methods include logistic regression

and discriminant analysis.

a) Logistic Regression (LR): This method employs a dichotomous dependent variable
which represents landslide and non-landslide conditions, to model the probability of
landslide occurrence based on a set of explanatory variables (Gorsevski et al., 2006;
Lee & Pradhan, 2007). LR finds the best-fitting equation that relates a binary depen-
dent variable (presence or absence of landslide) to a set of independent variables (Ohl-
macher & Davis, 2003; Ayalew & Yamagishi, 2005). The result constitutes a set of co-
efficients for the variables, which can be exponentiated to odds ratios through the logit
function indicating each factor influence (Sujatha & Sridhar, 2021; Erener et al., 2016).

When a factor is significant for landslide occurrence, the odds are positive, whereas
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Fig. 2.5 An overview of the multivariate statistical method after van Westen et al. (1997)

for less influential factors, the odds are negative. The logistic link function is then app-
lied to fit the data to an S-shaped logistic curve for the estimation of landslide pro-
bability values ranging from 0 (no probability) to 1 (certain occurrence) (Pradhan &
Lee, 2010; Bui et al., 2011; Mousavi et al., 2011). Literature reviews show that LR is
the most widely used method for LSZ mapping (Brenning, 2005; Pourghasemi et al.,
2018; Reichenbach et al., 2018; Lee, 2019; Huang et al., 2022; Lima et al., 2022).

b) Discriminant Analysis: For landslide susceptibility assessment, this method evalua-
tes the maximum difference between landslide and non-landslide groups for each land-

slide causative factor (independent variable), and assigns corresponding weights to
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these factors (Lee et al., 2008; Rossi et al., 2010). Slope units are then classified based
on the presence or absence of landslide classes. Standardized Discriminant Function
Coefticient (SDFC) is computed to express the relative importance of each variable in
terms of discriminant function as a predictor of potential landslide event (Carrara et
al., 1991; Guzzetti et al., 2006b; Galli et al., 2008). Variables showing high SDFC are
considered strongly associated with absence or presence of landslide (van Den Eeck-
haut et al., 2009b). Discriminant analysis is an effective method for LSZ due to its
objectivity, efficiency, and ability to handle multiple variables (Santacana et al., 2003;
Youssef & Pourghasemi, 2021).

2) Deterministic Methods: These are also known as physically-based or geotechnical
models which rely on physical laws and mathematical relationships to analyze slope
stability (Montgomery & Dietrich, 1994; Terlien et al., 1998). The deterministic me-
thod is particularly employed for investigating rainfall-induced shallow landslides
using Geographic Information Systems (GIS) (van Westen & Terlien, 1996; Terlien,
1998). It aims to assess the potential for slope failure based on the relationship between
the driving and resisting forces, and computes a stability indicator, called Factor of
Safety (FoS) for each slope or terrain unit (Gokceoglu & Aksoy, 1996; Bednarik et al.,
2024). An FoS value less than 1.0 indicates potential instability or failure, while a value
greater than 1.0 is considered stable. The method combines a hydrological model to
analyze pore-water pressure with an infinite slope-stability model to calculate the FoS
(Wu & Siddle, 1995; Iverson, 2000). These methods include Shallow Landsliding Sta-
bility (SHALSTAB) (Montgomery & Dietrich, 1994; Meisina & Scarabelli, 2007),
Stability Index Mapping (SINMAP) (Pack et al., 1998; Terhorst & Kreja, 2009), Tran-
sient Rainfall Infiltration and Grid-based Regional Slope-stability (TRIGRS) (Baum
et al., 2008; Godt et al., 2008), Systeme Hydrologique Européen Transport (SHE-
TRAN) (Burton & Bathurst, 1998; Zhao et al., 2019), and Yonsei Slope (Y S-Slope)
(Kim et al., 2014; Jeong et al., 2019) models. The deterministic methods provide relia-
ble and accurate slope stability assessment when relevant geotechnical data are availa-
ble (Rossi et al., 2013; Alvioli & Baum, 2016). A schematic workflow of the physi-

cally-based models is shown in Figure 2.6.
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Fig. 2.6 General workflow of the physically based approaches after Ye et al. (2025)

2.6.6.3 Other Approaches

Apart from these methods, semi-quantitative method (SQM) and machine learning
(ML) approaches are other categories which have been increasingly employed for LSZ
mapping. These two methods have not been recognized or treated them as separate
categories by several researchers (Soeters & van Westen, 1996; van Westen et al., 1997;
Aleotti & Chowdhury, 1999; Guzzetti et al., 1999; Dai et al., 2002; Huabin et al., 2005;
Kanungo et al., 2009; Corominas et al., 2014; Reichenbach et al., 2018). This may be
due to the conceptual grouping of all data-driven methods under statistical/quantita-
tive category (for ML), and all expert-driven methods under qualitative/heuristic cate-
gory (for SQM). It may also be due to the inheritance of early classification frame-
works which defined broad methods before the advent of SQM and ML. Many modern
reviews, however, have included them either under the data-driven/quantitative or as
separate category (Pardeshi et al., 2013; Shano et al., 2020; Lima et al., 2022; Tyagi et
al., 2022; Das et al., 2023; Li & Duan, 2024; Segoni et al., 2024; Caleca et al., 2025).

1. Semi-Quantitative Methods (SQM): The SQM are described as a hybrid of both
qualitative and quantitative methods (Tyagi et al., 2022), or as those methods which
employ a mix of techniques from both the qualitative and quantitative approaches (Su-

jatha & Sudarshan, 2024). Similar to qualitative methods, they may involve subjective
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judgments (Mandal et al., 2018; Roy et al., 2019). However, they calibrate the subjec-
tive operation, sometimes in terms of statistical evaluation (Ghosh et al., 2011; Pal et
al., 2019) or by multi-criteria evaluation (Barredo et al., 2000). These methods are used
to make decisions in the determination of ratings and weights of factors and their class-
es by using criteria like expert knowledge or past landslide data or a combination of
both (Tyagi et al., 2022). Prominent model used for LSZ mapping under this approach
is the Analytical Hierarchy Process (AHP) (Das et al., 2022; Liu et al., 2024b). Other
SQM include Fuzzy logic (Kanungo et al., 2006; Vakhshoori & Zare, 2016), Weighted
Overlay (Kaur et al., 2023; Arshid et al., 2024), Weighted Linear Combination (Ayalew
et al., 2004; Li et al., 2023a), and Ordered Weighted Average (Ahmed, 2015; Gigovi¢
etal., 2019).

2. Probabilistic Methods: The probabilistic method is generally classified under quan-
titative approaches for LSZ mapping (Aleotti & Chowdhury, 1999; Kanungo et al.,
2009; Nath et al., 2020; Tyagi et al., 2022), and is mostly categorized under the statis-
tical methods. The main concept of this method is to evaluate the degree of relationship
between the spatial distribution of landslides and their causative factors within a pro-
babilistic framework (Kanungo et al., 2009; Lari et al., 2014). This is then converted
into a numerical value by probability distribution function (Pardeshi et al., 2013; Shano
et al., 2022). This probability can refer to the spatial probability of landslide, and in
some cases, the temporal probability of occurrence and size/volume probability (Guz-
zetti et al., 2005; Lari et al., 2014). Representative models of the probabilistic method
of LSZ include Conditional Probability (Chung & Fabbri, 1999; Pourghasemi et al.,
2012a), Certainty Factor (Ma et al., 2023; Ding et al., 2025), Favourability Function
(Remondo et al., 2003a; Li & Lan, 2023). Apart from this, a Bayesian probability

model such as WofE is also sometimes included under this method.

3. Machine Learning (ML)-based Methods: These methods are classified under the
quantitative/data-driven approaches of LSZ mapping (Das et al., 2023; Caleca et al.,
2025). ML methods were used for LSZ from the early 2000s (Alvioli et al., 2024; Teke
& Kavzoglu, 2024a), and emerged as a powerful, data-driven approach for LSZ map-
ping and other related studies (Reichenbach et al., 2018; Pugliese Viloria et al., 2024).
ML-based techniques have gained popularity due to their ability to handle complex

datasets, identify hidden patterns, and enhance prediction accuracy (Merghadi et al.,
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2020; Al-Najjar et al., 2024). ML-based methods for LSZ are classified into conven-
tional, deep learning, hybrid and ensemble models (Ado et al., 2022; Ganesh et al.,
2023).

i) Conventional ML models: These are standalone ML models that have been widely
used for LSZ and are known for showing good prediction accuracy. They are employed
as benchmarks for evaluating newer or more complex models (Ado et al., 2022; Kav-
zoglu et al., 2019). There are several conventional ML models used for landslide stu-
dies. Among them, Artificial Neural Networks (ANN) (Lee et al., 2003; Ermini et al.,
2005; Yilmaz, 2009), Support Vector Machines (SVM) (Marjanovi¢ et al., 2011; Bui
et al., 2012a), Random Forest (RF) (Catani et al., 2013; Akinci et al., 2020), Naive
Bayes (NB) (Bui et al., 2012a; Pham et al., 2017), Decision Tree (DT) (Pradhan, 2013;
Dou et al., 2019), k-nearest neighbour (KNN) (Abraham et al., 2021; Agrawal & Dixit,

2023) are some of the popular conventional ML models used in LSZ studies.

ii) Deep Learning (DL) models: A major development in recent years is the introduc-
tion of Deep Learning (DL) models for LSZ studies. DL is a subset of ML, which
refers to neural networks with many layers that can automatically learn feature repre-
sentations (Saha et al., 2021; Aslam et al., 2023). Deep Learning Neural Networks
(DLNN) offer satisfactory alternatives as they often outperform various conventional
ML techniques in predicting landslide susceptibility zones (Bui et al., 2020; Van Dao
et al., 2020). However, DLNN models generally demand high computational resour-
ces, and require a large number of inventory datasets to avoid overfitting (Xia et al.,
2019; Kudaibergenov et al., 2025). Popular DL models include Convolutional Neural
Networks (CNN) (Ruggieri et al., 2021; Cardellicchio et al., 2023), Long Short-Term
Memory Networks (LSTM) (Wang et al., 2021; Zuo et al., 2025), and Recurrent Neural
Networks (RNN) (Wang et al., 2020; Habumugisha et al., 2022).

iii) Ensemble models: These methods combine multiple individual ML models, which
are referred to as base (or weak) learners by aggregating the predictions through tech-
niques like voting or averaging (Liu et al., 2023). This approach aims to enhance pre-
dictive accuracy and robustness, reduce variance, and mitigate overfitting by leve-
raging the collective intelligence of multiple models (Ado et al., 2022; Kudaibergenov

et al., 2025). The common ensemble techniques include Bagging, Boosting, Stacking,
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Blending, Simple/Weighted Averaging, Rotation Forest (RotFor), Random Forest
(RF), XGBoost, and Gradient Boosting Decision Trees (GBDT).

iv) Hybrid Models: These models combine either multiple ML and DL models or
statistical models with ML models through optimization or feature selection techni-
ques to enhance the capabilities and strengths of each model, and to effectively in-
crease the performance and accuracy of the overall model (Yuan et al., 2022; Lu et al.,
2024). These hybrid algorithms were used to filter out the redundant, and select only
the relevant conditioning factors to enhance the quality of datasets (Kavzoglu et al.,
2015; Ado et al., 2022). Models such as CNN, Geodetectors and Recursive Feature

Elimination (RFE) are commonly employed for this purpose.

These ML-based models have no doubt achieved high predictive and accurate per-
formance in generating LSZ maps. However, they are often considered “black boxes”
because their internal workings are difficult to understand which make it challenging
for practitioners to understand the rationale behind specific predictions (Dahal & Lom-
bardo, 2023; Pradhan et al., 2023; Teke & Kavzoglu, 2024b). Researchers have incor-
porated a technique called eXplainable Artificial Intelligence (XAI) to suitably en-
hance transparency and interpretability of complex ML-based models (Pradhan et al.,
2023; Al-Najjar et al., 2024). Prominent XAI models include SHapley Additive
exPlanations (SHAP) (Zhou et al., 2022; Wang et al., 2024), Local Interpretable
Model-agnostic Explanations (LIME) (Qiu et al., 2024; Teke & Kavzoglu, 2024b), and
Partial Dependence Plot (PDP) (Phinzi & Szabd, 2024; Sun et al., 2024).

It can be observed, from the foregoing discussions that LSZ mapping approaches have
gone through progressive evolution from a simple heuristic, knowledge-driven appro-
ach to a more advanced data- and technology-driven method. This is mainly due to the
increasing availability of higher quality data, technological advancements in RS &
GIS, and computational intelligence. A wide range of LSZ mapping methods, there-
fore, exists which results in variation of the classification and nomenclature of LSZ
mapping method itself. This is due to the fact that the classification of the methods is
somewhat subjective and influenced by the specific aspects or criteria emphasized by
the researchers or reviewers (Aleotti & Chowdhury, 1999; Lee et al., 2017; Pourgha-

semi et al., 2018). At the same time, it is important to note that these different methods
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have their own advantages and limitations. Therefore, selection of appropriate appro-
ach is of paramount importance before undertaking any LSZ mapping. The choice de-
pends on many factors including the scale and scope of the study, data availability,
practical knowledge and experience of the practitioner, and others (Corominas et al.,

2014; Vakhshoori & Zare, 2016).

2.6.7 Classification of Landslide Susceptibility Maps

The classification of LSI into distinct susceptibility classes or zones involves defining
specific threshold values to demarcate the boundaries between different levels of sus-
ceptibility which is further calibrated with the landslide inventory (Ermini et al., 2005;
Catani et al., 2013). There are various methods for defining these thresholds, and the
choice depends on the specific distribution of the LSI values and the particular purpose
of the map (Das et al., 2023). The Jenk's Natural Break method is the widely used
approach which statistically determines class breaks by grouping similar values and
maximizing differences between groups, specifically by finding adjacent pairs with
relatively large differences in data value (Irigaray et al., 2007). This approach aims to
minimize variability within classes while maximizing variability between them (Sego-
ni et al., 2024). It is considered suitable for every type of data distribution but can be
difficult to compare or replicate, and is sensitive to outliers (Das et al., 2023). The
Quantile (or Percentile) classification, also referred to as ranking equal-number class-
es, sorts all pixels or mapping units based on their calculated LSI values in descending
order, and divides them into a predefined number of classes so that each resulting class
contains an equal number of pixels (Chung & Fabbri, 1999; 2003; Steger et al., 2020).
Although it ensures an equal count of pixels per class, pixels with different suscepti-
bility values might be grouped into the same class if they fall within the quantile range

(Adnan et al., 2025).

The Geometric interval classification defines the breaks between the different classes
based on a geometric progression of the data range. It systematically refines class
boundaries and reveals minimal variations within the lowest range of data values, and
is suitable for data that is not evenly distributed (Das et al., 2023). This method of
classification is one of the most widely employed method for discretizing the conti-

nuous values of the LSI into distinct susceptibility classes. The Equal interval classifi-
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cation divides the entire range of LSI values into a predefined number of intervals of
equal size. While the range of each interval is identical, the number of units or pixels
falling into each class can vary significantly (Chung & Fabbri, 2003). This approach
may emphasize one class over others (Ayalew & Yamagishi, 2005), and could com-
plicate comparisons if the underlying pixel values have different meanings (Chung &
Fabbri, 2003). Classification approaches based on the Success Rate Curve are also em-
ployed to classify the LSI values into different susceptibility classes to reduce sub-
jectivity and arbitrariness (Martha et al., 2013; Sangeeta et al., 2020; Laltanpuia et al.,
2024). The classification depends on the relationship between the cumulative percen-
tage of landslide occurrences and the percentage of the study area in different suscep-

tibility classes.

The choice of classification method is important as it can influence the spatial repre-
sentation of susceptibility and the distribution of risk zones on the final map (Abdel-
kader & Csamer, 2025). Different methods can result in varied distributions of suscep-
tibility values across the landscape. The appropriate method selection depends on seve-
ral factors, including the nature of the susceptibility index values, the specific objec-
tives of the mapping, the study scale, data availability, and the expertise of the evalua-
tor. While the transformation from continuous values to discrete classes is a common
practice to enhance usability, it is a process that requires careful consideration (Segoni

et al., 2024).

2.6.8 Model Evaluation and Validation

Evaluation or validation of the models is an important step in LSZ to assess the relia-
bility, accuracy, and the practical applicability of the resulting maps and the models
(Chung & Fabbri, 2003; Frattini et al., 2010; Segoni et al., 2024). It is also essential to
supply the reliability and scientific rigor to a study (Lima et al., 2022). Without vali-
dation, susceptibility maps are considered untested hypotheses, and their practical use
for decision-making and land-use planning is limited (Chung & Fabbri, 2003; Remon-
do et al., 2003b; Abdelkader & Csamer, 2025). Validation helps to check the reliability
of the maps and validate the results, gauging the model performance and determining
whether the LSZ maps correctly distinguish between potentially landslide-free and
landslide-prone areas (Corominas et al., 2014; Das et al., 2023). A thorough quality
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assessment through validation is necessary for increasing the reliability, transparency,
and acceptance of landslide analyses among stakeholders and decision-makers (Fleu-
chaus et al., 2021). Evaluation or validation can also highlight issues that enable the
improvement of future susceptibility maps, guiding data collection, field practices, and
the selection of optimal functions and variables, and is, thus considered an integral part

of the landslide susceptibility modeling workflow (Alvioli et al., 2024).

2.6.8.1 Data Partitioning Strategies

The first step in validation of the models constitutes the partitioning or sub-setting of
the available landslide inventory into training and testing datasets (Corominas et al.,
2014; Reichenbach et al., 2018; Huang et al., 2022; Alvioli et al., 2024), which is most-
ly used in machine learning and statistical models (Joseph, 2022). This data splitting
is, however, not applicable for qualitative and semi-quantitative methods (Segoni et
al., 2024). While a training dataset is used to build or calibrate the model, a testing
dataset (or validation dataset in some contexts) is used to assess the model perfor-
mance, particularly its predictive capability, using data not utilized for training (Fell et
al., 2008; Fleuchaus et al., 2021). This data segregation is intended to provide an un-
biased evaluation and help avoid overfitting (Segoni et al., 2024). There are basically
three partitioning strategies commonly used for model validation process which in-
clude random, spatial and temporal partitioning (Chung & Fabbri, 2003; Remondo et
al., 2003b). In random partitioning, the landslide inventory is randomly divided into
training and testing subsets based on a predefined proportion (Huang et al., 2022).
Literature reviews revealed that random partitioning is the most frequently adopted
sampling strategy for model validation (Reichenbach et al., 2018; Huang et al., 2022;
Lima et al., 2022), and showed better prediction results than the spatial or temporal

partitions (Remondo et al., 2003b; Zézere et al., 2004; Pereira et al., 2012).

The spatial partitioning divides the study area or its landslides geographically into
different regions (Hong et al., 2018; Khanna et al., 2021). This means that data from
one region is used for training, and data from another region is used for testing or vali-
dation (Chung & Fabbri, 2003; 2005). However, this approach can pose problem if
thematic variables differ significantly between the training and validation areas, which

make it difficult or impossible to apply the derived classification function (Guzzetti et
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al., 2006b). The temporal partitioning strategy involves dividing the landslide inven-
tory based on the time of occurrence (Zézere et al., 2004; Khanna et al., 2021; Dahal
et al., 2024). Usually, older landslides are used for training, while more recent
landslides are utilized for testing or validation (Reichenbach et al., 2018). This method
is considered the most adequate for assessing the model ability to predict future events
(Remondo et al., 2003b; Deng et al., 2017), but it requires a multi-temporal inventory
over a sufficiently long period, which is often difficult to obtain (Irigaray et al., 1999;
Zg&zere et al., 2017; Yordanov & Brovelli, 2021).

Apart from these partitioning strategies, another method called repeated multiple par-
titioning (or cross-validation) is also employed (Brenning, 2012; Steger et al., 2020).
This involves repeatedly splitting the data into training and testing sets and averaging
the results (Lima et al., 2022), which can reduce the randomness associated with a
single random split and provide a more robust evaluation (Petschko et al., 2014; Goetz

et al., 2015), especially with limited data (Huang et al., 2022).

2.6.8.2 Data Splitting Ratio in Random Partitioning

While it is a common practice, there is no single standard or universally accepted
guideline for the specific data splitting ratio to be used in the random partitioning stra-
tegy (Ercanoglu & Sonmez, 2018; Segoni et al., 2024; Abdelkader & Csamer, 2025).
The choice of the splitting ratio can vary between different studies, and depends on
factors like the characteristics of the study area, the availability of landslide data, the
type of model employed, and the resolution of the spatial data (Huang et al., 2022). In
the literatures, quite a number of splitting ratios were used which include 90:10 (Shir-
zadi et al., 2019), 80:20 (Mondini et al., 2023), 75:25 (Sharma & Mahajan, 2018),
70:30 (Yu et al., 2023), 60:40 (Yang, 2017) and 50:50 (Oh & Lee, 2017).

Despite the lack of a formal standard, the 70:30 ratio (70% for training and 30% for
testing or validation) is the most widely used and preferred splitting ratio among many
researchers in landslide susceptibility studies using random partitioning (Huang et al.,
2022; Ebrahim et al., 2024; Segoni et al., 2024). Several studies have specifically in-
vestigated different splitting ratios and found the 70:30 ratio to be effective or the most

efficient for their models and datasets (Mancini et al., 2010; Catani et al., 2013; Yor-
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danov & Brovelli, 2021). Meanwhile, Selamat et al. (2023) concluded that the 80:20
ratio achieved the best accuracy with an Artificial Neural Network (ANN) model,
followed by 70:30 ratio. Conversely, Jaafari et al. (2019) and Sahin et al. (2020) both
found out that the 90:10 ratio has the lowest performance in terms of predictive accu-
racy. Among the three ratios (70:30, 60:40, 50:50) considered by Vakhshoori and Zare
(2018), none of them have differential impact on the validity of the models employed.
Thus, it is evident that different ratios can lead to varying results, and there is no clear

consensus on which particular splitting ratio consistently yields the best outcomes

(Huang et al., 2022).

2.6.8.3 Techniques or Metrics used

To quantify both model fit and predictive performance, a variety of statistical metrics
and evaluation techniques are employed in landslide susceptibility modeling (Guzzetti
et al., 2006b; Frattini et al., 2010; Rossi et al., 2010). In earlier studies, model accuracy
was often evaluated through simple visual comparison of actual landslides with sus-
ceptibility classifications (Brabb, 1984; Gokceoglu & Aksoy, 1996), or sometimes in
terms of basic statistics like efficiency or accuracy (Carrara, 1983). However, these
simple statistics were later found to pose some problems as they often required defi-
ning a cut-off value for classification (Frattini et al., 2010). Landslide density within
different susceptibility classes was another common metric employed (Montgomery
& Dietrich, 1994; Ercanoglu & Gokceoglu, 2002; Crosta & Frattini, 2003), which is
sometimes referred to as degree of fit (Irigaray et al., 1999; Baeza & Corominas, 2001;
Fernandez et al., 2003) or b/a ratio (Lee & Min, 2001; Lee et al., 2003). These methods
were usually based on comparing the susceptibility map with the same movements
used to create it (Irigaray et al., 1996), which could determine if the map explained
past landslides but not necessarily predict future ones (Irigaray et al., 1999). Some ear-
ly validation techniques involved comparing the resulting map to observed data (Coro-

minas et al., 2014).

Over time, particularly after the year 2000, the field witnessed a remarkable increase
in the diversity and complexity of evaluation techniques and metrics (Reichenbach et
al., 2018). Quantitative validation approaches began to replace qualitative procedures

for more objective evaluation (Frattini et al., 2010). A prominent development was the
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introduction of cutoff-independent performance criteria. The Receiver Operating Cha-
racteristic (ROC) curve and its associated Area Under the Curve (AUC or AUROC)
were widely adopted, and became the most frequently used validation techniques
(Pourghasemi et al., 2012b; Lima et al., 2022; Segoni et al., 2024; Abdelkader et al.,
2025). The ROC curve plots the probability of correctly identified landslides (True
Positive Rate or Sensitivity) against the probability of falsely identified landslides
(False Positive Rate or 1-Specificity) as a cut-off probability varies (Gorsevski et al.,
2006). The AUC value is used to evaluate the compatibility and predictability of a
model, with a higher AUC indicating better predictive accuracy. The AUC varies from
0.5 (random chance) to 1, where 1 signifies perfect predictive capacity of the model
(Swets, 1988; Brown & Davis 2006). Another commonly applied technique is the
Success Rate Curve (SRC) and Prediction Rate Curve (PRC) metrics. The success rate
curve compares the prediction image with the training data used for modelling (Chung
& Fabbri, 2003), and help in determining how well the resulting susceptibility maps
classify existing landslides (Bui et al., 2012b). The prediction rate curve compares
model results with an independent validation dataset, and explain how well the model
predicts results based on data not used in building the model (Chung & Fabbri, 1993).
A curve further from the random diagonal indicates better performance in both the
cases (Remondo et al., 2003b). Interpretation of the area under the success/prediction-
rate curves is done using similar rules applied for the ROC AUC (Deng et al., 2017;
Zg&zere et al., 2017).

The confusion matrix, or contingency table forms a basis for many evaluation metrics
(Stehman, 1997). The confusion matrix involves four components, viz., True Positives
(TP), False Positives (FP), True Negatives (TN), and False Negatives (FN), which
represent correctly and incorrectly classified landslides (Abdelkader & Csamer, 2025).
Several performance metrics are calculated from these values including Accuracy
(ACC), Positive (or Precision) Predictive Value (PPV), Negative Predictive Value
(NPV), Recall (Sensitivity), Specificity, Fallout, Total Skill Score (TSS), and F1 Score.
The overall accuracy (OA) is a combination of metrics like Accuracy, F1 Score and
AUC where the greater OA value signifies the better results (Ng et al., 2021; Ebrahim
et al., 2024). Other metric derived from the confusion matrix is the Cohen’s kappa Co-
efficient (or index) (Cohen, 1960; Hoehler, 2000). This index measures the agreement

between predicted and actual landslide classifications which accounts for the possi-
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bility of agreement by chance (Guzzetti et al., 2006b). Metrics derived from the con-
fusion matrix often require defining a susceptibility cut-off value, which can introduce
limitations (Frattini et al., 2010). The Root Mean Square Error (RMSE) and Mean
Squared Error (MSE) are other metrics used to quantify the difference between predic-
ted values and actual values, often used in regression analyses (Nguyen et al., 2019),
where lower values indicate better performance (Zhou et al., 2018). The Mean Abso-
lute Error (MAE) is similar to MSE and RMSE, but it measures the average magnitude
of errors in predictions (Collini et al., 2022). The common techniques and metrics used

in model evaluation is shown in Table 2.7.

Apart from these, there are several other evaluation techniques including R-Index,
Structural Similarity Index (SSI), Brier score, Cost curves, Matthews Correlation Co-
efficient (MCC), etc. The number and variety of performance metrics and techniques
have continued to increase as more researches continue. Reichenbach et al. (2018)
identified at least 92 unique metrics for model fit and 60 unique metrics for prediction
performance up to the year 2016, while Huang et al. (2022) recognized a greater num-
ber of unique metrics. Despite the significant increase in the number and sophistication
of evaluation techniques, there is still no universal consensus on which method or me-
tric is the best or superior than others for all situations (Reichenbach et al., 2018; Eb-
rahim et al., 2024; Segoni et al., 2024). Different metrics provide different insights,
and it is widely recommended to use a comprehensive set of multiple metrics for eva-
luation (Reichenbach et al., 2018; Huang et al., 2022). Researchers are actively work-
ing to design new and more reliable evaluation methods to enhance the credibility and

usefulness of landslide susceptibility maps.

2.7 Vulnerability

The word “vulnerability” originates from the Latin verb vulnerare, meaning “to
wound,” or the noun vulnus, meaning “wound” (Alexander, 2005; Fekete & Montz,
2018; Andharia, 2022). Originally, the term expressed the idea of being “capable of
being physically wounded”, and since the late 1600s, it has been used to denote
“defencelessness against non-physical attacks” (Andharia, 2022). The term itself holds
a commonplace meaning of ‘being prone to’ or ‘susceptible to damage or injury’ (Blai-

kie et al., 1994). Generally, it refers to the potential for loss or other adverse impacts
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Table 2.7 The main metrics used in model evaluation (after Huang et al., 2022)

Metrics Formulas Descriptions
The area under the ROC curve is
AUC AUC - TP+ TN defined as the AUC value. A higher
P+ N value of AUC denotes better model
performance
TP+ TN AF:curacy is the pr(?porqon of land-
Accuracy Accuracy = slide and non-landslide pixels that are
TP+ FP+ TN + FN .
classified correctly
Sensitivity (or recall or true positive
Sensitivit Sensitivity — TP rate) means the proportion of land-
Y ensttvity = TP +FN slide pixels that are correctly classi-
fied
Specificity (or true negative rate) in-
Specifici Specificity = TN dicates the ability of the test to cor-
P R pecificity = FP+TN rectly distinguish non-landslide pix-
els
Precision (or positive predictive rate)
Precision Precision — TP represents the proportion of actual
reciston = TP + FP landslide pixels to those classified as
landslides by the model
Accuracy — Accuracyexp
kappa =
1 - Accuracyexp
. Measure the agreement between true
Kappa index ) d the classificati
P  (TPAFN)(TP+FP)+(FPATN)(TN+FN) classes and the classifications
CCUTACYexp = (TP+TN+FP+FN)?2
Negtive Negative predictive rate = — iandsidepncl have emat son o
predictive rate egative predictive rate = TN + FN . P
slide occurrences
False positive Fal " te — FP The rate of non-landslide instances
rate aise postve rate = FP +TN falsely classified as landslide pixels
2 * Sensitivity * Precision The harmonic mean of precision and
F-measure = o -
Sensitivity + Precision recall
Root mean Show the error measure between the

square error

Root mean square error =

predicted and actual values

Mean square
error

n
1 _
Mean square error = ;Z(Xi - X;)?

i=1

Show the error measure between the
predicted and actual values

Mean absolute
error

n
1 _
Mean absolute error = EZIXI- - Xl
i=1

An error-based measure to check the
performance of the models

TP true positive, TN true negative, FN false negative, FP false positive. P and N represent the total number of
landslides and non-landslides, respectively. 7 is the total number of samples. X; and X; are the predicted and actual

values of outputs, respectively
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(Alexander, 2005; Cutter, 1996). Within the context of natural hazards and disaster risk
research, its meaning is multifaceted, dynamic, and subject to intense debate and vary-
ing interpretations across different academic domains and stakeholders (Birkmann,

2006a; Tapsell et al., 2010; Fuchs et al., 2011; Fekete & Montz, 2018).

Due to its multi-dimensional and interdisciplinary nature, there exists a wide variety
of definitions of vulnerability (Papathoma-K&hle et al., 2017). One of the best-known
and generally accepted definitions is given by the United Nations/International Stra-
tegy for Disaster Reduction (UNISDR) which defines vulnerability as “the conditions
determined by physical, social, economic and environmental factors or processes, which
increase the susceptibility of a community to the impact of hazards” (UNISDR, 2004).
Meanwhile, Blaikie et al. (1994) introduced a prominent definition from the social
science perspective which states that “the characteristics of a person or group and their
situation that influence their capacity to anticipate, cope with, resist and recover from
the impact of a natural hazard”. From the climate change science perspective, the Inter-
governmental Panel on Climate Change (IPCC) defines vulnerability as “the propen-
sity or predisposition to be adversely affected. Vulnerability encompasses a variety of
concepts and elements including sensitivity or susceptibility to harm and lack of
capacity to cope and adapt” (IPCC, 2014). Apart from these, there are several other
definitions proposed by various scholars, some of which are presented in Table. 2.8. It
should be noted that while specific definitions are widely used within particular dis-
ciplines or by certain international bodies, the broader academic and practical land-
scape reveals that a single, universally accepted definition of vulnerability remains elu-
sive. The complexity of the concept, its various dimensions, and differing research ob-

jectives contribute to this ongoing debate and the proliferation of definitions.

2.7.1 The Paradigm Shift in Understanding Vulnerability

The early perception and conception of vulnerability in the context of natural hazards
and risk originated from a predominantly hazard-centric and technocratic viewpoint
(Birkmann et al., 2017). Initially, disasters were often viewed as inevitable “acts of
God” (Steinberg, 2000; Weichselgartner, 2001) or “acts of nature,” (Stallings, 2006;

de Leon, 2007) with mitigation efforts predominantly concentrating on the physical
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Table 2.8 Some key definitions of Vulnerability

Author(s) Definition of vulnerability
Gabor & Griffith Vulnerability is the threat (to hazardous materials) to which people are
(1980) exposed (including chemical agents and the ecological situation of the

communities and their level of emergency preparedness).

Timmerman (1981)

Vulnerability is the degree to which a system acts adversely to the
occurrence of a hazardous event. The degree and quality of the adverse
reaction are conditioned by a system's resilience (a measure of the
system's capacity to absorb and recover from the event).

Susman et al. (1984)

The degree to which different classes in society are differentially at
risk, both in terms of the probability of occurrence of an extreme event
and the degree to which the community absorbs the effects of extreme
physical events and helps different classes to recover.

Dow (1992)

Vulnerability is the differential capacity of groups and individuals to
deal with hazards, based on their positions within physical and social
worlds.

Cutter (1993)

Vulnerability is the likelihood that an individual or group will be
exposed to and adversely affected by a hazard. It is the interaction of
the hazards of place (risk and mitigation) with the social profile of
communities.

Bohle et al. (1994)

Vulnerability is best defined as an aggregate measure of human
welfare that integrates environmental, social, economic and political
exposure to a range of potential harmful perturbations.

Buckle et al. (2000)

The degree of loss to a given element at risk or set of such elements
resulting from the occurrence of a natural phenomenon of a given
magnitude and expressed on a scale from 0 (no damage) to 1 (total
loss) or in per cent of the new replacement value in the case of damage
to property.

Alexander (2002)

The susceptibility of people and infrastructure to loss due to a given
level of hazard, a given probability of a hazard occurring at a given
time, in a given place, in a given manner and with a given magnitude.

Turner et al. (2003)

Vulnerability is the degree to which a system, subsystem, or system
component is likely to experience harm due to exposure to hazard,
either a perturbation or stress/stressor.

Adger (2006)

Susceptibility to damage due to exposure to stresses associated with
environmental and social change, and lack of adaptive capacity.

Thywissen (2006)

Vulnerability is the intrinsic and dynamic feature of an element at risk
(community, region, state, infrastructure, environment etc.) that deter-
mines the expected damage/ harm resulting from a given hazardous
event and is often even affected by the harmful event itself.

Hufschmidt (2011)

Vulnerability is understood as a concept describing the differences in
the degree of damage incurred from natural hazards that are
manifested for an individual person, for a whole community, a city, or
an entire region.
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impacts of extreme natural events. This hazard-centric technocratic approach, preva-
lent until the late 1970s, addressed merely physical vulnerabilities or direct side effects
of disasters through technical solutions (Joseph, 2013). However, a significant para-
digm shift occurred in the late 1970s and early 1980s, when social scientists began to
challenge this purely technocratic approach, arguing that increasing disaster losses
were not solely attributable to natural occurrences but were largely influenced by pre-
vailing societal conditions and human actions (O’Keefe et al., 1976; Cardona, 2004;
Schneiderbauer et al., 2017). It was during these periods (late 1970s to early 1980s)
that the concept of vulnerability was introduced “as a response to the hazard-centric
perception of disasters” (Birkmann et al., 2017). The establishment of the 1990-1999
UN International Decade for Natural Disaster Reduction (IDNDR) further propelled
this shift, which highlighted the critical role of vulnerability in disaster risk reduction
(Wisner & Luce, 1993; Blaikie et al., 1994; Fuchs & Thaler, 2018). This period has
witnessed vulnerability emerging as a “pre-existing condition” or a “state that exists
within a system before it encounters a hazard,” rather than solely as a measure of
damage after an event (Fuchs et al., 2011; Ciurean et al., 2013; Sterlacchini et al.,
2014). Thus, vulnerability is broadly viewed from the perspective of natural science

or engineering, and from the perspective of social science domains.

2.7.2 Components of Vulnerability

Within the various conceptual frameworks, vulnerability is often disaggregated into
several core components, though their precise delineation can vary widely. These com-

ponents are briefly described below:

Exposure: This describes the extent to which a unit (e.g., people, property, systems,
or natural assets) falls within the geographical or temporal range of a hazard event
(Rufat, 2024), and refers to fixed physical attributes or human systems like livelihoods
and economies that are spatially bound (Birkmann et al., 2014). While some frame-
works consider exposure as a part of vulnerability (Turner et al., 2003; Birkmann,
2006Db), others integrate it as a component of vulnerability or a hybrid between vulne-

rability and the natural hazard (Cardona & Barbat, 2000).
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Susceptibility (or Sensitivity/Fragility): This component describes the predisposi-
tion of elements at risk (be they social or ecological) to suffer harm (Birkmann et al.,
2014; Rufat, 2024). Susceptibility points to deficiencies that determine the likelihood
of experiencing severe harm and loss due to adverse events. The term susceptibility is
preferred over sensitivity in natural hazards and climate change contexts, as sensitivity
can imply movement in both positive and negative directions, and is also used in eco-

logy with a different meaning (Birkmann, 2013).

Coping Capacity: This denotes the ability of a person, group, or system to use its own
resources “to anticipate, cope with, resist, and recover from the impact of a natural
hazard” or “to face and manage emergencies, disasters, or adverse conditions” (Blaikie
et al., 1994; Pelling, 2013). Coping mechanisms frequently build on past experiences
and are usually hazard-related and short-term oriented, and focuses on the immediate

reaction during a crisis (Birkmann, 2011; Welle et al., 2013).

Adaptive Capacity: This refers to the “ability to deal with, recover from, or reduce
the future impact of pressures”, which aim to modify and change the situation to im-
prove a society's ability to live with environmental and socio-economic changes over
time (Birkmann et al., 2013; Kok & Jager, 2013). A low adaptive capacity is asso-
ciated with increased vulnerability, whereas a high adaptive capacity promotes resi-

lience (Lanlan et al., 2024).

2.7.4 Dimensions of Vulnerability

Vulnerability is recognized as a multidimensional phenomenon, encompassing various
thematic aspects that interact to shape its overall manifestation. These dimensions in-

clude the following:

Physical Vulnerability: This dimension encompasses the predisposition of physical
assets, such as built-up areas, infrastructure, and open spaces, to suffer damage (Birk-
mann et al., 2017; Fuchs et al., 2018). This includes the susceptibility of structures and
infrastructure to damage (Fuchs & Thaler, 2018), which is usually influenced by cons-

truction materials, building standards, and maintenance (Fuchs, 2009; Tierney, 2022).
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Social Vulnerability: This dimension delves into “aspects of justice, social differen-
tiation, and societal organisation, as well as individual strength” (Adger, 2006; Few,
2007; Birkmann, 2013). It encompasses factors such as poverty, powerlessness, social
marginalization, demographic characteristics (e.g., age groups, gender), education, mi-
gration, social networks, health and well-being, and risk perception (Cutter et al., 2003;

Dwyer et al., 2004).

Economic Vulnerability: This dimension relates to the propensity for loss of econo-
mic value from damage to physical assets and/or disruption of productive capacity
(Birkmann et al., 2014; 2017). It includes impacts on savings, property, and other
physical assets, and is related to the wealth of a society, economic patterns, and the

ability to earn income (Blaikie et al., 1994; Tapsell et al., 2010).

Institutional Vulnerability: This refers to the “potential for damage to governance
systems, organisational forms, and functions of organisations that govern societies
through formal or informal rule systems” (Ciurean et al., 2013; Birkmann et al., 2017).
It considers weaknesses embedded in institutions, public policy, and administration
that reduce the capacity of a society to withstand, resist, cope, or recover from natural

hazards (Fuchs & Thaler, 2018).

Environmental Vulnerability: This dimension pertains to the potential for damage to
all ecological and biophysical systems and their different functions (Birkmann et al.,
2017), including specific ecosystem functions and environmental services (Renaud et
al., 2013). Environmental degradation can increase human vulnerability, particularly
for populations dependent on ecosystem services and resources (Guo et al., 2010; Adla

et al., 2022).

Cultural Vulnerability: This dimension characterises the potential for damage to
intangible values, such as meanings attributed to artefacts, customs, habitual practices,
and natural or urban landscapes, including indigenous beliefs (Tapsell et al., 2010;
Birkmann et al., 2017). These cultural factors can influence the preparedness and wil-
lingness of a population to engage in risk-reduction efforts, as well as their capacity to
learn from past events (Schneiderbauer & Ehrlich, 2004; Schneiderbauer et al., 2017).
From the foregoing discussion, it can be observed that the concept of vulnerability has

undergone a profound evolution, moving from its etymological origins to becoming a
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central and intricate pillar in disaster risk science. The journey from a hazard-centric,
technocratic viewpoint to a more holistic understanding reveals an important paradigm
shift (Birkmann, 2017) that disasters are no longer seen as purely natural events, but
as outcomes of the complex interactions between a hazard and the pre-existing con-
ditions of a society (O’Keefe et al., 1976; Cardona, 2004). The lack of a single, uni-
versally accepted definition is not a weakness, but rather a testament to the multiface-
ted and dynamic nature of the concept, which fosters interdisciplinary collaboration

(Adger, 2006; Fekete et al., 2014).

2.8 Social Vulnerability

Social vulnerability is a foundational concept in understanding how natural hazards
translate into disasters, and emphasizes that the impacts of such events are not solely
determined by physical forces but are deeply shaped by social, economic, and political
factors (Blaikie et al., 1994; Cutter & Finch, 2008; Birkmann et al., 2013; Cutter,
2024). At its core, social vulnerability refers to “the characteristics of a person or group
and their situation that influence their capacity to anticipate, cope with, resist, and re-
cover from the impact of a natural hazard”, and quantifies the degree to which the life,
livelihood, property, and other assets of an individual or a community are put at risk
by an extreme natural event or process (Blaikie et al., 1994). The United Nations Inter-
national Strategy for Disaster Reduction defines it as “the characteristics and circum-
stances of a community, system or resource that make it susceptible to the harmful
effects of a hazard” (UNISDR 2009), and recognizes that it is fundamentally linked to
social and spatial inequality processes and outcomes (Cutter et al., 2003; Cutter, 2024).
The very definition of social vulnerability can vary depending on the research perspec-
tive (Frigerio & De Amicis, 2016), for instance, focusing on intangible losses (Ciurean
et al., 2013), the underlying socioeconomic factors (Cutter et al., 2003), or integrating
susceptibility with coping and adaptive capacities (Nguyen et al., 2017). As such, there
is no single, universally accepted definition, and several scholars use this term with
different meanings (Tapsell et al., 2010). Some definitions of social vulnerability are

presented in Table 2.9.
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Table 2.9 Definitions of Social Vulnerability (adapted from Tapsell et al., 2010)

Social Vulnerability Definition

Reference Source

A term used to define the susceptibility of social groups to potential
losses from hazard events or society’s resistance and resilience to
hazard.

Blaikie et al. (1994);
Hewitt (1997)

The characteristics of a person or group and their situation that
influence their capacity to anticipate, cope with, resist and recovery
from the impact of a natural hazard ... It involves a combination of
factors that determine the degree to which someone’s life,
livelihood, property and other assets are put at risk by a discrete and
identifiable event ... in nature and in society.

Wisner et al. (2004)

Social vulnerability derives from the activities and circumstances
of everyday life or its transformations.

Hewitt (1997)

The condition of a given area with respect to hazard, exposure,
preparedness, prevention, and response characteristics to cope with
specific natural hazards. It is a measure of the capability of this set
of elements to withstand events of a certain physical character.

Weichselgartner
(2001)

The product of social inequalities ’it is defined as the susceptibility
of social groups to the impacts of hazards, as well as their resiliency
or ability to adequately recover from them ... susceptibility is not
only a function of demographic characteristics ... but also more
complex constructs such as health care provision, social capital and
access to lifelines.

Cutter and Emrich
(2006)

Emanates from social factors that place people in highly exposed
areas, affect the sensitivity of people to that exposure, and influence
their capacity to respond.

Yarnal (2007)

2.8.1 Factors Influencing Social Vulnerability

The factors contributing to social vulnerability are diverse and interconnected, and

varies across different geographical and societal contexts (Tapsell et al., 2010). These

factors can be broadly categorized into several key dimensions:

1. Socioeconomic Status: These are the primary drivers, with lack of wealth and po-

verty being consistently identified as major contributors to increased vulnerability

(Adger, 1999; Cutter et al., 2003). Individuals and communities with limited financial

resources often lack the reserves or safety nets to absorb shocks, diversify income sour-

ces, or access vital resources for recovery (Cutter et al., 2003; Bergstrand et al., 2015;
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Nor Diana et al., 2021). Related to this are factors like employment status, occupation,
and income diversity, which influence a household economic stability and resilience

(Cutter et al., 2003; Cutter & Morath, 2013).

2. Demographic Characteristics: These are another notable factor which play an im-
portant role. Age (e.g., children, elderly, or dependent adults) is an important indicator,
since these groups may have reduced mobility, fewer resources, or require specialized
assistance during and after a disaster (Adger, 2003; Dwyer et al., 2004; Tate et al.,
2010). Gender can also indicate increased vulnerability due to potential lack of infor-
mation, wealth, or societal biases (Schmidtlein et al., 2011; Tate, 2012). Minority po-
pulations and those facing disability are more vulnerable due to social marginalization,
discrimination, or specific needs not adequately met by mainstream systems (Adger &
Kelly, 2001; Cutter et al., 2003). Other demographic factors include family structure,
population growth, and population density (Eidsvig et al., 2014; Frigerio & De Amicis,
2016).

3. Access to resources: This is a broad factor encompassing tangible and intangible
assets. It includes not only financial resources but also access to information, know-
ledge, and technology (Cutter et al., 2003; Nor Diana et al., 2021). Communities with
limited access to quality education or high illiteracy rates tend to be more vulnerable,
as education can influence preparedness and recovery capabilities (Tapsell et al., 2010;

Aksha et al., 2019).

4. Built Environment and Infrastructure: The quality and age of housing, as well
as the type and density of infrastructure and lifelines, are important drivers of social
vulnerability (Eidsvig et al., 2014; Zhou et al., 2014). Poor infrastructure, lack of basic
services, and unplanned urban development contribute to higher vulnerability (Tasnu-
vaetal.,2021; Goto et al., 2022). High population density can also exacerbate vulnera-
bility, which suggests more people would be affected and face greater difficulty in eva-

cuation or rescue (de Loyola Hummell et al., 2016; Xiao et al., 2022).

5. Institutional and Governance Factors: The effectiveness of institutional arrange-
ments for preparedness, planning, warning, and services determines collective vulne-
rability (Adger, 1999; Burton et al., 2018). Lack of access to resources and political

power/representation renders populations more vulnerable (McLaughlin et al., 2002;
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Bergstrand et al., 2015). Social capital, which comprises social networks and connec-
tions, plays a critical role in increasing individual and group resilience and accessing
information and assistance (de Oliveira Mendes, 2009; Nor Diana et al., 2021). Insti-
tutional failure and lack of social security can increase vulnerability (Frerks et al.,

2011).

It is important to note that social vulnerability is a dynamic concept, constantly evol-
ving and varying widely across different geographical contexts (Schmidtlein et al.,
2008; Kuhlicke et al., 2011), the scales of analysis (O’Brien et al., 2004; Boruff et al.,
2005), and over time (Cutter & Finch, 2008; Santos et al., 2022). The relevance and
weighting of different factors can change depending on the specific hazard type, the
stage of the disaster cycle, and local socio-cultural particularities (Tapsell et al., 2010;
Drakes & Tate, 2022). This complexity makes it challenging to define a single, univer-
sal set of indicators or a one-size-fits-all approach to assessment which necessitates
context-specific investigations (Tapsell et al., 2010; Lee, 2014). The factors which in-

fluence social vulnerability are shown in Table 2.10.

2.8.2 Approaches for Social Vulnerability Measurements

Various approaches have been developed to measure social vulnerability, reflecting its
complex, multidimensional nature and the varying disciplinary perspectives of resear-
chers. These approaches can broadly be categorized into quantitative, qualitative, and

mixed-methods. These are briefly described below:

1. Quantitative Approaches: Quantitative methods aim to measure and quantify
social vulnerability through the development of indices, called social vulnerability in-
dices (SVIs) which aggregate multiple social indicators into a single measure (Cutter
etal., 2003; von Szombathely et al., 2023). These indices aim to quantify vulnerability,
and make it possible to compare different places or groups and identify dominant dri-
vers (Tierney, 2006; Cutter & Finch, 2008). Two primary methods for constructing
SVIs are deductive and inductive approaches (Yoon, 2012). Both techniques aim to
quantify social vulnerability using indicators and indices, but they differ in how varia-

bles are selected and aggregated.
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Table 2.10 Factors that influence social vulnerability (adapted from Cutter et al., 2003)

Factor

Examples

Lack of access to resources

Information (e.g. of hazards, protective action decision
options, etc); knowledge (i.e., this translates to more informed
and prepared citizens and includes understanding of warning
sources (environmental, informal and formal) and mitigation,
preparedness and response actions); and technology (e.g.
warning communication devices such as radios, cell phones,
televisions)

Limited access to decision
making

Political power and representation

Lack of social capital

Social networks and connections

Beliefs and customs

That neglect or ignore hazards or mitigation of hazards and
their effects. Ethno-cultural differences, for example, Percep-
tion of hazards as ‘Acts of God’

Building stock and age

Number, density and type of buildings and whether or not
their age predates significant building design codes and
enforcement

Frail and physically limited
individuals

Those who are unable to take protective actions or require
outside assistance to do so (e.g. very young or old, sick,
disabled)

Weakness in infrastructure
and lifelines

Type and density of infrastructure and lifelines

Population shifts

Population shifts which result in more people living in at risk
areas

Increased mobility

More people live in new surroundings and are unfamiliar with
the risks in their new areas, and how to respond to them

i) Deductive Approach: This is a top-down methodology that constructs a social vul-

nerability index by selecting a limited number of variables based on a priori theory and

existing literature or research (Kapuka & Hlasny, 2020). This method emphasizes

theoretical frameworks to identify the most important dimensions of social vulnerabi-

lity before data analysis begins (Tate, 2012). Variables fewer than ten are generally

used which are then standardized using z scores or linear scaling, and aggregated into

one index (Wu et al., 2002; Chakraborty et al., 2005). This approach is relatively sim-

pler and more direct in its procedure, and is useful when the research goal requires a

specific, targeted set of variables (Yoon, 2012). The working principle of the deductive

method is shown in Figure 2.7.
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Fig. 2.7 Deductive approach for social vulnerability assessment adapted from Tate (2012)

ii) Inductive Approach: This is a data-driven, bottom-up methodology that begins with
a larger and more extensive set of variables (mostly from census data) and reducing
them into a smaller set of uncorrelated factors using statistical techniques like Principal
Component Analysis (PCA) (Spielman et al., 2020; Santos et al., 2022). The identified
factors are then interpreted, and often summed or multiplied, to construct the final in-
dex (Chen et al., 2013). The inductive approach forms the foundation of most of the
vulnerability indices employed in the contemporary social vulnerability studies (Finch
etal., 2010; Schmidtlein et al., 2011). The Social Vulnerability Index (SoVI®) by Cut-
ter et al. (2003) is the most recognized example of an inductive approach. This tech-
nique can effectively handle a large number of variables and identify underlying pat-
terns that might not be obvious with a deductive approach (Cutter, 2024). The induc-

tive approach for social vulnerability assessment is shown in Figure 2.8.

Fig. 2.8 Inductive approach for social vulnerability assessment adapted from Tate (2012)
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Both deductive and inductive approaches have their own strengths and weaknesses,
and are valuable for quantitative social vulnerability assessment. While deductive me-
thods are theory-driven and selective, inductive approaches are data-driven and aim
for comprehensive statistical representation (Yoon, 2012). Both are influenced by data
availability and quality (King, 2001), which can vary widely by local, region and coun-
try (Cutter et al., 2003; Boruff et al., 2005; Santos et al., 2022).

2. Qualitative Approaches: The qualitative methods focus on an in-depth and con-
text-specific understanding of social vulnerability, particularly at the community or
household level (Ahmed & Kelman, 2018; Torok, 2018). These approaches aim to un-
cover the processes and relationships that contribute to vulnerability by emphasizing
the perspectives of affected populations (Wisner et al., 2004; Kuhlicke et al., 2011;
Burton et al., 2018). The methods include structured interviews, focus groups, partici-
patory assessments, and the incorporation of indigenous knowledge and cultural per-
ceptions (Ahmed, 2021; Kalaycioglu et al., 2023). They are essential for capturing im-
material aspects such as local knowledge, cultural norms, social networks, and trust in

institutions, which are difficult to quantify (Kuhlicke, 2010; Scolobig et al., 2008).

3. Mixed or Hybrid Approaches: Mixed or hybrid approaches to social vulnerability
measurement involve the integration and combination of both quantitative and qualita-
tive data and methodologies to provide a more comprehensive and insightful under-
standing of vulnerability (Nguyen et al., 2017; Ahmed & Kelman, 2018). This integra-
tion allows for triangulation of standard and non-standard methods, where quantitative
indicators can be tested and evaluated in specific contexts using qualitative insights
(Kuhlicke et al., 2011). By combining the statistical robustness of quantitative data
with the nuanced insights from qualitative research, a more holistic understanding of
the interaction between social structures and environmental risks can be achieved
(Pengapenga & Mzuza, 2023). The hybrid methods help to mitigate the inherent weak-
nesses present both in the quantitative and qualitative approaches (Ahmed & Kelman,

2018).
Regardless of the approach, several important considerations influence social vulnera-

bility assessment. The scale of analysis is an essential factor, as vulnerability can be spa-

tially and socially differentiated (Cutter, 1996), and the choice of scale impacts data
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availability and interpretation (Rygel et al., 2006; Tate, 2013). The temporal dynamics
is another important factor since social vulnerability is influenced by ongoing societal
trends, policy changes, and other factors that vary over time and space (Tapsell et al.,
2010). Ultimately, the purpose of the assessment, whether for policy-making, resource
allocation, or risk reduction, should guide the selection of appropriate methodologies
and indicators (Eakin & Luers, 2006; Tapsell et al., 2010). It should be noted that there
is no single, universally accepted methodology for measuring social vulnerability

(Yoon, 2012; Ciurean et al., 2013; Fekete & Montz, 2018).

2.9 Physical Vulnerability

In the context of landslide hazard, physical vulnerability assessment is a fundamental
and challenging aspect of understanding and quantifying the risks posed by a landslide
hazard to the built environment and human lives (Papathoma-Kohle, 2016; Chen et al.,
2020). This assessment is considered indispensable for evaluating risk and predicting
the consequences of hazard events (Fuchs, 2009). The main purpose is to estimate the
potential for damage to physical assets, particularly buildings and infrastructure, and
to translate hazard levels into an estimated level of risk, which is essential for mitiga-
tion planning and emergency management (Papathoma-Kohle et al., 2012). Assess-
ment of physical vulnerability is vital for several reasons as it enables the formulation
of reliable forecasts regarding the hazard impacts (Fuchs et al., 2018), and guides in
land use planning and civil protection initiatives (Leal et al., 2021). It also helps prio-
ritize which buildings require immediate intervention, and also indicates suitable loca-
tions for safer construction (Chen et al., 2020). Besides, it supports cost-benefit analy-
ses (Holub & Fuchs, 2008; Bera et al., 2020) and thorough risk assessments for future

scenarios (Mazzorana et al., 2012).

2.9.1 Defining Physical Vulnerability: Diverse Perspectives

The concepts and definitions of physical vulnerability vary across existing literatures

(Brooks, 2003; Akbas et al., 2009), which results in a lack of universal consensus (Fiis-

sel, 2007). Table 2.11 shows some of the definitions proposed by different scholars.

74



Table 2.11 Definitions of Physical Vulnerability (adapted from Fuchs et al., 2018)

Authors Definition

Brooks (2003) “The term ‘biophysical’ [vulnerability] ... suggests both a physical
component associated with the nature of the hazard and its first-
order physical impacts, and a biological or social component
associated with the properties of the affected system that act to
amplify or reduce the damage resulting from these first-order
impacts.”

Akbas et al. (2009) “the degree of loss to a given element at risk, particularly to built
structures, resulting from the occurrence of a hazard of a given
magnitude.”

Birkmann et al. (2015) | “potential for damage to physical assets including built-up areas,
infrastructure and open spaces.”

Cardona et al. (2004) “the degree of exposure and fragility of the exposed elements to
the action of the phenomena.”

Cutter et al. (2000) “Social and bio-physical vulnerability are broader in scope and
refer to social groups and landscapes that have the potential for
loss from environmental hazards events.”

UNDRO (1984) “degree of loss to a given element, or set of elements, within the
area affected by a hazard. It is expressed on a scale of 0 (no loss)
to 1 (total loss).”

Fell (1994) and Varnes | “Thus, vulnerability — often referred to as ‘technical’ or ‘physical’
(1984) vulnerability — is defined as the expected degree of loss for an
element at risk as a consequence of a certain event.”

Fuchs (2009) Vulnerability “is defined as the expected degree of loss for an
element at risk, occurring due to the impact of a defined hazardous
event. These events are themselves conditioned by a certain in-
tensity, frequency and duration, all of which affect vulnerability.”

Physical vulnerability is generally understood and approached from two main perspec-
tives. The first perspective focuses on the ex-post outcome or “degree of loss,” which
defines physical vulnerability as “the degree of loss to a given element, or set of ele-
ments, within the area affected by a hazard. It is expressed on a scale of 0 (no loss) to
1 (total loss)” (UNDRO, 1984). This approach is referred to as the technical or engi-
neering perspective and focuses on the consequences of a hazardous event (Ciurean et
al., 2013; Sterlacchini et al., 2014). It aims to quantify the expected level of damage
by establishing a relationship between the hazard intensity (e.g., debris height, veloci-
ty, impact pressure for landslides; inundation depth for floods) and the resulting degree
of loss (Quan Luna et al., 2011; Tarbotton et al., 2015; Papathoma-Kohle et al., 2017).

The various methods commonly employed under this perspective include vulnerability
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(or damage) curves and vulnerability matrices (Papathoma-Kohle et al., 2017). This
perspective requires substantial empirical data from past events to develop reliable re-
lationships, which can be a significant challenge for less frequent hazards (Tarbotton

etal., 2015; Fuchs et al., 2018).

The second perspective views physical vulnerability as an ex-ante “pre-existing condi-
tions” or susceptibility of elements at risk. According to this, physical vulnerability is
understood as the “characteristics and circumstances of a community, system, or asset
that makes it susceptible to the damaging effects of a hazard” (UNISDR, 2009). This
approach gives less emphasis to the process magnitude or intensity directly in its initial
definition (Fuchs et al., 2011), and instead, focuses on the intrinsic properties and re-
sistance capacity of the element at risk to withstand an impact (Fuchs, 2009; Totschnig
et al., 2011; Silva & Pereira, 2014). It seeks to identify the underlying factors, or vul-
nerability indicators, that contribute to the susceptibility of a structure to damage (Bir-
kmann, 2006a; Kappes et al., 2012; Bera et al., 2020). These indicators include a wide
range of building characteristics such as construction material, number of floors, age,
structural typology, state of maintenance, etc. While primarily qualitative or semi-quan-
titative, modern approaches under this perspective seek to integrate hazard intensity
and building susceptibility into a physical vulnerability index to provide a more com-

prehensive assessment (Li et al., 2010; Singh et al., 2018).

Across these perspectives, physical vulnerability is consistently seen as a function of
both the hazard intensity and the resistance or intrinsic characteristics of the exposed
element (Fell, 1994; Fell & Hartford, 1997). Although historically used in isolation or
even seen as conflicting, a more holistic understanding of physical vulnerability in-
creasingly emphasizes the complementary nature of these two perspectives (Papatho-
ma-Kohle, 2016; Papathoma-Kohle et al., 2017). The degree of loss approach provides
concrete, quantitative results of what the damage is, while the pre-existing condition
approach helps to understand the drivers of that vulnerability and why certain elements
are more susceptible, both of which support targeted mitigation and preparedness stra-
tegies (Papathoma-Kohle, 2016). Both approaches involve uncertainties, whether due
to limited knowledge (epistemic) or natural variability (aleatory), and their quantifica-
tion remains a significant challenge for improving the reliability of vulnerability assess-

ments (Ciurean et al., 2013; Papathoma-Kohle et al., 2017; Khan et al., 2022).
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2.9.2 Factors Influencing Physical Vulnerability

Factors which influence the physical vulnerability can be broadly categorized into two
main groups. The first one is called the extrinsic factors or the hazard characteristics
which refers to the magnitude and intensity of the event. This is usually measured by
parameters such as the landslide area or volume (Lee & Jones, 2014; Li et al., 2010),
velocity (Uzielli et al., 2015a; Guillard-Gongalves et al., 2016), the depth of affected
material or deposition height, and impact pressure (Quan Luna et al., 2011; Totschnig
& Fuchs, 2013). The type of landslide movement (e.g., rapid debris flow or slow-
moving landslide) also dictates the potential impact on the structures (Cardoso et al.,
2023; Wang & Mao, 2025). The proximity of the element to the landslide or hazard
zone plays an important role in determining the degree of exposure and potential
damage (Singh et al., 2019; Mirdda et al., 2022). The temporal and spatial variability
of the hazard also influences vulnerability (Papathoma-Kohle et al., 2011; 2015).

The other one called the intrinsic factor relates to the inherent capacity of the building
to resist and withstand an impact or its susceptibility to damage (Agliata et al., 2021).
These are often evaluated using a set of indicators which include construction materials
and techniques (e.g., brick masonry, concrete, reinforced concrete), state of mainte-
nance, number of floors, structural typology, foundation depth, orientation, building
age, and the presence of protection measures or early warning systems (Fell & Hart-
ford, 1997; Fuchs et al., 2007; Li et al., 2010; Singh et al., 2018; Shi et al., 2024). The
surrounding environment and the location of the building relative to the hazard are
also important factors considered (Papathoma-K&hle et al., 2007; Singh et al., 2019).
Some studies also incorporate geomorphic conditions as part of resistance indicators,

particularly in mountainous regions (Bera et al., 2020).

The physical vulnerability of buildings is, therefore, determined by the complex inter-
action of these hazard-specific and building-specific characteristics. The weighting of
these various indicators, especially in areas with limited historical damage data, often
relies on expert judgment (Sterlacchini et al., 2014; Cardoso et al., 2023). This intro-
duces subjective elements and contributes to inherent uncertainties in physical vulne-

rability assessments (Uzielli et al., 2015b; Guillard-Gongalves et al., 2016).
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2.9.3 Assessment Approaches/Models

Till now, there is no single, universally accepted methodology for assessing physical
vulnerability, as the methods vary depending on the specific study, hazard type, and
available data (Glade & Crozier, 2005; Papathoma-Kohle, 2016; Luo et al., 2023).
These approaches can be broadly classified into two main categories: qualitative me-
thods which include experience-based and indicator-based models; and quantitative
methods which comprise data-driven and mechanism-based models (Luo et al., 2023).

These are briefly described below:

1. Experience-Based Models (Qualitative): These models assess physical vulnera-
bility based on expert experience or opinion and historical data (Fell & Hartford, 1997;
Michael-Leiba et al., 2002; Silva & Pereira, 2014), and present the results as a single
vulnerability value or qualitative description (Luo et al., 2023). They frequently use
vulnerability matrices or tables where the level of damage is described qualitatively
(e.g., slight, moderate, significant, partial, complete) and assign a numerical vulnera-
bility value ranging from 0 to 1 (Leone et al., 1996; Papathoma-Koéhle et al., 2017).
The models are relatively simple and do not require ex-ante (before the event) data or
highly detailed information, and are generally easy to use in practice (Fuchs et al.,
2019; Luo et al., 2023). They can also be adapted for multiple hazard types and ele-
ments at risk, such as people and roads (Cardinali et al., 2002; Bell & Glade, 2004).

2. Indicator-Based Models (Qualitative/Semi-Quantitative): These models use a
set of vulnerability indicators which are characteristics of the exposed asset and its
surroundings, to assess vulnerability (Papathoma-Kohle et al., 2007; Kappes et al.,
2012). The process involves selecting relevant indicators, identifying their importance
and assigning weights, and then aggregating them into a vulnerability index (Papa-
thoma-Kohle et al., 2011; Khan et al., 2022). “The weight of each attribute was asses-
sed using a semi-quantitative standardization method to determine the physical vulne-
rability.” (Bera et al., 2020). Indicator-based approaches are flexible and user-friendly,
adaptable to different hazards and specific user needs (Kappes et al., 2012; Cardoso et
al., 2023). They allow for assessing vulnerability at an individual building level and

can show relative variations among houses (Bera et al., 2020).

78



3. Data-Driven Models (Quantitative): These models constitute the most popular
approach which are developed through statistical analysis of post-disaster data by link-
ing landslide intensity and building damage (Luo et al., 2023; Li et al., 2025). How-
ever, they do not explicitly involve building resistance in the model. Most data-driven
models are expressed as vulnerability curves (or functions) or fragility curves. Vulne-
rability curves (or functions) relate hazard intensity (on the x-axis) and the expected
degree of loss (on the y-axis) which are expressed as a damage ratio (Totschnig et al.,
2011; Tarbotton et al., 2015). The curves are either developed from empirical data
(Fuchs et al., 2007; Akbas et al., 2009), numerical modeling (Quan Luna et al., 2011;
Rheinberger et al., 2013), or from laboratory experiments (Gems et al., 2016; Zhang
et al., 2016b). The fragility curves, on the other hand, express the conditional proba-
bility of reaching or exceeding a certain damage state (e.g., slight, moderate, extensive,
complete damage) for a given hazard intensity (Douglas, 2007; Haugen & Kaynia,
2008). The data-driven models provide quantitative, measurable results that can be
translated into monetary costs, which is useful for cost-benefit analyses of structural

protection measures (Mazzorana et al., 2009; Papathoma-Kohle et al., 2017).

4. Mechanism-Based Models (Quantitative): These are also called analytical me-
thods (Ciurean et al., 2013; Sterlacchini et al., 2014) or numerical models (Wang et al.,
2025), and are considered the most promising type of quantitative vulnerability models
(Luo et al., 2023). These models focus on the behaviour of buildings and structures
based on engineering criteria, and employ physical modeling tests or computer simu-
lation techniques (Baiges & Codina, 2010; Parisi & Sabella, 2017). This is achieved
by defining a performance function to generate fragility curves (Del Zoppo et al., 2022;
Luo et al., 2022). These curves express the probability of a structure reaching or ex-
ceeding a specific damage state given a certain level of hazard intensity (Fotopoulou
& Pitilakis, 2017). Mechanism-based models provide a “better understanding of the
relationship between the intensity of the hazardous phenomenon and the expected
degree of damage” (Cardoso et al., 2023). They are also useful for investigating struc-
tural behaviour, proposing vulnerability reduction measures, and evaluating their effi-

ciency.

A general overview of the various approaches for assessing physical vulnerability is

presented in Table 2.12 (Luo et al., 2023):
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Table 2.12 Overview of existing models for physical building vulnerability assessment (modified from Papathoma-Kohle et al., 2017; Singh et al., 2017a; Fuchs et al., 2019).

Type Model Expression form Advantages Limitations
Qualitative Experience-based | Use vulnerability matrices/ | 1. Easy to establish, no need for hazard/damage data | 1. Results may not be translated into monetary loss
models models tables (qualitative expres- | or detailed information 2. Specific hazard intensities are objective or even
sion or an empirical value) not considered
Indicator-based Use vulnerability functions | 1. Characteristics of the element at risk are taken into | 1. Hazard intensity is not considered
models that contain relevant indi- | consideration 2. Relative vulnerability index
cator scores with their | 2. Results may be the basis for the adoption of local | 3. The requirement of detailed information is high,
weightings adaptation measures and simple vulnerability reduc- | depending on the indicators considered.
tion actions 4. Not expressed in monetary damage
3. Usually designed to be applied at local level 5. Subjective assessment
4. Adopted to other areas with similar building
characteristics
5. Flexible to establish or modified
Quantitative | Data-driven Use vulnerability or fragi- | 1. The method is quantitative and may “translate” an | 1. Important characteristics of the natural process
models models lity curves that established | event into monetary cost (e.g. duration, direction etc.) as well as the element

by regression analysis

2. Common in the case of hazards that affect larger
areas and a considerable number of buildings

3. Reliability of the curve is high due to a rather high
amount of available data

at risk (number of floors, construction material) are
ignored

2. Highly-demanding in ex-post information. A large
number of affected buildings are required.

3. Vulnerability curves cannot be transferred to areas
with different housing types

4. Lack of reliable empirical data regarding building
loss

5. Information on the intensity of the process on a
detailed scale (intensity per building) is necessary,
which is challenging to be recorded and expressed
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Table 2.12 (continued)

Type Model Expression form Advantages Limitations
Quantitative | Mechanism-based | Use fragility curves that | 1. Specialized hazard characteristics and the induced | 1. Requires a clear understanding of hazard-element
models models express the probability of | failure mechanisms of elements at risks are con- | at risks interaction mechanisms

reaching or exceeding cer-
tain damage state given a
level of hazard intensity

sidered

2. Uncertainties on characteristics of both elements
at risk and hazards are quantified

3. Adopted to other areas with similar building
characteristics

4. Demanding in hazard/damage data is low

2. Always developed using numerical tools, which
may have great computational burden




2.10 Risk Assessment

Landslide Risk Assessment (LRA) is an important and evolving field in natural hazard
management. It offers a structured approach to understanding and mitigating the de-
vastating impacts of slope instability on human lives, property, and the environment
(Dai et al., 2002; Caleca et al., 2025). Historically, risk management in landslide and
slope engineering was often informal, and relied on the engineering judgment of expe-
rienced professionals (AGS, 2000). However, the concept of landslide risk assessment
has undergone a significant transformation, sometimes referred to as the risk revolu-
tion, which was driven by increased recognition of the inherent uncertainties in natural
phenomena and a growing need for formalized decision-making processes (Lee &
Jones, 2014; Lei et al., 2023). Important landslide events at the time, such as the 1997
Thredbo landslide in Australia (Bilboe, 1998; Mostyn & Sullivan, 2002), spurred the
development of comprehensive guidelines, including those by the Australian Geome-
chanics Society (AGS) in 2000 and 2007 (Lee & Jones, 2014). International bodies
like the International Union of Geological Sciences (IUGS) Working Group on Land-
slides (IUGS, 1997) and the International Society of Soil Mechanics and Geotechnical
Engineering (ISSMGE) (Nadim, 2005) have also played a pivotal role in standardizing
terminology and frameworks to enhance communication and consistency across vari-

ous disciplines.

2.10.1 Definitions and Concepts

In general, risk is defined as “a measure of the probability and severity of an adverse
effect to health, property, or the environment” (IUGS, 1997; AGS, 2000; ISSMGE,
2004; Fell et al., 2008). While it was estimated as the product of probability and conse-
quences, a more general interpretation of risk involves a non-product comparison of
these two factors (IUGS, 1997; AGS, 2000). In the context of landslides, several defi-
nitions have been proposed by various workers. One of the most popular definitions is
given by Varnes (1984) which states that “the expected number of lives lost, persons
injured, damage to properties and disruption of economic activities due to landslides
for a given area and a reference period”. At the same time, Lee and Jones (2014) also
defined landslide risk as “the potential for adverse consequences, loss, harm or detri-

ment as a result of landsliding, as viewed from a human perspective, within a stated
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period and area”. According to Corominas et al. (2015), risk is a “measure of the pro-
bability and severity of an adverse effect to life, health, property, or the environment”,
which can also be expressed as “probability of an adverse event times the consequen-
ces if the event occurs”. It is also conceptualized as the “the potential for adverse con-
sequences or loss for the population and human property due to the occurrence of a

landslide” (Kanungo et al., 2008).

LRA itself is described as “the structured gathering of the information available about
risks and the forming of judgements about them” (DoE, 1995). It serves as a broader
framework for considering the threat and costs associated with landsliding and for
determining the most effective ways to manage both landslides and the risks they pose
(Lee & Jones, 2014). Its primary function is to furnish factual information that links
scientific understanding with decision-making, and provide a solid foundation for
better-informed decisions for managing landslide risk. LRA also determines the like-
lihood of losses from landslides by analyzing the hazard and evaluating the vulnera-

bility of exposed elements (Dai et al., 2002; UNISDR, 2009; Martha et al., 2013).

2.10.2 Conceptual Frameworks

The fundamental components of landslide risk are widely conceptualized as the combi-
nation of hazard, vulnerability, and elements at risk. This relationship is usually expres-
sed mathematically as (Varnes, 1984):
Risk = Hazard x Vulnerability x Elements at Risk

A comprehensive conceptual framework for landslide risk assessment and manage-
ment comprises three fundamental components: Risk Analysis, Risk Estimation, Risk
Evaluation, and Risk Management (AGS, 2000; Bell & Glade, 2004; Crozier & Glade,
2005). These components collectively address critical questions: ‘What might hap-
pen?’, ‘How likely is it?’, “What damage or injury may result?’, ‘How important is

it?’, and ‘What can be done about it?” (AGS, 2000).

i) Risk Analysis: This is the initial phase which includes defining the scope to ensure
the analysis addresses relevant issues and to qualify its limits (Fell et al., 2005). It in-
volves defining the primary area of interest, the types of losses to be addressed, the

extent of investigations, the analytical approach, and the basis for assessing acceptable
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risks (AGS, 2000; Fell et al., 2005). The risk analysis includes the following compo-

nents:

a) Hazard Assessment: This component focuses on the development of hazard models
and the estimation of the nature, size (magnitude), and frequency characteristics of ha-
zardous landslide events (Guzzetti et al., 2005; Martha et al., 2013; Lee & Jones, 2014).
Hazard identification and characterization requires a deep understanding of slope pro-
cesses, their relationship to geomorphology, geology, hydrogeology, failure mecha-
nics, climate, and vegetation to determine the spatial probability (Fell et al., 2005). It
also involves identifying possible landslide types, locations, sizes, mechanisms, velo-
cities, and travel distances (IUGS, 1997). The frequency analysis (temporal probabili-
ty) is another component which estimates the likelihood of a landslide occurring within
a specified period (Einstein, 1988; AGS, 2000). The methods include analysis of his-
torical records (Cruden, 1997), statistical models (Bui et al., 2013), physically-based
models (Fell et al., 1991), and expert judgment (Koirala & Watkins, 1988). Another
component in the hazard assessment is the magnitude and intensity of a landslide. This
describes the size and potential damaging power of a landslide (Caleca et al., 2025),
with intensity usually related to velocity, volume, and impact pressure (Hungr, 1997;

Cardinali et al., 2002; Luo et al., 2019).

b) Elements at Risk and Exposure: Elements at risk refer to people, property, in-
frastructure, and environmental assets that could be affected by a landslide. Exposure
quantifies these elements within the potential impact zone (Pereira et al., 2020; Acosta-
Quesada & Quesada-Roman, 2025). It is important to determine the number, charac-
teristics, and spatial/temporal variability of the elements at risk (IUGS, 1997; Bell &
Glade, 2004).

¢) Vulnerability Analysis: This assesses the degree of loss or probability of loss to ele-
ments at risk due to interaction with the landslide (Fell, 1994; TUGS, 1997; Corominas
et al., 2014). Vulnerability assessment is complex, involving social, political, and phy-
sical elements, and can be expressed as a damage function or a single estimated value,

ranging from 0 (no loss) to 1 (total destruction) (IUGS, 1997; Galli & Guzzetti, 2007).

d) Consequence Analysis: This component characterizes the potential outcomes of a

landslide hazard, and comprises both direct losses (property damage, fatalities, inju-
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ries) and indirect losses (disruption of economic activities, environmental impact, cor-
porate image) (Cascini et al., 2005; Fell et al., 2005; Puissant et al., 2014). The ability
to assess economic and ecological losses is often emphasized in the analyses (Turner,

2018; Wang et al., 2019a).

ii) Risk Estimation: This stage combines the outputs of hazard and consequence ana-
lyses to derive a measure of risk (Ko Ko et al., 1999; Cascini et al., 2005). It can be
quantitative, based on numerical values for probability, vulnerability, and consequen-
ces, yielding a numerical risk value (Fell & Hartford, 1997; Pereira et al., 2017), or
qualitative, using numerical rating scales or descriptive (e.g., low, moderate, high) for
describing the intensity of potential consequences (Abella & van Westen, 2007; Wang
et al., 2013b). Quantitative risk estimation is preferred for its rigor and systematic
assessment, which improves communication in technical and political decision-ma-

king (Uzielli et al., 2015b).

iii) Risk Evaluation: This is a critical step where the assessed risks are compared
against predetermined acceptance and tolerability criteria (Wise et al., 2004; Ster-
lacchini et al., 2007; Sim et al., 2022). Acceptable risk is a level which is considered
broadly acceptable, and where no further action is required unless low-cost, practical
measures are available (Amarasinghe et al., 2024). Tolerable risk is a level that society
might accept to secure certain benefits, but requires ongoing review and reduction
where feasible, usually guided by the “As Low As Reasonably Practicable” (ALARP)
principle (AGS, 2002; Fell et al., 2005; Lee & Jones, 2014; Sim et al., 2022). The esta-
blishment of such criteria often depends on the legal framework and regulatory con-

trols of a country (Leroi et al., 2005).

iv) Risk Management: This is the final stage which provides the methodology for
controlling risk, and involves implementing strategies to reduce or manage the iden-
tified risks (AGS, 2000). The options include accepting the risk, avoiding the risk,
reducing the likelihood of a landslide, reducing the consequences, or transferring the
risk (Crozier & Glade, 2005; Amarasinghe et al., 2024). Monitoring and review are
essential to track changes in risk levels, assess the effectiveness of implemented mea-
sures, and identify new risks, thus necessitating periodic updates or re-assessments
(Lee & Jones, 2014). The overall framework of landslide risk assessment and manage-

ment is shown in Figure 2.9.
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Fig. 2.9 Framework for Landslide Risk Assessment and Management after Fell et al. (2008)
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2.10.3 Risk Assessment Approaches

The methodologies employed in LRA are broadly categorized into qualitative, semi-
quantitative, and quantitative approaches, each suited for different contexts, data avai-
labilities and scales, (AGS 2000; Chowdhury & Flentje 2003; Sarkar, 2018). Some
classifications further refine these into soff approaches, which address regional or con-
ceptual risk, and hard approaches, which focus on the mechanics and numerical simu-

lations of individual landslides (Lei et al., 2023).

i) Qualitative Approaches: Qualitative LRA methods involve the systematic acquisi-
tion of knowledge regarding hazards, elements at risk, and their vulnerabilities, which
are expressed through descriptive terms or ranked values rather than numerical attri-

butes (IUGS, 1997). These approaches heavily rely on expert judgment, direct geomor-
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phological mapping, and the qualitative combination of thematic maps (Leroi, 1996;
Cardinali et al., 2002; Michael-Leiba et al., 2003). They are particularly advantageous
for large study areas where detailed quantitative data are limited or unavailable, or for
initial screening processes (AGS, 2000). In qualitative assessment, risk is usually cate-
gorized into descriptive terms such as very high, high, medium, low, and very low
(Chowdhury & Flentje 2003; van Westen et al., 2006; Corominas et al., 2014). While
straightforward and adaptable to data-scarce environments (Dikshit et al., 2020b), quali-
tative assessments can be subjective and lack reproducibility, as they depend on the
individual experience and interpretation of the geomorphologist or expert (Chowdhury

& Flentje 2003; Lee & Jones, 2014; Hungr, 2016; Caleca et al., 2025).

ii) Semi-Quantitative Approaches: Semi-quantitative LRA methods represent an in-
termediate step between purely qualitative and fully quantitative evaluations, and com-
bines elements from both (Abdulwahid & Pradhan, 2017; Biger & Ercanoglu, 2020).
These approaches involve assigning numerical weights or scores to various factors that
influence landslide occurrence and impact, frequently within a hierarchical system of
risk classes (Abella & van Westen, 2007; Kanungo et al., 2008). They are especially
useful when the level of risk does not necessitate extensive quantitative analysis, nu-
merical data are limited, or as an initial screening tool to identify high-risk areas (AGS,
2000; Althuwaynee & Pradhan, 2017). These methods commonly employ risk ranking
matrices (Anbalagan & Singh, 1996; Cardinali et al., 2002), multi-criteria decision-
making techniques such as the Analytic Hierarchy Process (AHP) (Perera et al., 2020;
Sangeeta & Maheshwari, 2022), fuzzy set theory and danger pixel approach (Kanungo
et al., 2008; Shano et al., 2022; Riaz et al., 2023).

iii) Quantitative Approaches: Quantitative LRA methods represent the most rigorous
and comprehensive approach, involving the numerical quantification of all risk com-
ponents to calculate a specific risk value (van Westen, 2004; Caleca et al., 2022). This
approach aims to provide objective and reproducible results, enabling comparative
analysis with risks from other hazards, facilitating cost-benefit evaluations, and sup-
porting informed decision-making and resource prioritization in risk management
(Michael-Leiba et al., 2003; Corominas et al., 2014; Lee & Jones, 2014). At its core,
quantitative risk is expressed as a function of hazard, vulnerability, and the elements

at risk (van Westen, 2004; Crozier & Glade, 2005; Lee & Jones, 2014). A comprehen-
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sive quantitative landslide risk assessment involves assessments of the hazard based
on the spatial, magnitude and temporal characteristics with runout analysis, vulnera-
bility of the elements at risk and the exposure of these elements (Fell et al., 2005 &
2008; Corominas et al., 2014). A brief summary of the various methods of landslide

risk assessment is given in Table 2.13.

Table 2.13 Summary of landslide risk assessment approaches

Approach Description Advantages Limitations

Qualitative | Relies on expert judge- Relatively simple and Subjective, lacks
ment, existing knowledge, |quick to implement, useful |numerical preci-
and qualitative data (e.g., |for initial assessments. sion, heavily
landslide inventories, dependent on
literature, expert opinions) expert experience.
to classify areas into
relative risk classes.

Semi- Combines elements of More objective than purely | Requires careful

Quantitative |both qualitative and quan- |qualitative methods, can parameter selec-

titative methods, using
weighting and rating
schemes for various hazard

handle some uncertainties.

tion and weighting,
may still contain
some subjectivity.

and vulnerability factors to
derive a risk score or
index.

Provides a more objective
and detailed assessment,
suitable for comparing
sites and resource priori-
tization.

Requires extensive
and high-quality
data, complex
calculations, data
limitations can in-
troduce uncer-
tainty.

Quantitative | Aims to quantify risk by
calculating the expected
losses based on the spatial,
temporal, and magnitude
probability of land-slides,
the vulnerability of
elements at risk, and the
exposure of these elements

within the hazard area.

These diverse approaches to landslide risk assessment are influenced by several fac-
tors. Firstly, the scale of analysis, ranging from site-specific investigations to regional
or broad-scale studies, dictates the appropriate methodology (Corominas et al., 2014;
Lee & Jones, 2014; Caleca et al., 2025). The specific objectives of the assessment de-
fine the necessary degree of quantification, which allow for either qualitative, semi-

quantitative, or quantitative evaluations AGS, 2000; Dai et al., 2002). Moreover, the
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availability and quality of empirical data, including historical landslide inventories,
runout distances, and vulnerability of the elements, impose significant constraints on
the chosen approach (Corominas et al., 2014; Crawford et al., 2022). Finally, the inhe-
rent nature and type of landslide phenomenon, along with the specific consequences
(e.g., property damage, human injury, or loss of life) under consideration, are important

in guiding methodological selection (AGS, 2000; Fell et al., 2005; Caleca et al., 2025).

2.10.4 Challenges and Limitations

A primary challenge in LRA arises from data limitations and inherent uncertainties
(AGS, 2000; Lee & Jones, 2014). Historical landslide inventories, which form the
basis for assessing probability and recurrence, are frequently incomplete, and lack im-
portant details such as precise dates, types, volumes, and runout distances (Dai et al.,
2002; van Westen et al., 2006; Althuwaynee & Pradhan, 2017; Li et al., 2023b). This
scarcity of complete and reliable data hinders the development of robust predictive
models and the validation of assessment findings (Ghosh et al., 2011; Crawford et al.,
2022). Moreover, the lack of standardized data collection protocols further complicates
comparative analysis and the generalization of findings across different areas (van
Westen, 2004; van Den Eeckhaut & Hervas, 2012; Caleca et al., 2025). The absence
of comprehensive socio-economic data (Althuwaynee & Pradhan, 2017; Nor Diana et
al., 2021) and detailed damage records (Ghosh et al., 2011; Riaz et al., 2023) further
exacerbates the difficulty, particularly in developing countries where such information
is often under-reported or unavailable. This data scarcity makes it arduous to quantify
elements at risk and their vulnerability accurately (van Westen et al., 2006; Li et al.,

2023b; Caleca et al., 2024).

Apart from these, inherent uncertainties pervade every stage of the risk assessment
process, arising from incomplete knowledge regarding future event probabilities and
their potential consequences (Sterlacchini et al., 2007; Lee, 2016; Crawford et al.,
2022). Many landslide risk studies, especially at regional scales, continue to use sus-
ceptibility as a proxy for hazard due to data constraints, leading to static rather than
dynamic risk indicators (Guillard-Gongalves & Zézere, 2018; Arrogante-Funes et al.,
2021; Singh et al., 2021; Caleca et al., 2022). The complexities of modeling runout

distance and intensity for diverse landslide types also remain a significant hurdle (Fell
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et al., 2005; van Westen et al., 2006; Hungr, 2016; Singh et al., 2021; Lei et al., 2023).
Further, a lack of a single, standardized methodology for vulnerability and risk assess-
ment further contributes to inconsistencies in practice (Uzielli et al., 2015b; Singh et
al., 2021; Ram & Gupta, 2022). The ability to generalize Al models in landslide detec-
tion is also limited by the spatial variability of soil and geological conditions across
different regions (He et al., 2024). Lastly, while quantitative risk assessment is feasible
for individual slopes or linear features, generating the comprehensive quantitative risk
zonation maps for broader areas, especially at medium scales, remains a considerable

challenge (van Westen et al., 2006).

2.11 Previous Works on Landslide Assessment within Aizawl City

Several studies on landslide hazard within Aizawl city have been taken up by various
workers. These assessments range from site-specific to large-scale and synoptic, em-
ploying diverse methods and data. The causes, factors and remedial measures provided
by these studies offer insights to understand the complex geodynamics of the area,
where rapid urbanization and infrastructural development on unstable slopes have exa-
cerbated susceptibility to mass movements. Most of these studies have confirmed that
the inherent nature of the terrain, climate change and anthropogeny are the major fac-
tors contributing to slope instability in Aizawl. Such assessments are important for
land-use planning and risk mitigation strategies, particularly in regions experiencing

increased landslide activity due to both natural processes and human interventions.

2.11.1 Site Specific Studies

One of the first documented systematic landslide studies within Aizawl was under-
taken by Prasad (1983). He investigated large-scale mass movements occurred at Elec-
tric Sihpui Veng, Armed Veng, Sarawn, and Vaivakawn areas which involved field
investigations and plotting geological details on 1:5000 scale plans. He identified
water charging of overburden slope material and toe erosion by local streams such as
Theihai lui were the main causes of the mass movements. He also recommended im-
plementing catch water drains, construction of strong retaining walls, and avoiding
heavy buildings on slide-prone slopes. Choubey (1992) had carried out an in-depth

study of the Vaivakawn landslide. He performed geotechnical evaluation by testing the

90



samples from the slide materials in the laboratory, and suggested mitigation measures
for the slide. Srivastava et al. (1993) investigated widespread landslides in Sarawn
Veng, Sihpui block, Chanmari, Hunthar, Tuikual, Zemabawk, and Zuangtui power
substation following heavy rains in June 1993. Their detailed field investigations on
1:2000 topomaps revealed that most slides were caused by saturation of soft, weak
overburden material (siltstone and sandstone fragments in silty/clayey soil) and deepe-
ning of stream beds. They emphasized effective drainage and thorough ground evalua-

tion for urban planning.

The devastating South Hlimen landslide of August 9, 1992, which killed 66 people and
destroyed 17 houses, was extensively studied. Swamy (1992) conducted geotechnical
studies, employing aerial photo-interpreted geological maps and sections. The indiscri-
minate stone quarrying from six quarries aligned near the road was attributed to the
primary cause of the failure. He suggested protecting the debris slope with deep-root-
ing plantations and appropriate drainage networks. Kumar et al. (1997) also examined
South Hlimen landslide area, and concluded that the instability was primarily due to
the blocky nature of the sandstones, formed by the intersection of bedding planes and
vertical joint planes. They also recommended a more mechanized and systematic quar-
rying approach from top to bottom, instead of haphazard excavation from the foothill,
to protect the hill slopes and surrounding environment. In the same year, Tiwari and
Kumar (1997) also critically examined the possible causes of the slope failure in South
Hlimen, apart from suggesting mitigation measures. The same landslide incident was
also studied by Beingachhi and Deka (2013), and Beingachhi and Vanlalhmangaih-
sangi (2017). They concluded that the primary cause was human activity, specifically
haphazard stone quarrying that involved continuous removal of toe material, combined
with rainwater saturation weakening joint planes. They further suggested systematic

quarrying methods (top-to-bottom benching) and appropriate drainage.

A geotechnical appraisal of the landslide at Bawngkawn-Thuampui road section was
undertaken by Tiwari et al. (1996). Based on the on-site examination, they evaluated
the causes of the instability and provided measures for mitigation. Laldinpuia et al.
(2011) and Laldinpuia (2019) undertook geotechnical, geological investigation and
monitoring of a landslide at Ramhlun Vengthar/Sports Complex, where multiple land-

slides occurred in 1982, 1997, and 2007. They performed soil and rock analyses (spe-
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cific gravity, particle size, shear strength), apart from Atterberg’s limits, California
bearing ratio, optimum moisture content and maximum dry density. They found that
steep slopes, high moisture content, and toe erosion by Bangla lui as the main factors
which cause slope instability. Draining seepage water to Bangla lui, and constructing
a large, proper drainage system for Bangla lui were the recommended measures sug-
gested. The same area was investigated by Vasudevan and Ramanathan (2016) who
identified that high rainfall, erosion by the Bangla lui, and improper drainage system
as the primary causes of the failure. Huang et al. (2016) employed Multi-temporal
Interferometric Synthetic Aperture Radar (MT-InSAR), using data from ALOS (2007-
2010) and COSMO-SkyMed (2012-2015) satellites to monitor surface deformation at
Ramhlun Vengthar and Ramthar Veng landslide areas. They found out that the mean
creep rate in these areas was 25 mm/year, which was significantly higher during wet
seasons (50 mm/year) compared to dry seasons (19 mm/year). Schaeffer et al. (2014)
also investigated two landslides located at the southern and eastern parts of Aizawl. A
Shallow Slope Stability Analysis (SHALSTAB) model was used for mapping the dif-
ferent zones of relative hazard, while a Newmark Deformation Analysis was perfor-
med to assess landslide-inducing displacement. The findings revealed that 44% of the
study area in Aizawl is unconditionally unstable, and nearly 50% of the area would

experience landslide-inducing displacement from a magnitude 7 seismic event.

The Laipuitlang landslide of May 11, 2013, which caused 17 fatalities and destroyed
15 houses, was studied by Laldinpuia et al. (2013 & 2014), Verma (2014a), Chenkual
(2015), Vasudevan and Ramanathan (2016), and Pant and Tabrez (2024). Investiga-
tions involved field observations, historical data, interviewing locals, Schmidt hammer
tests, and remote sensing and GIS tools. These studies linked the disaster to soft, po-
rous rock bedding (sandstone/siltstone), steep slopes, heavy rainfall, anthropogenic
activities (quarrying, unsafe cutting), and overweight constructions. The recommenda-
tions included detailed geotechnical studies, enforcement of building regulations,
prompt demolition of dangerous structures, enhanced community disaster prepared-
ness, and construction of proper drainage within the affected area. In addition, Singh
et al. (2016 & 2017b) also examined the same landslide event occurred at Laipuitlang
by carrying out field investigation, laboratory experiments (strength, durability), and
numerical simulation (Distinct Element Method) to model hydro-mechanical loading.

Their findings include directional strength variation, block detachment accelerated by
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orthogonal joints, slaking from weathering, and a dominant planar, surficial failure

mechanism driven by water pressure.

Verma (2014b) undertook a case study analysis to determine the causes of the Ngaizel
landslide that occurred on May 23, 2011. The study focused on the geological, hydro-
logical conditions and the role of bedding and joint intersections. The study concluded
that the Ngaizel landslide was a rock slide resulting from the combined effects of ex-
cessive rainfall, adverse geological factors (lithology and dipping beds), and structural
discontinuities leading to wedge failure. Lalhlimpuia et al. (2019) also carried out de-
tailed investigation to determine the rock mass quality and identifying hazard-prone
areas along the Ngaizel road cutting slope. They applied Rock Mass Rating (RMR)
method to assess the geomechanical condition of the rock mass, and Rockfall Hazard
Rating System (RHRS) which considers factors such as slope height, precipitation,
block size, road width, and traffic conditions. They found that the Ngaizel road cutting
section comprises very poor rock mass, with very low shear strength, and a very high
possibility of rockfall in the area. In another study, Sardana et al. (2019a) evaluated
the rock slope stability along Kulikawn to Saikhamakawn road section via Ngaizel
area. They performed kinematic analysis to identify potential failure modes based on
discontinuity orientations. They also used Geological Strength Index (GSI), Slope
Mass Rating (SMR), and Continuous Slope Mass Rating (CoSMR) to evaluate slope
stability. The main findings revealed that five out of nine locations exhibited potential
for wedge, flexural topple, or direct topple failures, while four locations showed no
potential for failure. They concluded that most rock slopes in this region are unstable

and prone to failure.

Dinpuia (2019) analyzed the Rangvamual landslide along the Aizawl Airport Road
which occurred in September 2014. Through geotechnical and Limit Equilibrium Me-
thod (LEM) analyses, he classified the landslide as a ‘debris slide and earth slide’ of
translational type, which was triggered by unscientific slope cutting and incessant rain-
falls. The study revealed Factor of Safety (FS) values below unity (0.52), which indi-
cates more than 90% probability of slope failure. He found that weak cohesion, low
angle of friction, and loose soils contributed to the instability, and further recommend-
ded the area unsuitable for large constructions. Verma et al. (2021) also examined the

same landslide at Rangvamual area, and carried out field investigations with GIS data-
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base analysis, using Satellite Data (IRS P6/LISS4) from which various thematic layers
were generated. LEM analysis was also carried out to determine the safety factor based
on the Mohr-Coulomb criterion. From the GIS analysis, they categorized the Rangva-
mual landslide as a “Very High Hazard Zone”. The LEM analysis yielded Factor of
Safety values below the acceptable limit of >1.2 for a safe slope. Verma and Blick
(2018) conducted estimation of landslide hazard in the Thakthing Veng road section
using the BIS 14496 (Part 2):1998 methodology. The study included the assessment of
various Landslide Hazard Evaluation Factors (LHEF), including several geo-environ-
mental factors. They classified the area as “Very High Hazard Zone” with TEHD value
equivalent to 8.30. They further recommended structural reinforcements at the site,
including meshing and retaining walls, as preventive measures. Sardana et al. (2019b)
evaluated thirteen road cut slopes along NH-44A where the study covered part of the
Aizawl city area. They utilized RMR, GSI, kinematic analysis, original SMR, Chinese
SMR (CSMR), and CoSMR in the study. The findings revealed that wedge failure was
the most prominent failure mode observed, especially in the Lengpui and Phunchawng
areas, while Aizawl Zoo area exhibited both planar and wedge failure modes. While
basic RMR generally suggested fair rockmass quality for most slopes, the CoOSMR
consistently yielded lower scores. They also found that lower RMR values often cor-

related with higher kinematic failure potential.

Several other case studies were also undertaken by various researchers. Verma (2019)
examined the College Veng road section landslide, which occurred after intense rain-
fall in September 2017. He carried out field-based observational study, focusing on
geological mapping, lithological analysis, and identification of causative factors using
stereographic and rose diagram plotting. He found that the saturated shale layer facili-
tated translational sliding, and advocated for improved slope management, surface
drainage, and community relocation from high-risk zones. A detailed geotechnical
assessment was conducted at the Saron Veng landslide by Lallawmsanga et al. (2022),
including field mapping, Schmidt hammer tests, grain size analysis, Atterberg limits,
direct shear tests, and water quality analysis. Limit Equilibrium Method (LEM) using
Slide 6.0 software was employed to evaluate slope stability. The study revealed that
water seepage acted as a key lubricant for the debris slide, with a low safety factor
ranging from 0.372 to 0.391. Vinoth et al. (2022) carried out a detailed investigation
of landslide at Hunthar Veng. The study employed borehole drilling, sub-soil profiling,
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and back-analysis techniques using Geo5 software to determine the mechanical pro-
perties of the debris and underlying weathered rock. They found that the absence of
bedrock, presence of loose debris, and poor drainage infrastructure contributed to slope
instability. The study concluded that systematic stabilization measures, combined with
drainage rehabilitation, were essential to mitigate future risk. Mazumder et al. (2025)
investigated the rainfall-induced landslide that occurred in 2019 at the BSUP housing
complex in Durtlang. They conducted laboratory physico-mechanical test and a petro-
graphic study along with rainfall and soil moisture analysis, kinematic analysis, and
2D distinct element numerical simulation. The study revealed that water weakened the
shale properties, with Uniaxial Compressive Strength, Brazilian Tensile Strength, and
Point Load Index considerably decreased in wet conditions. Numerical simulations
confirmed slope instability in wet conditions, as the Factor of Safety (FoS) dropped
from 1.20 (dry) to 0.89 (wet). They concluded that all these findings, combined with

heavy rainfall and increased soil moisture, triggered the planar landslide at the site.

2.11.2 Synoptic and Hazard/Susceptibility Zonation Studies

While a number of landslide studies within Aizawl city concentrated on individual
landslide or site-specific studies, a relatively fewer number of synoptic studies cove-
ring entire Aizawl city were also conducted. Jaggi (1986) performed a geo-environ-
mental appraisal of Aizawl Township, covering the core area and surroundings. The
study examined urban growth, steep slopes, and high drainage density which contri-
buted to environmental degradation and landslide problems. He observed that the
erosion along nalas and high-water pressures induced slumping in the overburden
material. He recommended to construct catch water drains to manage water, retaining
structures to counter sliding tendencies, and avoiding heavy structures. Sawaiyan and
Moirangcha (2007) conducted urban geological studies and landslide hazard zonation
mapping of Aizawl and surrounding areas on 1:50,000 scale. The study involved
surface geological mapping and compilation of existing geological, structural, seismo-
tectonic, geomorphological, land use/cover, and drainage data. They identified Aizawl
as mainly within high to very high hazard zones due to immature topography, fragile
rocks, high rainfall, and frequent earth tremors. Chatterjee (2009) investigated engi-
neering geological aspects and high landslide incidence in Aizawl. He prepared de-

tailed landslide incidence maps through field surveys and various geological and en-

95



vironmental maps. His findings revealed that unstable slope conditions are severely
exacerbated by its seismotectonic status, rapid and poorly controlled building cons-
truction with inadequate drainage, and extensive infrastructure development. He con-
cluded that owing to its location in seismic zone V and ongoing neotectonic activity,

earthquake-induced landslides cannot be ruled out in Aizawl.

Rodgers and Tobin (2014) also investigated Aizawl, and highlighted its high vulne-
rability to earthquakes and landslides due to inherently unstable geology and rapid,
poorly controlled urban expansion. Their findings showed hillside concrete buildings
and critical infrastructure are particularly vulnerable, and suggested recommendations
for regulating slope cutting, improving drainage, enforcing building codes, and avoi-
ding development in high-hazard zones to build resilience. Rakshit et al. (2017) exa-
mined the role of litho-units and precipitation in inducing landslide disasters through
morpho-tectonic and sedimentological studies in the southern part of Aizawl. The
study integrated morphotectonic analysis, geo-tectonic characterization, analysis of
litho-units, and precipitation time series analysis. They found that “greater surface
slope and similar bed attitude enhance the risk of slope failure”, and concluded that
the southern part of Aizawl area is tectonically active and lithologically vulnerable to

landslide disasters.

Landslide assessment in the form of hazard/susceptibility zonation studies were also
carried out. Lallianthanga and Laltanpuia (2008) employed Remote Sensing and GIS
technologies for conducting Landslide Hazard Zonation (LHZ) mapping of entire Ai-
zawl city on 1:25,000 scale. They were probably the first to undertake landslide hazard
zonation studies using this technology within Aizawl. They utilized IRS 1D LISS III
and PAN data for generating various thematic factors including geology, geomorpho-
logy, slope, land use/land cover, etc. By analyzing these various factors under GIS en-
vironment, entire Aizawl city was classified into five landslide hazard zones, ranging
from very high to very low classes. In addition, the Mizoram Remote Sensing Appli-
cation Centre (MIRSAC, 2011) also carried out micro level landslide hazard zonation
mapping on 1:5,000 scale for Aizawl city using the same technique. The study em-
ployed Quickbird and IRS Cartosat-1 satellite imageries to generate various thematic
factors. The landslide hazard map was classified into five different hazard classes.

Moirangcha et al. (2014) conducted a holistic assessment of seismic and landslide
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hazards covering the Aizawl Master Plan area. For landslide hazard assessment, they
used a modified BIS guidelines of GSI (2005), which is a heuristic/empirical (know-
ledge-driven) approach. This involved considering ten geo-environmental parameters,
and assigning Landslide Hazard Evaluation Factor (LHEF) ratings to derive Total Esti-

mated Hazard (TEHD) values, which categorized the area into three hazard classes.

A geospatial technique of landslide hazard zonation along State highway corridor from
Aizawl city to Aibawk was attempted by Laldintluanga et al. (2016). They used Quick-
bird, IRS LISS III, Cartosat-1 data to generate five thematic layers. A qualitative
knowledge-based technique was employed, where different weights and ranks were
subjectively assigned to the different factors to finally produce the hazard map under
GIS environment. Their study revealed that developmental activities along the road
has profound impacts on the stability of slopes as landslide occurrences were mostly
concentrated along newly constructed or widened roads. The same type of landslide
zonation study along Aizawl city to Lengpui Airport Road corridor was taken up by
Rao and Verma (2017). The study utilized Survey of India maps and IRS-P6 LISS IV
(Mx) satellite data to derive various geo-environmental factors. Following Bureau of
Indian Standards (BIS) 1998 guidelines, landslide zonation map with five hazard
classes was generated. Their study showed that road corridors located near Aizawl city
from Hunthar Veng to Rangvamual and Phunchawng sections were particularly prone
to landslides. Barman et al. (2019) conducted delineation of landslide prone zones in
the north western part of Aizawl city using remote sensing and GIS techniques. They
used IRS LISS-IIT and Cartosat DEM data for generating various causative factors. An
Index Overlay Analysis was employed in the GIS environment to compute a Landslide
Hazard Index (LHI) by summing the weighted values of all factor classes. A landslide

hazard map showing three classes was finally generated.

A very interesting study, perhaps the first of its kind in the form of published landslide
risk study for Aizawl city, was attempted by Rohmingthangi et al. (2022). Their study
focused on assessing and quantifying landslide risk dynamics and social vulnerability
in Aizawl city. They employed computational intelligence methods, AHP-TOPSIS and
fuzzy spatial overlay operations. They utilized satellite imagery, DEM, rainfall, and
soil data to prepare thematic layers for influential factors, and found that rainfall was

the most significant factor influencing landslides. The study concluded that the highest
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landslide risk zones are concentrated in the central and eastern parts of Aizawl, which
are characterized by high population and household density. Prior to this study, the Mi-
zoram Remote Sensing Application Centre (MIRSAC, 2019) carried out Hazard Risk
and Vulnerability Analyses (HRVA) for Aizawl city and other seven district head-
quarters of Mizoram. The scope of the study focused on assessing the physical and
social vulnerabilities, and the risks posed by three major hazards, viz., landslides,
earthquakes, and wind/cyclonic events. However, this study was undertaken for go-
vernment official uses only, and was therefore, remained unpublished. Laltanpuia et
al. (2024) examined the landslide susceptibility of entire Aizawl municipal area using
three bivariate statistical models. Google Earth image, Cartosat-1 DEM and Sentinel-
2 data were utilized to derive twelve landslide conditioning (predisposing) parameters,
with a total number of 381 landslide inventory data. Information Value, Frequency
Ratio, and Weight of Evidence models were employed to generate landslide suscep-
tibility maps, each having three different classes. Their study revealed that the Aizawl
municipal area has experienced an increase in landslide susceptibility/hazard after
comparing the results with the previous GSI landslide hazard map. This increase was
attributed to climatic change and anthropogenic activities. Laltanpuia et al. (2025)
attempted the assessment of landslide risk within Aizawl municipal area by combi-
ning social and physical vulnerabilities with a landslide susceptibility map. The study
utilized Census 2011 data for social vulnerability, and a matrix-based approach for
physical vulnerability of buildings and roads based on construction materials and ex-
posure. Findings revealed that female population was the primary social vulnerability
factor, while Reinforced Cement Concrete (RCC) buildings and metalled roads proved
more resilient than Assam-Type (AT) buildings and unmetalled roads. The study con-
cluded that landslide risk is influenced by the vulnerability of exposed elements, and

not solely by hazard intensity.

There were certain event-based landslide studies within Aizawl city following Cyclone
Remal in 2024. Haokip et al. (2024) conducted preliminary assessments of landslides
induced by heavy rainfall that accompanied cyclone Remal in three districts including
Aizawl. Within the Aizawl Municipal Corporation (AMC) area, 65 landslides were re-
corded, particularly in the western, southern, and southwestern parts of the city. The
most affected area was Melthum which experienced 19 casualties, mainly due to a land-

slide caused by illegal construction with extensive slope cutting where the slope and
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bedrock dipped in the same direction. Hlimen area experienced two major landslides
resulting in six deaths, attributed to high runoff and debris accumulation from cut
slopes. They have identified intense rainfall as the primary trigger, but highlighted
anthropogenic factors as major contributors. Sangi et al. (2025) also carried out a preli-
minary investigation into the cyclone-induced landslides in Aizawl, to assess social
impacts and analyze failure mechanisms to guide future disaster preparedness. Geo-
technical investigations were specifically carried out at nine rock slide sites, involving
kinematic analysis, Uniaxial Compressive Strength, RMR and CoSMR, and slake
durability tests. The geotechnical analyses indicated that most probable slope failures
were of planar and wedge types, with rock masses classified as poor to fair and ranged
from partially stable to completely unstable. They concluded that lack of expert con-
sultation on slope modifications, weak rock mass characteristics, steep slopes coupled
with inadequate infrastructure planning, and improper drainages were the main contri-

buting factors for the catastrophic events.

From the foregoing discussions, it can be seen that a multitude of landslide studies in
Aizawl were undertaken by various researchers. These studies mainly involved site-
specific geological and geotechnical investigations of major landslide events, such as
those at Hlimen, Ramhlun, Laipuitlang, Rangvamual, Hunthar Veng and Saron Veng.
Additionally, landslide hazard/susceptibility zonation mapping, at both macro and mi-
cro-levels have been conducted for the city and along the road corridors utilizing re-
mote sensing and GIS techniques. Majority of these studies highlighted that fragile
geology, steep terrain, heavy rainfall, and anthropogenic activities like unplanned con-
struction as the primary cause of slope instability (Chenkual, 2015; Laltanpuia et al.,
2024; Pant & Tabrez, 2024; Sangi et al., 2025). Despite these efforts, however, signi-
ficant challenges persist, in the form of data scarcity. A major challenge is the lack of
comprehensive spatio-temporal landslide inventory data and detailed landslide charac-
teristics such as magnitude, temporal probability, and types of movement. This absence
considerably hinders quantitative risk assessments and the validation of results (Lal-

tanpuia et al., 2025).

In future, it is important to regularly update landslide susceptibility maps prepared so
far, to account for dynamic changes induced by rainfall patterns and human activities

(Laltanpuia et al., 2024). Furthermore, there is a clear recommendation to frame and
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strictly enforce stringent building regulations based on micro-zonation and to desig-
nate “no development zones” in highly vulnerable areas (Chenkual, 2015; Sangi et al.,
2025). Raising community awareness and building local technical capacity are also
vital steps to build disaster-resilient society in the landslide-prone area of Aizawl city

(Rodgers & Tobin, 2014; Chenkual, 2015).

2.12 Summary

This chapter comprehensively reviewed the fundamental concepts pertaining to land-
slides, including their evolving definitions, detailed morphology, and various classifi-
cation systems, notably emphasizing the pervasive influence and subsequent refine-
ments of the Varnes (1978) scheme. Methodologies for landslide susceptibility map-
ping were thoroughly examined, including inventory preparation, identification of cau-
sative factors, mapping units and scales, and the application of qualitative, quantita-
tive, semi-quantitative, and machine learning zonation techniques. Critical aspects of
model evaluation and validation, along with data partitioning and performance metrics

were also addressed.

The discussion further delved into the multifaceted concept of vulnerability, tracing its
paradigm shift from a hazard-centric view to a holistic understanding that integrates
physical and social aspects, supported by various assessment models. The chapter also
synthesized landslide risk assessment, and outlined its definitions and core compo-
nents. It further discussed the qualitative, semi-quantitative, and quantitative appro-
aches for estimation, evaluation, and management of landslide risk. Finally, a com-
prehensive literature review on the previous landslide studies within Aizawl city were
presented, which ranged from site-specific geological and geotechnical investigations
to synoptic studies in the form of susceptibility/hazard zonation mapping. It has been
observed from these studies that several challenges persist, particularly concerning
data scarcity for detailed spatio-temporal inventories and quantitative risk evaluations.
These studies revealed that the inherent geological fragility, heavy rainfall, and

anthropogenic activities as major causes of slope instability.
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CHAPTER 3

STUDY AREA

The study area, which comprises the Aizawl Municipal Corporation area of Aizawl
city, the capital of Mizoram and the administrative centre of Aizawl District, is loca-
ted in the north-central part of the state. It is connected by National Highway 306 with
Silchar, the district headquarters of Cachar, Assam at a distance of 180 km. It is also
linked with Dharmanagar, the district headquarters of North Tripura by National High-
way 108, and with Lamka, the district headquarters of Churachandpur of Manipur state
by National Highway 02 (MoRTH, 2011). Lengpui Airport, located about 30 km from
Aizawl city is linked with regular air services to and from Delhi, Kolkata, Guwahati
and Shillong. The recent extension of a new railway line from Bairabi to Sairang,
which is about 20 km from Aizawl, facilitated regular train services from Sairang to

Delhi, Kolkata and Guwahati which further provided additional accessibility options.

3.1 Location & Extent

The study area is located between latitudes 23°39'23.366"N to 23°48'45.174"N and
longitudes 92°39'17.978"E to 92°46'50.157"E, and it falls within the Survey of India
topographical maps Nos. 84A/09, 84A/10, 84A/13 and 84A/14. The Aizawl Municipal
Corporation area, which extends from Selesih in the north to Hlimen in the south,
Zokhawsang and Beraw lui in the east to Phunchawng and Tanhril in the west, is appro-

ximately 120 km? in dimensions. Figure 3.1 shows the location of the study area.

3.2 Origin and History

The beginning and origin of Aizawl as a settlement date back to the early 1800s. As
recorded by Zawla (1989), the nomadic Lusei chieftain, Lalsavunga by name, moved
out from Hlimen village towards the north along with his 300 household-strength
subjects in search of a better location for settlement in the hope of better livelihoods.
They came to a favourable spot where they chose to establish a village. Thereafter, the

village gradually grew in number in terms of population and households with in-
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Fig. 3.1 Location map of the study area showing different municipal wards

creasing migration from the neighbouring villages. This village was considered the
present-day Aizawl city. As per Zawla’s record (1989), the establishment of Aizawl
village by Lalsavunga took place in the year 1818, while Thanhlira (1983) maintain-
ed that Lalsavunga occupied the village from 1810 till 1821, thus recording Aizawl
eight years older.

After Lalsavunga left Aizawl village and headed towards the east, many of his sub-
jects chose to stay on. Thereafter, Aizawl continued to be a settlement till the arrival
of the British-India army (East India Company) called Lushai Expedition in 1871. The
colonial East India Company subsequently occupied the present location of Aizawl
and then set up as a military station which was named as Fort Aijal in 1890. The esta-

blishment of Fort Aijal on 25 February, 1890 was considered the official establish-

ment of Aizawl.

It is interesting to note that Aizawl got its name from a kind of indigenous plants from
the Zingiberaceae family called Aidu (Amomum dealbatum Roxb.) and Aichal (Alpinia
bracteata Roxb.), and the place where they grew (Saitluanga, 2017a). When Lalsa-
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vunga moved out from Hlimen to establish a new village, they came across a plain
area where these two plants grew in abundance. It was here that they established Ai-
zawl village. So, Aizawl is a combination of ‘Ai’ meaning Aidu or Aichal, and ‘zawl’
which means ‘flatland’. It means a small patch of flatland where 4idu or Aichal grows
in abundance. The location from which Aizawl gets its name is currently being occu-

pied by Raj Bhavan and its surrounding areas (Saitluanga, 2017a).

3.3 Growth and Expansion

The British-India army developed the Tlawng river as a waterway and constructed
bullock-cart road connecting Sairang and Aizawl to facilitate the transportation of mili-
tary supplies. This easy and convenient method of movement facilitated the migration
of people from neighbouring areas into Aizawl (Lalchhuanawma & Khiangte, 2018).
According to the Census of India, the population of Aizawl rose significantly from 325
to 2,890 during 1901-1911. However, the British-India army who already occupied
Aizawl as a military fortified camp did not welcome the native people to settle near
the military camp. In order to check the continual increasing migration into Aizawl
and the subsequent encroachment of the cantonment area by the civilians, the authori-
ties introduced restrictions on the number of houses allowed in each locality. In addi-
tion, a so-called tax, known as Personal Residence Surcharge (PRS) was also imposed
to regulate the migration and to limit and discourage settlements in and around Aizawl
(McCall, 1980). Sure enough, these regulatory and residential restriction measures had
profound impacts on the native people. As a result, the population of Aizawl was only

slightly more than 3,000 in the 1931 census (Saitluanga, 2017a).

With the end of the British rule in India, and the subsequent India’s independence in
1947, the strict migration control policy was lifted. Naturally, this has resulted in re-
markable rise in migration into Aizawl from different parts of the state. The decadal
growth rate suddenly increased to 105.40% during 1951-1961 from 45.39% during
1941-1951. Urbanization in Aizawl was further driven by the socio-political instabi-
lity caused by the 20-year insurgency during 1966 to 1986. During this period, peo-
ple from different parts of the state, particularly the northern region moved into Ai-
zawl seeking safety from violence, better economic prospects, and also opportunities

to rebuild their livelihoods.
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The transition of Mizoram from a District Council to Union Territory status in 1972
brought about an increase in government job opportunities, with parallel increase in
other employment sectors (Saitluanga & Pachuau, 2015). This has attracted several as-
pirants from different parts of the state, many of whom chose to settle permanently in
Aizawl. During the period from 1971 to 1981, Aizawl witnessed a spectacular growth
in population, with the decadal growth rate reaching as high as 134.70%. Another fac-
tor which contributed to the rapid urbanization of Aizawl was the inclusion of several
outlying settlements into Aizawl city limits. Consequently, the number of localities
within Aizawl increased from only 26 in 1981 to 76 in 2011. Thus, Aizawl was trans-
formed from a city characterized by distinct neighbourhoods into a densely populated
urban area (Lallianpuii, 2017). Ultimately, on 30 December, 1999, Aizawl was offi-
cially recognized as a city (vide No. A-11013/5/91-LAD (Pt)-A). The historical images
of Aizawl are shown in the Photo Plates 3.1 and 3.2, with the present-day image in 3.3.

Photo Plate 3.1 Aizaw! Bazaar in 1890

At certain instances, Aizawl city has, of course experienced a period of stagnation in
its process of urbanization. However, being the administrative capital and the cultural
capital for Mizos living in the state, it offers better employment prospects, as well as
better amenities and infrastructural services than any other parts of the state (Sai-
tluanga, 2018; Kamath, 2020). As such, it attracts people from diverse backgrounds
seeking improved and better livelihoods. Migration to Aizawl city is still taking place
from various parts of the state. At present, more than a quarter of the entire population

of the state lives in Aizawl city.
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Photo Plate 3.3 A panoramic view of Aizawl city in the present-day

3.4 Administration

Until 2008, Aizawl remained as an agglomeration of several villages within an urban
area. A traditional local governing body called the Village Council (VC) had been
managing the administration of the area since 1954. Each locality was designated as
village councils whose elected representatives handled the local administration based
on Mizo customs and traditions. The state government designated the Local Area De-
velopment (LAD) Department to oversee the administration of the VCs and to ensure
effective functioning by empowering them and providing professional and financial
supports. However, as urbanization continued, there existed complexities and confu-
sions with regard to the functions and responsibilities of the VCs, which ultimately
created an administrative gap between the state government and the local bodies (Lal-

chhuanawma & Khiangte, 2018).
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Recognizing the limitations of the traditional VC system in addressing rapid urbani-
zation and modern developmental needs, the Aizawl Municipal Council was formed
as a constitutional-based urban local body in 2008, under the Mizoram Municipalities
Act, 2007. The formation of the municipal council was in line with the reform agenda
of the Jawaharlal Nehru National Urban Renewal Mission (JNNURM) as well as the
74™ Constitutional Amendment Act, 1992. The first election was held on 3 November,
2010. As the city’s population grew, the Municipal Council was later elevated to the
status of Aizawl Municipal Corporation (AMC) on 15 October, 2015. Thus, the AMC

was constituted for the civic administration within the Aizawl municipality.

A three-tier urban administration structure was established for the AMC which inclu-
des a Municipal Body made up of elected corporators, a Ward Committee led by the
respective corporators, and Local Councils composed of elected representatives from
each locality. There are 19 municipal wards (Fig. 3.1), with each ward further sub-divided
into several local councils. As per Census 2011, there were 76 local councils within
the AMC which has increased to 83 as of today. The local councils are the smallest

administrative unit. The map of the different local councils is shown in Figure 3.2.

3.5 Demography and Socio-Economic Conditions

As stated earlier, the exodus of people from rural to urban area, particularly in Aizawl
due to social and political unrest which resulted in insurgency during 1966-1986, and
the subsequent peaceful resolution of the conflicts is a significant factor for the increase
of population in Aizawl (Rodgers & Tobin, 2014; Saitluanga, 2017a). Being the admi-
nistrative capital and major commercial center of the state, Aizawl city offers better
opportunities for livelihood. As such, it has witnessed a rapid pace of urbanization and
infrastructural developmental activities over the last four decades. According to the
2011 Census of India, Aizawl city has a population of 293,416, out of which 144,913
are male and 148,503 are female, and has a gender or sex ratio of 1025 (females for
every 1000 males). The female dominated the male population by approximately 2.5%.
The population of Aizawl city comprises 26.74% of the entire population of the state.
As per the 2011 Census data, the population density within the municipality is roughly
2,500 persons per sq. km. The literacy rate within the city is approximately 98.4%

which is one of the highest in India.
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Figure 3.2 Map showing the 76 Local Councils within the Aizawl Municipal area

Ethnically, Aizawl city is largely dominated by the indigenous Mizo tribe which com-
prises about 91.95% of the total population (Saitluanga, 2014). Apart from the Mizos,
there are smaller populations of Bengalis and Nepali Gorkhas who settled permanently.
The remaining population is unevenly distributed among other ethnic groups who tem-
porarily settled from the neighbouring states and countries. The economy of Aizawl
city is predominantly driven by government service since it is the capital of the state
as well as the district headquarters. Unlike many other big cities across the country, no
major manufacturing centres or industries are located in Aizawl which can provide
other employments for the sustenance of livelihood. A considerable portion of the po-
pulation are engaged in commercial and entrepreneurial activities, livestock rearing,

and animal husbandry as their primary occupations. In addition, there are individuals
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who earn their daily livelihoods as manual labourers, porters, barbers, etc. Approxi-
mately, a quarter of the population are also involved in farming and cultivation. One
of the major challenges among the youths is unemployment opportunities in the state,
particularly in the rural areas. As such, many unemployed youths from various parts
of'the state are compelled to migrate to Aizawl in search of work, which in turn resulted

in heightened competition for limited job opportunities.

3.6 Transportation & Road Network

Aizawl city is characterized by a network of roads of various lengths and breadths.
The roads range from metalled to unmetalled, including kutcha roads and footpaths.
The National Highway No. 06 enters the Aizawl municipal area from Selesih in the
north, and passes through Durtlang, Bawngkawn, Thuampui and Zemabawk till it runs
out of the city near Beraw Lui in the east. This road connects the remaining districts of
the state. The National Highway No. 108 starts from Bawngkawn and stretches along
the western part of the city. This road is locally named Airport Road as it is the only
main and nearest route to reach Lengpui airport from the city. There is another road
which runs out of the city towards the southern part of the city which is informally
named World Bank Road. This road serves as the main connectivity route for the remai-

ning southern parts of the state.

The physiography of Aizawl city has a significant impact on its transportation net-
work. As it is located along the slope of a ridge, many of the roads are winding and
narrow, which limits expansion and overall capacity. The most prominent road with-
in the city stretches along the crest of the main ridge in a north-south direction. It ex-
tends from Kulikawn to Bawngkawn from south to north direction for approximately
8 kms, and connects the most important social, political and economic institutions in
the area. This road forms the main arterial road and accommodates majority of the
vehicular traffic including major public transports such as city buses and local taxis
within the city. The remainder of the network consists of feeder roads that branch off
from this central corridor to serve the peripheral residential and commercial areas.
Most of the roads within the heart of the city are catering heavy vehicular traffic far

exceeding their capacity. Also, the capacities of roads along various sections were
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considerably reduced owing to limited space and encroachments. As a result, frequent

traffic jams, congestion, delays, and overall chaos often ensued in the city.

Residential areas have been expanding along existing or new transportation lines, as
well as unoccupied lands near existing communities that were previously unpopula-
ted owing to the steep slope of the terrains. With inadequate transportation networks
and accessibility issues, the proximity factor has become a significant element in de-
ciding where to live (Saitluanga, 2017a). The road network map of the Aizawl muni-

cipal area is shown in Figure 3.3.
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Figure 3.3 Road network map of the Aizawl municipal area
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3.7 Climate

The climatic condition of Mizoram, as a whole is influenced by its geographic loca-
tion, atmospheric pressure regime, physiographic features and proximity to the Bay of
Bengal. Tropical air masses with moist and warm winds from the Bay of Bengal, and
local mountains and valley breezes also influence the climate of the region to a consi-
derable extent. In addition, major topographic features surrounding the state, such as
the Arakan Yoma Hill ranges, the Chin Hill ranges in the southeast, and the Chittagong
Hill Tracts in the west also play important role in modulating the climatic conditions

of the region.

Although located in tropical region, Aizawl city is having pleasant and moderate cli-
mate owing to its high altitude and presence of fairly thick vegetation. Based on the
Koppen-Geiger climate classification, the climate of Aizawl city is classified as Cwa
type (Saitluanga, 2017a). Throughout the year, it is neither too hot nor too cold. The
Indian southwest monsoon has a direct influence on the region. As a result, the area
receives sufficient rainfall, resulting in a humid tropical climate with a short winter

and a relatively long summer marked by heavy rainfall.

3.8 Temperature

The temperature profile of Aizawl city has been analyzed based on a fairly long-term
data obtained from the State Meteorological Centre, Directorate of Science & Techno-
logy, Govt. of Mizoram. The dataset encompasses a continuous 39-year period, from
1986 to 2024, which provides a temporal framework for assessing variations of tempe-
rature trends in the area. During this period, the highest temperature recorded was
38.40°C in 2013, and the lowest temperature recorded was 2.70°C in 1993. These
variations provide insight into the temperature variability experienced in Aizawl, and
are indicative of broader climatic patterns that may be influenced by both local and
regional climatic changes. The long-term temperature data can serve as an important
input for further analysis of climate dynamics and their potential socio-environmental

impacts in the area.
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The respective averages of the annual maximum, mean and minimum temperatures
during this period were also calculated (Fig. 3.4). It was observed that over a span of
39 years, the average maximum temperature has shown an increasing trend at a rate of
0.01°C per year, while the average minimum temperature has decreased at the same
rate 0of 0.01°C per year. Consequently, the average mean temperature has also exhibited

a downward trend, which decreases at a rate of 0.001°C per year.
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Figure 3.4 Trend of average annual maximum, mean and minimum temperature of Aizawl (in
°C) from 1986 to 2024.

3.9 Rainfall

The state of Mizoram, as a whole, is directly influenced by the Indian southwest
monsoon. Besides, tropical storms arising from the Bay of Bengal, which often cause
thunderstorms and tropical disturbances also play an important role in influencing the
rainfall in the region. As a result, Aizawl also receives sufficient rainfall during the
period of monsoon season. Rainfall data for Aizawl city, spanning over a period of 39
years (1986-2024), was obtained from the State Climate Change Cell under the Direc-
torate of Science and Technology, Government of Mizoram. Analysis of the rainfall
data indicates that heavy rainfall usually begins in the latter part of May, and ends in
the early part of October. Figure 3.5 shows the annual total rainfall during the year
1986 to 2024.
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Figure 3.5 Annual total rainfall of Aizawl (in mm) from 1986 to 2024

A declining trend in annual rainfall has been observed, with an average decrease of
2.05 mm per year. This declining trend may be attributed to erratic nature and change
in the climatic pattern over the years. During the 39-year period, the highest annual
rainfall was recorded in 2017 with 2686.70 mm, while the lowest was in 2008 with an
amount of 1547.70 mm. The average amount of annual rainfall received every year

during this period was calculated to be 2059.68 mm.

3.10 Geology and Geomorphology

Geologically, Aizawl city is characterized by a repetitive succession of Neogene sedi-
ments of the Bhuban Formations of the Surma Group. Two rock formations, namely,
Middle and Upper Bhuban Formations of Bhuban Sub-group have been identified
(Muthu, 2005). The Middle Bhuban Formation is conformably overlain by the Upper
Bhuban Formation with gradational and transitional contact. The Middle Bhuban For-
mation is predominantly argillaceous in nature, with shale as the major rock type. The
other rock types in this formation include siltstones, mudstones, claystones and sand-
stones in relatively smaller quantities. The overall thickness of this formation within
the study area is approximately 1600 m. In contrast, the Upper Bhuban Formation is
mostly arenaceous constituting sandstone as the major rock type (Singh et al., 2016).
Other rock types representing the Upper Bhuban Formation include siltstones, shales,

claystones and mudstones in different proportions. This formation attains a maximum
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thickness of roughly 1400 m in the area. The rocks of the Middle Bhuban Formation
are mostly exposed at the core of the Aizawl anticline while the rocks of the Upper
Bhuban Formation form the limbs of the anticline. The typical rock types exposed in

the study area are shown in Photo Plates 3.4 and 3.5.

Photo Plate 3.5 Thinly-bedded weathered Shale unit
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Apart from these two rock units, Quaternary deposits in the form of unconsolidated
boulders, pebbles, gravel, silt and sand unit were also present in the study area. These
were formed as a result of the dynamic erosional processes such as rill erosion and
sheet wash which were operative along the slopes (Haokip et al., 2024). These mate-
rials generally range in size from large boulders to silt and fine sand, and were most-
ly deposited along the major stream and river channels. The generalized lithostratigra-

phic succession of the area is shown in Table 3.1.

Table 3.1 Lithostratigraphic succession of the study area (after Haokip et al., 2024)

Age Group Formation Unit Generalized Lithology

Colluvium/ Unconsolidated boulders, gravel, pebbles, sand, silt

Holocene Recent .
Alluvium and clay

Conformable Contact

~ Predominantly arenaceous; massive sandstone, at
Upper  places thinly to thickly bedded sandstone is asso-
Bhuban ciated with sub-ordinate siltstone and shale, friable
sandstone present at places.
Miocene Surma  Bhuban o T Gradational and Transitional Contact ~~~~~~~~
Predominantly argillaceous; thinly to thickly bedded
. shale, at places splintery shale with subordinate silt-
Middle . .
Bhuban st(_)ne and _sandstone. Fm_ely laminated as well as
thinly to thickly bedded siltstone present. Sandstone
- is thinly to thickly bedded, massive at places.

Lower Bhuban Not Exposed

Based on the rock types exposed, six litho-units were tentatively established for the
study area. These are classified as sandstone unit, shale-sandstone unit, shale-siltstone
unit, shale unit, siltstone-shale unit, and gravel-sand-silt unit (Fig. 3.6). It is important
to note that the correlation and demarcation of the two geological formations are rather
difficult due to their similar lithological characteristics, and absence of index fossils
and marker horizons. The sandstones within the study area are generally thickly bed-
ded, hard and compact, and are medium to very fine grain in size. They exhibit light
brown to bluish-ash grey colour. The shales, on the other hand, are thinly bedded, and
usually splintery in nature. They generally range from light brown to dark grey in

colour, with the darker colour attributed to the presence of carbonaceous materials.
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Figure 3.6 Geological Map of Aizawl Municipal Area (Background image: ESRI)

Structurally, Aizawl city forms two limbs of a doubly plunging asymmetrical Aizawl
anticline trending in approximately N-S direction. The western limb is comparatively
gentler than the eastern limb. The rocks of the area dip either towards east or west, and
the dip amount varies from 20° to 50° with local variations within the vicinity of faults
and other tectonically disturbed areas. While the rock beds in the northern part of the
city dip towards east, those in the southern portion dip towards west (Kumar & Verma,
2010). The whole area is characterized by several second-order drag folds which are
local in nature, and are mainly found in the incompetent shale layers. It was observed
that three sets of joint planes generally traversed the rocks exposed within the study
area (Photo Plate 3.6). The area exhibits both active tectonic and erosional process

features which are evidenced by tilted river basins, and lineaments showing structural
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and lithological controls (Rakshit & Bezbaruah, 2016). The eastern limb of the anti-
cline is offset by numerous transverse faults with the NW—SE trend (Tiwari & Kumar,
1996). Three prominent faults, namely—Chite Lui Fault, Theihai Lui Fault and Sele-
sih-Sihphir Fault have been identified within the eastern limb of the Aizawl anticline.
The western limb of the anticline is also offset by transverse faults of varying magni-
tude and length. The most prominent fault identified is the Vaivakawn Fault which
extends from Khatla in the south up to Vaivakawn Lui near Hunthar Veng. Thingrahbi
Lui Fault is another important fault noticed in the area which is a transverse fault
oriented in E—W direction, extending along Thingrahbi Lui from Sakawrtuichhun

ridge in the west to Melnga Lui in the east cutting across the Aizawl—Sairang road.

Photo Plate 3.6 A highly-jointed Shale unit

The sediments within the study area are characterized by various primary sedimen-
tary structures which include ripple marks, cross lamination of sinusoidal type, ripple
load convolutions and trough convolutions, and bedding structures of various kinds.
In addition to these, slump structures, convolute laminations, and load casts also cons-
titute prominent sedimentary structures. These structures suggested that the sediments

were deposited under shallow marine to deltaic environment (Tiwari & Kumar, 1996).
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Geomorphologically, Aizawl city is characterized by a series of undulating hills of vary-
ing elevations and dimensions. Some of these hills are very highly dissected with steep
slope, sharp ridges along with cliffs and escarpments which reflect the dynamic ero-
sional processes. In contrast, some areas are characterized by relatively gentler, low
dissected and subdued hills which are indicative of immature topography. A prominent
ridgeline extends across nearly the entire city in a north-south direction, along with
several spurs mainly oriented in the east-west directions. The spurs on the eastern flank
of the main ridge tend to be longer and exhibit gentler slopes compared to the relatively
shorter and steeper spurs on the western side. A number of streams and nalas criss-
crossing and traversing through these spurs, dividing them into multiple facets. Very
few flatlands are found to occupy limited areas mostly along the streams and between
the spurs. These are found mainly along Chite Lui, Rangvamual Lui, Vaivakawn Lui
and Tuikual Lui with limited areal extent (Photo Plate 3.7). In the area between Luang-
mual and Maubawk, the prominent east-west joint and development of angulated drai-
nage patterns has restricted north-south extension of individual ridge giving rise to
isolated hillocks (Sawaiyan & Moirangcha, 2007). The overall geomorphology of the

area is characterized by hills of structural origin with intervening narrow valley fills.

Photo Plate 3.7 A narrow flatland along Chite valley surrounded by dissected hills
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3.11 Soils

The soils in Aizawl generally exhibit acidic properties which is basically due to high
amount of rainfall in the area. They are rich in organic carbon and contain high pro-
portion of available nitrogen but have low content in phosphorus and potassium. The
area is characterized by a warm, humid sub-tropical climate, and is directly under the
influence of heavy rainfall. Thus, based on precipitation and humidity levels, the soil
moisture regime is categorized as Udic. It was observed that the mean seasonal tem-
perature variation between summer and winter is approximately 7°C, which surpassed
the 5°C threshold required for classification. Consequently, these soils meet the cri-
teria for the hyperthermic temperature class, and qualify its use as a family modifier

in soil taxonomy.

The soils of Aizawl city have been classified following the Soil Taxonomy system
(USDA, 1994) on the basis of their morphological and physico-chemical properties
(SRSC, 2006). At the order level, the predominant soil types within the Aizawl mu-
nicipal area include Entisols, Inceptisols and Ultisols. A total of 14 distinct soil series
were identified within the area based on their physico-chemical properties. The soils
within the study area were found to have been formed under humid sub-tropical condi-
tions with an average annual rainfall of 2100 mm. The pedons exhibit mixed minera-
logical compositions and fall under the hyperthermic temperature class. Morphologi-
cally, the soils of Aizawl city are moderately deep to very deep, and range in colour
from dark yellowish-brown to brown. Texturally, they vary from sandy clay loam to
clay, displaying weak to moderately developed sub-angular blocky structures. They
are naturally acidic, and their pH values varies between 4.5 and 6.5. The soil map of

the study area is shown in Figure 3.7.

3.12 Drainage

Being located on a hill crest, Aizawl is traversed by several small streams and rivulets
of varying lengths. On the basis of the topographic features, the drainages of the area

can be broadly grouped into two systems—the Eastern and the Western Drainage Sys-

tems.
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Fig. 3.7 Soil Map of the study area (modified after SRSC, 2006)

The eastern portions of the study area are mostly drained by Muthi Lui, Tuipawl Lui
and Chite Lui, all of which flow eastwards and join the Tuirial river in the east. The
south-eastern parts of the study area are drained by Tuikhawhthla Lui which originated
from Hlimen Tlang. It flows towards the north and drains Melli Lui and Melnga Lui.
Other important streams from this area include Sihpui Lui, Mauhak Lui, Mualpui Lui
and Kahthelh Lui. All these streams enter into Chite Lui which is then ultimately drai-
ning into the Tuirial river. Chite Lui is considered to be the most prominent stream in
the eastern section since almost two-third of all the drainages in the eastern portion are
drained into it. Important incoming streams of Chite Lui include Theihai Lui and Chan-
mari Lui, both of which originate from the heart of the city, Ramthar Lui, Mirawng

Lui, Bangla Lui, Tlak Lui, Umpupuk Lui, Hmawngkai Lui, Lawibual Lui, Khawhnuai
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Lui, and Melkaw Lui. Most of the streams which flow into Chite Lui originate from
the city, and drain the area through several second and third order tributaries (Sawaiyan

& Moirangcha, 2007).

All the streams and streamlets of the western part of the study area drain themselves
into the Tlawng river. Most of the streams of the southwestern part of the study area
are drained by Ser Lui which originates from Hlimen Tlang in the southern border of
the study area. It flows in the western direction before it makes a U-turn near Chuk-
vel Tlang from where it flows in the northern direction. Ser Lui drains a number of
streams including Kanhlum Lui, Ramri Lui, Tuikhur Lui, Vai Lui, Sakhisih Lui and

Zawngkawt Lui before finally it drains into the Tlawng river.

On the central-western side of the study area, Tuikual Lui is the major stream that
drains several streams and rivulets of the surrounding areas. Hnimtheilo Lui, Quarry
Lui, Sakei Lui, Rawngrut Lui, Mauhak Kawr and Kawnzau Lui are the prominent
streams drained by Tuikual Lui which ultimately empties itself into the Tlawng river.
Majority of the streams around Vaivakawn, Hunthar, Rangvamual, Phunchawng, etc
are drained by Kurung Lui which flows into the Tlawng river within Sairang village
council. The streams of the area around Chaltlang, Bawngkawn, Chanmari, Edenthar
are drained by Leitan Lui which joins Kurung Lui. Most of the streams of the western-
most portion within and around Tanhril and Sakawrtuichhun are drained by Setlak Lui

which in turn enters into the Tlawng river.

The overall drainage pattern of the whole study area exhibits a dendritic to sub-dendri-
tic pattern except for the south-western portion which exhibits parallel to sub-parallel

drainage pattern. The drainage map of the study area is shown in Figure 3.8.

3.13 Past Landslide incidents in Aizawl municipal area

Majority of the Aizawl municipal area and its surroundings are highly susceptible to
landslides. The area has witnessed a number of mass movements of varying magnitude
and severity within the past few decades. The primary causes of slope instability are
due to the inherent nature of the terrain, immature geology, heavy monsoon rainfall,

and unregulated land-use practices. The frequency and intensity of the landslide activi-
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Fig. 3.8 Drainage Map of the study area (Background image: ESRI)

ties are further exacerbated by unplanned construction activities and deforestation that
disturb the natural stability of slopes. These landslides have severe repercussions on
public safety, property, and the environment which often leads to loss of life, disruption

of communication, and massive financial losses.

One of'the earliest documented landslide events within Aizawl occurred at Vaivakawn,
Sihpui, Sarawn Veng and Armed Veng areas during the monsoon of 1983 in which
approximately 200 houses were affected (Prasad, 1983). Fortunately, there were no
human casualties due to the timely evacuation. The Sihpui area (now in Ramthar Veng)
in particular, was characterized by large scale subsidence of the slope covering around

0.061 sq. km. (Srivastava et al., 1993). This place has experienced recurrent subsidence
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events in 1991, 1993 and the following years resulting in the damage of several houses

within the vicinity.

The most devastating landslide occurrence ever recorded within Aizawl took place on
9 August, 1992 at a quarry site of South Hlimen locality, involving complete collapse
of a stone quarry. It was reported that due to this disastrous incident, 66 people lost
their lives apart from 17 houses destroyed (Swamy, 1992; Tiwari & Kumar, 1997). Prior
to this catastrophic event, another rockslide happened on 11 July, 1986 in the same
place, causing 4 fatalities (DM&R, 2020; 2023). This was followed by another equally
destructive landslide event occurred at Laipuitlang on 11 May, 2013 (Photo Plate 3.8)
resulting in 17 fatalities, 8 injuries, and the destruction of 15 houses (Laldinpuia et al.,

2014; Chenkual, 2015).

Photo Plate 3.8 The Laipuitlang landslide (11 May, 2013) was one of the deadliest incidents

The Bawngkawn-Thuampui road corridor emerged as a recurring hotspot, with land-
slide events recorded in 1994, 2015, and 2019 which repeatedly blocked transportation
routes, damaged houses, and displaced residents. For instance, the 17 September 1994
landslide disrupted traffic and impacted 20 households (Tiwari & Kumar, 1996), while
the 27 August 2015 event destroyed 2 houses, and the 26 July 2019 event forced 14
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families to evacuate (Photo Plate 3.9). On 20 August, 2003, a 3-storey reinforced
concrete building collapsed at Mission Vengthlang which resulted in 3 fatalities. Other
important events include the landslide event at Saikhamakawn in 2008, which caused
2 deaths, 4 injuries and destruction of 2 houses, and the Chhinga Veng landslide on 6
October, 2009, which claimed 3 lives and left 10 injured. The landslide at Zonuam in
2016 also resulted in 3 fatalities and the destruction of 1 house. Another tragic incident
took place in Durtlang on 2 July, 2019 (Photo Plate 3.10), where the Basic Services to
the Urban Poor residential blocks crumbled due to the impact of huge masses of debris,

which results in the death of 3 persons and 11 injuries (Mazumder et al., 2025).

Recent years have also witnessed catastrophic landslide incidents. The heavy rainfall
which accompanied the Cyclone Remal on 28 May, 2024 caused devastating land-

slides at several places within Aizawl municipal area. Among these, the landslides at

Photo Plate 3.9 The landslide along Bawngkawn-Thuampui road corridor (26 July, 2019)
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Photo Plate 3.10 The landslide at the BSUP complex, Durtlang (2 July, 2019)

Melthum (Photo Plate 3.11) and Salem Veng claimed 19 and 3 lives, respectively, with
several damages to property and infrastructure (Haokip et al., 2024; Sangi et al., 2025).
Another tragic event occurred on 2 July, 2024 at Zuangtui which resulted in 3 fatali-
ties along with 3 houses destroyed. Other recent landslide events include the landslides
at Thuampui on 11 June, 2021 where a 2-storey building collapsed resulting in 4 fata-
lities. The 6 October 2020 event in Zemabawk Kananthar destroyed 2 houses and
vehicles, and the 9 June, 2023 incident at Vaivakawn-Zohnuai blocked the National

Highway and damaged 5 houses.

There have been reported incidents of continual reactivation of slope instabilities in
some parts of the city. The most prominent of such activity was observed in Hunthar
Veng (Photo Plate 3.12), covering an area of approximately 1,26,886 m? and affecting
more than 100 houses (Vinoth et al., 2022). Subsequent subsidence and mass move-
ment started in 1992, and continued to occur at irregular intervals until 2020 when the
state government implemented slope stabilization measures, which have since preven-

ted further activity. A vast area of Zuangtui — Muanna Veng was also affected by similar
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Photo Plate 3.12 Recurrent landslide activity at Hunthar Veng
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subsidence. In addition, the instability activity in Ramhlun Sports Complex was first
observed as creep movement in 1994. It then continued as rock falls-debris slides in
2004, 2007 and 2012 till 2013 (Vasudevan & Ramanathan, 2016). Apart from these,
occurrences of minor subsidence of land are also recorded at Dinthar Veng, Republic

Veng and Zemabawk areas.

These landslide events represent the most prominent occurrences in the study area.
However, there are several other significant incidents which caused substantial damage
and disrupted the daily lives of the residents. The list of some of the important landslide

events within the study area are shown in Table 3.2.

Table 3.2 List of Important Landslide Events within Aizawl

Date/Year Location Casualty/Damages
1983 - 2007 Ramthar Sihpui Several houses destroyed and affected
1983 - 2005 Armed Veng Several houses destroyed and affected
11 July, 1986 S. Hlimen 4 deaths
1987 - 2021 Zuangtui Muanna Veng Several houses destroyed and affected
9 August, 1992 S. Hlimen 66 deaths; 17 houses destroyed
1992 to 2020 Hunthar Veng Road damaged; several houses destroyed

17 September, 1994

Bawngkawn-Thuampui road

Road blocked; 20 houses affected

1994 to 2013 Ramhlun Sports Complex Several houses destroyed and affected
19 May, 2001 Ngaizel 1 death; 1 house and 1 vehicle destroyed
5 May, 2002 Ramhlun Venglai 1 death; 1 house destroyed

20 August, 2003

Mission VT

3 deaths, 3-storey RC building collapsed

6 March, 2008

Saikhamakawn

2 deaths; 4 injuries; 2 houses destroyed

6 October, 2009

Chhinga Veng

3 deaths, 10 injuries

13 September, 2010 | Tuikual S 1 death

18 September, 2010 | Rangvamual 1 death; 1 house destroyed

11 August, 2012 Chanmari 1 death; 4 injuries

11 May, 2013 Laipuitlang 17 deaths; 8 injuries; 15 houses destroyed
14 July, 2014 Zemabawk Falkland Veng 1 death; 5 injuries; 1 house destroyed

27 August, 2015

Bawngkawn-Thuampui road

Road blocked; 2 houses destroyed

15 September, 2015

Zemabawk

3 houses destroyed; Road blocked
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Table 3.3 (continued)

Date/Year

Location

Casualty/Damages

21 May, 2016

Zonuam

3 deaths; 1 house destroyed

13 June, 2017

Sarawn Veng

1 house destroyed; 6 houses affected

2 July, 2019

Durtlang

3 deaths; 11 injuries; 3 blocks of RC
buildings destroyed

26 July, 2019

Bawngkawn-Thuampui road

Road blocked; 14 families evacuated

6 October, 2020

Zemabawk Kananthar

2 houses destroyed; 2 vehicles destroyed

11 June, 2021 Thuampui 4 deaths; 2-storey house destroyed
9 June, 2023 Vaivakawn-Zohnuai 5 houses destroyed; Road blocked
28 May, 2024 Melthum 14 deaths; 3 houses destroyed

28 May, 2024 Salem Veng 3 deaths; 1 house destroyed

2 July, 2024 Zuangtui 3 deaths; 3 houses destroyed
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CHAPTER 4

LANDSLIDE SUSCEPTIBILITY ASSESSMENT

This chapter presents a quantitative assessment of landslide susceptibility within the
Aizawl Municipal Area, using three bivariate statistical models, namely, Information
Value (1V), Frequency Ratio (FR), and Weight of Evidence (WofE) models. Based on
a comprehensive inventory of landslides and twelve conditioning factors, this chapter
provides the methodology for generating susceptibility maps and validation of their
accuracy. The content of this chapter has been published in the peer-reviewed journal,
Himalayan Geology, Vol. 45(1), 2024, pp. 39-57.

4.1 Data

The present study utilized geospatial techniques for data collection, preparation and
analysis. Satellite imagery from Cartosat-1, having spatial resolution of 2.5 m, Senti-
nel-2 data with 10 m resolution, and Google Earth® image with a resolution of 50 cm
along with a 10 m resolution CartoDEM were used to generate various thematic factor
maps. Apart from these, ancillary data such as historical landslide, and data collected
from field surveys were also utilized for deriving various factor maps. All these
thematic data were projected to WGS84 UTM Zone 46 N for analyses. The details of

data used are shown in Table 4.1.

Table 4.1 Details of data used in the study

Data Type Particulars Scale/Resolution Data derivative

Google Earth® 05m LULC, Landslide Inventory,

Lithology
Satellite Data | goptinel.o 10 m NDVI
Cartosat-1 25m Drainage, Lineament
DEM Cartosat-1 10x10 m grid Slope, Aspect, Elevation,

(Stereoscopic) Curvatures, SPI, TWI

Ancillary Data |Historical Landslide - Landslide Inventory
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4.2 Landslide Inventory Preparation

The landslide inventory for the study area was compiled from three different sources.
The first source comprised historical records of landslide occurrences dating back to
1957 which were documented and maintained by the Directorate of Geology & Min-
ing, Govt. of Mizoram. These archival records, however, were not generated through
a systematic inventory mapping procedure, and therefore lacked important attributes,
including information on the type of failure, exact date of occurrence and, more impor-
tantly, precise geographic coordinates. Thus, they were carefully scrutinized, cross-
referenced and filtered before integrating some of them into the final inventory data-
base. The second source constitutes online interpretation of multi-temporal Google
Earth® images available online. Majority of the landslide inventory datasets were
mapped through this source. However, one notable limitation of this approach was the
absence of information regarding the date of occurrence for the landslides mapped.
The third source consisted of detailed field surveys conducted within the study area.
This served both as a primary data source for more recent landslide events and as a
means to validate and update information obtained from archival records and remote
sensing interpretation. The field surveys also facilitated the capture of photographic
evidence and contextual observations on site-specific geomorphic and anthropogenic

factors contributing to slope instability.

A total of 381 landslide inventory datasets were generated, all of which were repre-
sented by polygons (Fig. 4.1). It should be noted that all the landslides mapped were
rainfall-induced shallow landslides, and were generally of small areal extent, with
sizes ranging from approximately 100 m? to 120,000 m?. Due to their small size,
identifying the scarp from the remaining parts of the landslide body was rather dif-
ficult, especially from the satellite images (Khanna et al., 2021). Therefore, all the
landslides were mapped as single polygons. The resulting inventory, therefore, com-
prises landslides involving different materials and various types of movement. For the
purpose of model development and validation, the total landslide inventory was ran-
domly partitioned into two distinct datasets. The 267 landslides (70% of the total) were
allocated for model calibration or training, while the remaining 114 landslides (30%)

were reserved for model validation.
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Fig. 4.1 Landslide Inventory Map of the Study Area

4.3 Generation of Predisposing Factors

There are no standardized set of rules or guidelines for selecting predisposing factors
in landslide susceptibility mapping (Ayalew & Yamagishi, 2005). Based on data avai-
lability, characteristics of the study area and insights from the previous studies con-
ducted in the area, 12 landslide conditioning factors were selected. These selected fac-
tors include elevation, slope aspect, lineament density, drainage density, Normalized
Difference Vegetation Index (NDVI), lithology, land use/land cover (LULC), plan cur-
vature, profile curvature, slope angle, Stream Power Index (SPI), and Topographical
Wetness Index (TWI).

Satellite data were extensively utilized for preparing these thematic factors. A Carto-
sat-1 DEM was used for generating topographical parameters such as slope degree,
slope aspect, plan and profile curvatures, elevation, SPI, and TWI. Cartosat-1 data was

used for delineating drainage networks and lineaments, from which their respective
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density maps were subsequently prepared, while NDVI was generated from Sentinel-
2 data. Extensive field work was conducted for preparing the lithological map of the
study area. In addition, Google Earth® image was also utilized in the preparation of
the land use/land cover map and for updating the lithology map in conjunction with
field verification. All the vector layers were converted into raster format to 10m x 10m
grid size for analyses. These predisposing factors were broadly categorized into topo-

graphical, geological, hydrological, and land cover types.

4.3.1 Topographical Factors

Topographical factors greatly influence the stability of hill slopes by directly affecting
the distribution of shear stress, the accumulation and movement of water, and the over-
all morphology of the terrain. These include the slope aspect, slope angle, elevation,

and terrain curvatures.

i) Slope Aspect: This refers to the directional orientation of a slope which indirectly
influences slope instability by controlling microclimatic conditions, such as exposure
to solar radiation, wind, and rainfall distribution. This in turn, impact soil moisture and
vegetation cover. In the present study, the slope aspect was categorized into nine dis-
tinct classes, viz., “flat, north, northeast, east, southeast, south, southwest, west, and

northwest”. The slope aspect map of the study area is shown in Figure 4.2.

i) Slope Angle/Gradient: The steepness of a slope is a fundamental determinant of its
stability, with steeper slopes generally exhibiting higher susceptibility to landslides
due to increased shear stress within the slope material. The slope angles in the study
area ranged from 0° to over 45° and were classified into five categories (Fig. 4.3).
Higher slope classes (35-45° and >45°) occupied smaller areas, whereas the 15-25°

class covered the maximum area which is approximately 38.3% of the total study area.

iii) Elevation: While elevation does not have direct influence on landslide occurrences,
it is an important conditioning factor which is often correlated with other parameters
such as rainfall, soil types, vegetation types, and tectonic activity. The elevation within
study area ranged from 130 m to more than 1000 m, and was divided into five elevation
classes (Fig. 4.4). While the lowest elevation class (<300 m) covers only less than 1%,

the 500-800 m elevation range extends over approximately 40% of the total study area.
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iv) Plan Curvature: This is “the curvature of a contour line formed by the intersection
of a horizontal plane with the ground surface”. It influences the convergence or diver-
gence of water flow on the surface and, therefore influences the stability conditions of
the slope. Values of plan curvature are categorized as positive for convex contours and
negative for concave contours, while a value of zero indicates a flat surface. The plan

curvature of the study area was divided into five classes, as shown in the Figure 4.5.

v) Profile Curvature: This is the curvature measured in the vertical plane, parallel to
the direction of the steepest slope or flow line. It quantifies the rate of change of slope
along the flow path, and directly influences the acceleration or deceleration of water
flow and downslope sediment movement, thereby affecting erosion and deposition
processes. In the present study, the profile curvature was classified into five classes,
as depicted in the Figure 4.6.
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4.3.2 Geological Factors

Geological factors are important in influencing landslide occurrences, as they repre-
sent the inherent attributes of the ground that predispose slopes to instability. Within
this category, lithology and lineament density were the factors considered in the pre-
sent study.

i) Lithology: Lithology profoundly influences landslide occurrences by determining
the inherent strength, permeability, and resistance to weathering of rock and soil units.
Stronger and less-weathered rocks are relatively more resistant to the driving forces,
and are therefore, less susceptible to slope failure and vice versa. The rock types within
the study area are composed of soft sedimentary rocks represented by sandstone, shale,
siltstone and their intercalations. These were categorized into six lithological units
(Please refer Figure 3.6).

ii) Lineament Density: Lineaments are linear geological features that are aligned in a
rectilinear or curvilinear relationship, and represent zones of weakness and tectonic
activity, faults, shear zones, and sharp lithological contacts within rock masses. Areas
in close proximity to lineaments are generally more prone to mass wasting due to
enhanced water percolation and potential for planar or wedge failures. Lineaments up
to a minimum length of 152 m were mapped within the study area, and their density
map was prepared and divided into five classes (Fig. 4.7).

4.3.3 Hydrological Factors

Hydrological factors constitute an important category influencing landslide occu-
rrences by altering the mechanical properties of slope materials and initiating ero-
sional processes. The hydrological factors considered in the present study include
drainage density, SPI, and TWI.

i) Drainage Density: This is defined as “the ratio of the total length of streams and
rivers in a drainage basin to the total area of the drainage basin”. It serves as an im-
portant indicator of slope evolution, mass wasting, and related erosional processes
within an area. Higher drainage density can indicate lower infiltration rates and faster

surface flow, and contributes to accelerated surface erosion and mass wasting. In the
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present study, drainage network was delineated from the satellite imagery from which
the density map was subsequently generated using the following equation (Horton,
1932; 1945):

Ly

Dy= (4.1)

where D, is the drainage density, Lt represents the total length of streams, and A
denotes the total area. The drainage density map was further classified into five classes,

as shown in the Figure 4.8.

ii) Stream Power Index (SPI): This measures the potential flow erosion at a given
topographic location, thereby regulating the erosive power of water flow. High SPI
values indicate a greater propensity for erosion, and are linked to a higher potential for
high-velocity earth flows and increased landslide probability. The SPI of the study area
was generated from the Cartosat-1 DEM using the equation (Moore et al., 1991):

SPI = A, X tan B (4.2)
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Fig. 4.8 Drainage Density Map of the Study Area

where A, is the specific catchment area (also known as flow accumulation) expressed
in m/m?, and 8 represents the tangent of the local slope gradient (in degrees). The SPI

of the study area was classified into five classes, as depicted in Figure 4.9.

iii) Topographic Wetness Index (TWI): This is a steady-state wetness index used to
quantify the influence of topography on the location and size of saturated source areas
for runoff generation. The mechanism by which TWI influences landslides is through
its correlation with moisture content and hydrological processes. Areas with higher
TWI values are generally associated with higher level of saturation in soil and rock
layers which in turn reduces their shear strength and initiate slope failures. In the pre-

sent study, the TWI was generated from the DEM using the following equation:

TWI = Ln[Ag/tan(B)] (4.3)

where Ln is the natural logarithm; A, represents the specific catchment area measured
in m/m?, and tan(p) is the local slope gradient, which is expressed in degrees. The

TWI was divided into five classes, and the map is shown in Figure 4.10.
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4.3.4 Land Cover Factors

Land cover characteristics govern the interaction between the land surface and atmos-
pheric processes (Betts et al., 1996), with vegetation cover playing a vital role in en-
hancing slope stability and preventing erosion (Shen et al., 2017). Under this category,
land use/land cover (LULC) and Normalized Difference Vegetation Index (NDVI) are

the factors considered in the present study.

1) Land Use/Land Cover (LULC): The changes in LULC patterns are recognized as
influential factors for rainfall-triggered landslides, as human activities on hillsides de-
stabilize areas and induce slope failure. Barren lands and sparsely vegetated areas are
generally more susceptible to landslides than densely vegetated ones. In the present
study, the LULC map (Fig. 4.11) was prepared through visual interpretation of Google
Earth® image, and was subsequently validated by field checks. The study area was
divided into nine LULC classes, where the largest area was occupied by scrubland
(30.44%), which was followed by open forest (24.22%) and built-up areas (21.10%),

respectively.
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i) Normalized Difference Vegetation Index (NDVI): This is a standardized quan-
titative metric used to represent greenness or the relative density of vegetation and re-
lative biomass. The NDVI1 values range from -1.0 to 1.0 where a higher value corres-
ponds to a greater density of vegetation and vice versa. The NDV1 is inversely associa-
ted with landslide density, indicating that greater vegetation density generally corres-
ponds to lower landslide susceptibility. Thus, higher the NDVI values, lower is the
chance of slope failure owing to dense vegetation. Conversely, deforested areas and
barren lands are often associated with slope instability. In the present study, the NDVI

was generated from Sentinel-2 data using the following equation (Rouse et al., 1974):

NDVI = (NIR — Red) 44

~ (NIR + Red) (4.4)
where NIR indicates the reflectance in the near-infrared band and Red signifies the
reflectance in the red band. By using the natural break method, the NDV1 of the study
area was classified into five classes whose values range from -0.25 to 0.91, and the

map is shown in Fig. 4.12.
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4.4 Landslide Susceptibility Models

In the present study, three bivariate statistical models, namely—Information Value
(IV), Frequency Ratio (FR), and Weight of Evidence (WofE) were employed to gene-
rate the landslide susceptibility map of the Aizawl Municipal Area. These statistical
data-driven models were selected due to their relative simplicity, adaptability, and

proven effectiveness in various landslide settings.
4.4.1 Information Value (1V) Model

This model was originally introduced by Yin and Yan (1988) and later refined by van
Westen (1993). The Information Value method determines the weight for each class
of a factor layer based on the ratio of landslide density within that class to the landslide

density of the total study area. It is defined by the following equation:

B Npix(Si)/Npix(Ni)
= S Npix(Si) /3 Npix(No)

w; (4.5)
where W; is the weight of a factor class; Npix(Si) denotes the number of pixels of
landslides within class i; Npix(Ni) is the number of pixels of class i; ), Npix(Si) indi-
cates number of pixels of landslide within the study area; and ), Npix(Ni) represents

the number of pixels of the study area.

By using the above equation (4.5), the weight value was assigned for every class of a
factor. A positive weight was assigned when the landslide density within a particular
class of a factor is higher than the overall average, while a negative weight indicates a
lower density than the normal. The natural logarithm (In) was applied to account for
wide variations in weights. A Landslide Susceptibility Index (LSI) map was then sub-
sequently generated by summing the weighted values of all factor classes using the

following equation:

n
LSI = z W, (4.6)
i=1

where i represents the class of a factor, with values ranging from 1 to n.
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4.4.2 Frequency Ratio Model

This bivariate statistical model establishes a correlation between each landslide condi-
tioning factor and the spatial distribution of landslides in the area. In this method, the
frequency ratio for each class of a conditioning factor was derived by dividing the
landslide occurrence ratio by the area ratio (Lee & Talib, 2005). This is defined by the

following equation:

_ Npix(S§0)/Y Npix(Si)
~ Npix(Ni)/Y, Npix(Ni)

(4.7)

where Npix(Si) represents the number of pixels of landslides within class i of the
factor; ), Npix(Si) is the total number of landslide pixels across the entire study area;
Npix(Ni) denotes the total number of pixels in class i of the factor; and }; Npix(Ni)

signifies the total number of pixels in the entire study area.

The frequency values determined were utilized to correlate the spatial association bet-
ween a particular class of a factor and landslide occurrences. An FR value of 1 repre-
sents the average correlation which implies that the density of landslides within the
class is proportional to the areal extent of the factor class in the study area. When the
value is greater than 1, it indicates a strong positive spatial association and a high pro-
pensity for landslide occurrence. If the value is less than 1, it signifies a low and nega-
tive correlation, indicating a low probability of landslide occurrence. The LSI map was
generated by summing the FR values of all factor classes using the following equation:

n
LSI = Z FR (4.8)
i=1
where i denotes the class of a factor whose values range from 1 to n.
4.4.3 Weight of Evidence Model
This is a quantitative data-driven method initially developed for mineral potential map-

ping (Agterberg et al., 1993; Bonham-Carter, 1994). The technique has since been

widely adopted for landslide susceptibility assessment due to its robust statistical
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framework (Mathew et al., 2007; Neuhduser & Terhorst, 2007; Pradhan et al., 2010;
Martha et al., 2013). This approach is based on the Bayesian probability model which
employs a log-linear form that leverages prior and posterior probabilities (Pradhan et
al., 2010). In this model, the input layers are assumed to be independent of one another
(Neuh&user & Terhorst, 2007). The model calculates both the positive and negative
weights for each landslide conditioning factor based on the presence or absence of

landslides within the study area as defined below:

., P{B|4}
~ PB4} (4.9)
P

" PB4} (4-10)

where [n is the natural logarithm; P represents the probability ratio; B and B indicate
the presence and absence of the desired class of the landslide conditioning factor, while
A and A represent the presence and absence of landslides, respectively. A weight of
contrast value (C) was then calculated from these positive and negative weights using
the following equation:

C=Ww+—-w- (4.11)

This contrast value (C) establishes the spatial association between the classes of the
predisposing factors and the landslide occurrences. A positive contrast value indicates
a positive spatial correlation and higher susceptibility, while a negative value suggests
a negative spatial association and lower susceptibility. A landslide susceptibility index
(LSI) was subsequently generated by summing the contrast values (C) of all the factor
classes by the equation:

n
LSI = Z c (4.12)
i=1

where i represents the class of a factor, with its values varying from 1 to n.
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4.5 Validation of the Models

Validation of the generated landslide susceptibility map is an essential step to ascertain
the reliability of the modeling process. This procedure facilitates a comparative ana-
lysis of the performance and predictive capabilities of the different models, and justi-
fication for the selection of the input parameters (Chung & Fabbri, 2003; Begueria,
2006). In the present study a Receiver Operating Characteristic (ROC) curve and its
associated Area Under the Curve (AUC) was employed for the validation process. The
ROC curve plots the True Positive Rate (the cumulative percentage of landslide occur-
rences) on the Y-axis against the False Positive Rate (the cumulative area percentage)
on the X-axis. The True Positive Rate (TPR) and the False Positive Rate (FPR) were

calculated using the following equations:

TPR = e 4.13
TP+ FN (4.13)
FPR = kP 4.14

" TN + FP (4.14)

where TP (True Positives) is the number of actual landslides correctly predicted as
landslides, while FN (False Negatives) denotes the number of actual landslides incor-
rectly predicted as non-landslides. FP (False Positives) indicates the number of non-
landslides incorrectly identified as landslides by the model, and TN (True Negatives)
represents the number of non-landslide areas correctly predicted as non-landslides by

the model.

The overall performance of a particular model was evaluated by determining the Area
Under the Curve (AUC) from the Receiver Operating Characteristic (ROC) analysis.
The AUC provides an indication of both the success and prediction rates of the models
(Brenning, 2005). The success rate curve was computed by comparing the predictive
model against the training landslide dataset. Conversely, the prediction rate curve was
determined by comparing the generated susceptibility map with the validation land-
slide dataset. The AUC value ranges from 0.5 to 1, where values close to 1 indicate
higher accuracy and better predictive power. On the other hand, values near 0.5 repre-

sents poor performance and less accurate in prediction (Pradhan, 2013).
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The overall methodology for generating landslide susceptibility maps is shown in
Figure 4.13.
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Fig. 4.13 Flowchart of the Methodology for preparing Landslide Susceptibility Maps

4.6 Summary

This chapter described the data and methodology employed for the quantitative assess-
ment of landslide susceptibility for the Aizawl Municipal Area. Three bivariate statis-
tical models, viz., Information Value (1V), Frequency Ratio (FR), and Weight of Evi-
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dence (WofE) were employed to generate the landslide susceptibility maps. A compre-
hensive inventory of 381 landslides was developed from historical records, satellite
imagery, and field surveys. Twelve landslide conditioning factors, comprising topo-
graphical, geological, hydrological, and land cover variables were generated from sa-
tellite data such as Cartosat-1 and Sentinel-2 data. A 70% of the landslide data were
used for model training and 30% for validation. Each of the three statistical models
was used to calculate a Landslide Susceptibility Index (LSI) by assigning weights to
the different classes within each factor map. The performance and reliability of the
models were validated using the Receiver Operating Characteristic (ROC) curve and
Area Under the Curve (AUC) analysis. The process involved comparing the generated
susceptibility maps against both the training and validation landslide datasets to assess

the success and prediction rates, respectively.
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CHAPTER 5

VULNERABILITY AND RISK ASSESSMENTS

The methodologies for the assessments of landslide vulnerability and risk within the
study area are presented in this chapter. The social vulnerability was evaluated based
on a framework using the socio-economic and demographic characteristics from the
2011 Census data, while the physical vulnerability was assessed considering the buil-
dings and road networks. These vulnerabilities were combined along with the land-
slide hazard map to generate the landslide risk index of the study area. This chapter is
based on the work published in the Journal of the Indian Society of Remote Sensing,
Vol. 53(12), 2025, pp. 4257-4279. https://doi.org/10.1007/s12524-025-02243-7.

5.1 Data

For the social vulnerability assessment, the demographic and socio-economic data
derived from the Census of India (2011) were used which represented the most recent
and reliable data available at the time of this research. Apart from these, data pertaining
to the elderly population (65 years and above) were collected from the records main-
tained by the respective Mizo Upa Pawl (MUP) units (senior citizen organization)

within the various local councils of the municipal area.

The data for the physical vulnerability assessment constitute the buildings and road
networks which were extracted from manual digitization of high-resolution Google
Earth® image. A total of 54,425 building polygons and 1,071 km length of road net-
works were delineated within the study area (Fig. 5.1). An extensive ground validation
work was carried out to ensure the accuracy and reliability of these generated datasets.
In addition, comprehensive interviews were conducted with the elected members of
the local councils within the municipal area to cross-verify the results. Being the
smallest administrative unit within the study area, the local council was used as the
primary mapping unit in the social vulnerability assessment. In order to maintain
consistency with the socio-economic and demographic data, the 76 local councils as

recorded in the Census 2011 were used instead of the present 83 local councils.

147


https://doi.org/10.1007/s12524-025-02243-7

92°42'58"E 92°43'5"E

2 E ;

23°44'0°N
23°44'0°N

23°43'52"N

23°43'52"N

23°43'44'N
23°43'44"'N

A 11 ; |

92°42'58'E 92°43'5"E

T
92°42'51"E

Fig. 5.1 Building footprints (vellow) and roads (red) delineated from Google Image

5.2 Social Vulnerability Assessment

Social vulnerability is conceptualized as a set of socio-economic factors influencing a
population capacity to manage stress or adapt to changes (Blaikie et al., 1994; Birk-
mann, 2006b). It is defined as the susceptibility of individuals or communities to the
harmful effects of hazardous processes, influenced by their demographic, geographical
context, or social characteristics (Cutter et al., 2003; Yoon, 2012), and their capacity
to manage, respond and recover from the adverse effects of the hazards (Eidsvig et al.,

2014).

148



In the current research, the assessment of social vulnerability was conducted following
a methodological framework adapted from Guillard-Gongalves and Zézere (2018), in
which both the sensitivity and the lack of resilience of the resident population were
considered. There are no strict standardized rules or guidelines regarding the number
of variables or indicators for social vulnerability assessments, and various researchers
have employed varying numbers. For instance, Clark et al. (1998) utilized 34 variables
while Cutter et al. (2003) used 42 variables. In a study in Mexico, Murillo-Garcia et
al. (2017) employed 14 indicators whereas Kaur et al. (2022) employed only 8 indica-
tors in Sikkim. In the present study, the selection of indicators for both sensitivity and
lack of resilience variables was based on their contextual relevance to the study area,
data availability, and a thorough review of existing literatures. A total of 10 indicators,
comprising 5 for sensitivity and 5 for lack of resilience, were chosen to represent the
underlying socio-economic and demographic factors influencing the vulnerability of
the residents. The indicators for both sensitivity and lack of resilience are shown in

Tables 5.1 and 5.2, respectively.

Table 5.1 Indicators for Sensitivity

SL

No. Indicator Description
1 CP Children Population: Population under 6 years of age
2 EP Elders Population: Population above 65 years of age
3 FP Female Population: Number of Female Residents
4 1P [lliterate Population: Number of populations who cannot read or write
5 DP Population Density: Number of residents per square kilometre

Table 5.2 Indicators for Lack of Resilience

I\SI:)'. Indicator Description
1 RA Rented Accommodation: Households living in rented houses
2 WE Without Electricity: Households without electricity
3 WA Without Assets: Households without basic assets
4 LI Low Income: Households having low income/earnings
5 NW Non-Workers: Number of persons without works/jobs
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5.2.1 Sensitivity

Sensitivity is the degree to which particular population groups are disproportionately
impacted by disasters owing to their inherent demographic and socio-economic charac-
teristics (Birkmann, 2006b). The sensitivity index was calculated as the average of

these five indicators, as given below:

CP+EP+FP+ 1P+ DP
5

Sensitivity = (5.1)

where CP is the children population; EP denotes the elders population; FP represents
the female population; IP is the illiterate population; and DP represents the population

density. The maps of the indicators for sensitivity variable are shown in Figure 5.2.
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Fig. 5.2 Indicators for Sensitivity. a) Children Population, b) Elders Population, c) Female
Population, d) Illiterate Population, and €) Population Density
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Children below 6 years of age represent highly dependent population during disasters
(Peek, 2008). They were considered vulnerable owing to their limited ability to rely
on intuition or sense which made them less capable of protecting themselves or stay
away from harm (Spencer & Thompson, 2024). The elders represent another depen-
dent population due to declining physical functions and mobility, reduced adaptive
capacity and health challenges (Cutter et al., 2000; Ngo, 2012). Women were consi-
dered as being mentally and physically weaker than men, apart from their caregiving
responsibilities to children which made them more vulnerable during and after disas-
ters (Blaikie et al., 1994; Fothergill, 1996). The literacy level is another important fac-
tor which is connected with access to resources and information in times of emergency.
Illiterate people can face challenges to understand early warnings, recovery informa-
tion and direction to evacuation routes (Brown et al., 2014). Higher population den-
sity implies greater exposure to hazards for a larger number of people in addition to

increasing pressure on disaster response and recovery processes (Ehrlich et al., 2018).

5.2.2 Lack of Resilience

Lack of resilience refers to the inability of an individual or society to withstand or re-
cover from the impacts of adverse effects due to their socio-economic status or present
situation (Keck & Sakdapolrak, 2013; Vazquez-Gonzélez et al., 2021). The lack of resi-
lience index was determined as the mean or average of the five indicators, as given in

the following equation:

RA+WE + WA+ LI + NW
5

Lack of Resilience = (5.2)
where RA indicates the number of households residing in rented houses; WE denotes
the number of households lacking electricity; WA represents the number of households
without basic assets; LI is the number of households with low income or earnings; and
NW indicates the number of persons without work or jobs. The maps of the lack of re-

silience indicators are shown in Figure 5.3.

Households living in rented accommodations were considered more vulnerable to dis-
placement and economic insecurity during disasters due to lack of financial stability

and social safety nets (Pardee, 2012; Lee & Van Zandt, 2019). Lack of electricity may
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Fig. 5.3 Indicators for Lack of Resilience. a) Rented Accommodation, b) Without Electricity,
c) Without Assets, d) Low Income, and e) Non-Workers

hinder access to essential services, communication and technology which are vital for
effectively responding to the impacts of hazards (Sadath et al., 2017; Stock et al.,
2023). Lack of basic household assets is an indicative of economic fragility that can
weaken the capacity of a community to recover from a disaster (Zhang et al., 2020).
The household income is another important factor that determine the vulnerability of
a society. Low-income households have limited financial resources to invest in pre-
paredness, recovery and mitigation measures for disasters, thereby elevating their vul-
nerability (Deria et al., 2020; Chowdhury & Parida, 2023). The ratio of non-workers
to the population is an indicator of economic inactivity and dependency. Such high
non-worker or unemployed numbers represent community constraints on economic
contribution and adaptive capacities, thus raising vulnerability to hazards (Kablan et

al., 2017).
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5.2.3 Standardization and Social Vulnerability Index Calculation

Prior to conducting analyses, the values of each indicator were converted to their res-
pective percentages. Subsequently, it was necessary to transform all indicators to a com-
mon, dimensionless scale in order to facilitate meaningful comparison and to minimize
potential bias arising from differences in units of measurement. As all the selected indi-
cators exhibit a consistent positive functional relationship, where higher values corres-
pond to higher levels of vulnerability, they were standardized or normalized using a
min-max technique to a scale of 0 to 1, using the following equation:
X — Xomin

X, = X—max =X, (5.3)
where X,, corresponds to the standardized value; X indicates the value of the indicator,
and X4y and X,;, represent the maximum and minimum values of the indicator,
respectively. The maps showing sensitivity and lack of resilience variables are presen-

ted in Figures 5.4 (a and b).
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Fig. 5.4 Maps showing a) Sensitivity and b) Lack of Resilience
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The social vulnerability index was then subsequently determined as the mean or ave-
rage of the sensitivity of the population and lack of resilience using the equation (Guil-

lard-Gongalves & Zézere, 2018):

Sensitivity + Lack of Resilience
2

Social Vulnerability Index = (5.4)

The resulting social vulnerability index values range between 0 and 1, where 0 and 1
represent the least and the maximum vulnerabilities, respectively. These values were

reclassified into three classes using the natural break method, as shown in Table 5.3.

Table 5.3 Social Vulnerability Class

Social Vulnerability Value Value of the Class Social Vulnerability Level
0-0.31 1 Low
0.31-0.62 2 Moderate
0.62 -1 3 High

5.3 Physical Vulnerability Assessment

Physical vulnerability is mainly concerned with the susceptibility of a structure, ser-
vice, or infrastructure, to be damaged or disrupted resulting from a specific hazardous
phenomenon. It is a functional relationship between the magnitude of a hazard and its
potential impacts on the physical elements at risk, expressed on a scale from 0 (no loss)
to 1 (total loss) (UNDRO, 1984). The assessment of physical vulnerability is guided
by the principle of interaction between landslide intensity and the resistance of the
built environment, such as buildings or roads (Li et al., 2010; Luo et al., 2023). When
data on this aspect is unavailable, alternative methods or proxies are heuristically im-

provised (Ghosh et al., 2012; Sarkar, 2018; Ram & Gupta, 2022).

In the present study, the evaluation of physical vulnerability was undertaken focusing
on the physical infrastructures, namely buildings and the road network present within
the study area. The assessment involved assigning vulnerability scores to these ele-
ments on the basis of construction materials used and their degree of exposure to land-

slide hazards.
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5.3.1 Classification of Buildings and Roads

The buildings within the study area were classified into three types based on their
construction materials as Reinforced Cement Concrete (RCC), Semi-Reinforced Ce-
ment Concrete (Semi-RCC) and Assam-Type (AT) buildings. The RCC structures are
built with cement concrete, steel reinforcement, and brick infill walls, and accounted
for 54.82% (29,834 units) of the total building stock. The Semi-RCC buildings repre-
sent a hybrid construction type, which incorporate RCC components for columns and
beams, while posts, wall panels, and roof trusses are made of wood. Infill walls are
often made of asbestos cement tile or bamboo, with galvanized corrugated iron (GCI)
sheets for roofing material. They constituted 19.65% (10,692 units) of the total buil-
dings. The AT buildings exhibit similarity in construction pattern and materials with
Semi-RCC buildings, but they are practically devoid of RCC materials. They compri-
sed 25.54% (13,899 units) of the total buildings within the study area. The different
building types within the study area are shown in Figure 5.5(a-c).

Fig. 5.5 Typical buildings of the study area. a) RCC building, b) Semi-RCC building, and
c) AT building
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Similarly, the road networks within the study area were also categorized into three
types, namely metalled roads, bridges, and unmetalled roads. The metalled roads are
constructed using a compacted base of boulders or stone chips, overlaid with bitumen
or asphalt, and in some cases with reinforced cement concrete (RCC) surfaces to
enhance durability and load-bearing capacity. The metalled roads represented 48.60%
(520.89 km) of the total road network length. The bridges, although occupying a mini-
mal proportion of the road network, play an important role in ensuring connectivity
across streams and unstable terrains. They are relatively few in number and of short
length, which are constructed using either reinforced cement concrete or steel/iron
structures. They accounted for a minimal 0.04% (0.42 km) of the total length. As the
name implies, the unmetalled roads are unpaved pathway lacking hard surfaces which
are composed of sand, gravel, mud or bare earth materials. The unmetalled roads made
up 51.36% (550.51 km) of the total road network length. The different road types

within the study area are shown in Figure 5.6(a-c).

Fig. 5.6 Different road types of the study area. a) Metalled Road, b) Bridge, and
¢) Unmetalled Road
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5.3.2 Assignment of Weights

In the study area, previous researches on the assessment of building damages due to
landslides have not been conducted which results in the absence of empirical data on
structural damage for reference. To overcome this limitation, the present assessment
adopted the concept used by the Building Materials Technology Promotion Council
(BMTPC, 2019), which utilizes the role of construction materials as a primary factor
in influencing the potential damageability of buildings due to seismic events. Applying
this principle, buildings within the study area, as per their construction materials, were
used as indicators of their relative resistance to landslide impacts. Consequently, the
RCC structures were regarded as the most resistant category, followed by Semi-RCC
constructions, while the AT buildings were considered the least resistant. A similar
principle was applied to road network, where the metalled roads were assumed to be
more resilient and durable. The bridges, by virtue of their location, and materials used
for their construction, were considered the second most resistant, while the unmetalled
roads were ranked the least durable and resistant. Accordingly, numerical weights
ranging from 1 to 3 were assigned to both building and road classes, with 3 denoting
the lowest level of resistance and 1 representing the highest. Table 5.4 and 5.5 show

the statistics of the building and road classes with the weights assigned.

Table 5.4 Number of different building types and their weights

Building Types Number Percent Weight Assigned
RCC 29834 54.82 1
Semi-RCC 10692 19.65 2
Assam-Type 13899 25.54 3

Table 5.5 Length of different road classes and their weights

Road Types Length (in Km) Percent Weight Assigned
Metalled 520.89 48.60 1
Bridges 0.42 0.04 2
Unmetalled 550.51 51.36 3

157



In actual practice, the temporal and magnitude probabilities of landslides are the pre-
requisites to convert landslide susceptibility maps into landslide hazard maps (Guzzetti
etal., 1999; Fell et al., 2008; van Westen et al., 2008). However, owing to lack of data
on these characteristics within the study area, the landslide susceptibility map was al-
ternatively utilized as proxy for the hazard map in the present study. This approach
was adopted by several researchers in their studies, especially in data-scarce situations
(Kanungo et al., 2008; Guillard-Gongalves & Zézere, 2018; Arrogante-Funes et al.,
2021; Singh et al., 2021; Ram & Gupta, 2022; Regmi & Agrawal, 2022; Sangeeta &
Maheshwari, 2022). The landslide susceptibility map prepared using the Information
Value (IV) method was selected for the present vulnerability and risk analyses. Accor-
dingly, numerical weights were also assigned on a scale of 1 to 3, where the high ha-
zard zone was given a weight of 3, the moderate hazard zone a weight of 2, and the

low hazard was assigned a weight of 1.

5.3.3 GIS-based intersection and Vulnerability index calculation

The weighted buildings and road networks were spatially analyzed in a GIS environ-
ment by intersecting them with the landslide hazard map. This spatial intersection
allowed the computation of different vulnerability scores based on the location of these
assets within the different zones of the landslide hazard map. This process ensured that
both the structural characteristics and the degree of exposure were simultaneously con-
sidered. A matrix-based approach (Fig. 5.7) was utilized for the qualitative cross-addi-

tion of the weights of the assets and the weights of the landslide hazard zones.

Infrastructure (Building & Road)
3 2 1

Landslide Hazard

Fig. 5.7 Vulnerability Matrix. Red colour indicates high, yellow colour represents moderate,
and green colour indicates low classes
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The composite physical vulnerability index was then generated by summation of the

vulnerability scores. It is represented mathematically as:

as;+ by az+ b, as;+ b
a,+ b; a;+ b, a+ b

v, = (5.5)

where 1, indicates the physical vulnerability index; a is the landslide hazard zones;

and b represents the classes of the assets. Substituting the values for a and b, we get:

3+3 3+2 3+1 6 5 4
W=12+3 2+2 2+1( =[5 4 3 (5.6)
1+3 1+2 1+1 4 3 2

The resulting physical vulnerability scores or values, ranging from 2 to 6, were then
reclassified into three vulnerability levels, where the highest values (6 and 5) were de-
signated as high vulnerability, while the intermediate score (4) was classified as mo-
derate vulnerability. The lowest values (3 and 2) were grouped under low vulnerability

in the vulnerability index, as shown in Table 5.6.

Table 5.6 Physical Vulnerability Classes

Physical Vulnerability Value Value of the Class Physical Vulnerability Level

2 and 3 1 Low
4 2 Moderate
Sand 6 3 High

5.4 Combination of Social and Physical Vulnerabilities

For the purpose of risk assessment, it is necessary to derive a single composite measure
that reflects the overall vulnerability of the study area. To achieve this, the social and
physical vulnerabilities were combined through direct summation of their respective

class values (Tables 5.3 and 5.6), as expressed by the equation:

V=2V5+Vp (5.7)
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where V represents the combined vulnerability; Vs is the social vulnerability; and V,

indicates the physical vulnerability. The resulting combined vulnerability values were

also classified into three classes, as presented in Table 5.7.

Table 5.7 Combined Vulnerability Class

Combined Vulnerability Value  Value of the Class  Combined Vulnerability Class

2-3 1 Low
4 2 Moderate
5-6 3 High

5.5 Risk Assessment

Risk assessment constitutes the ultimate goal of landslide research which aimed at
minimizing the adverse effects of landslide hazard (Guzzetti, 2005). It is a “function
of the hazard and the vulnerability of exposed elements at risk” (Fell et al., 2005).
Landslide risk is defined as “the expected number of lives lost, persons injured,
damage to properties and disruption of economic activities due to landslides for a given
area and a reference period” (Varnes, 1984). In the present study, landslide risk asses-

sment was carried out using the following equation:

R=HXV (5.8)

where R is the landslide risk index; H indicates the landslide hazard; and V represents

the combined vulnerability index.

The absence of detailed information on the distribution of occupants within individual
buildings constrained the assessment of risk to human populations. As a result, the
assessment was limited to the physical infrastructures, particularly to buildings and
road networks. Furthermore, the lack of references for the construction or repair costs
of these infrastructures within the study area prevented the incorporation of economic
values into the risk assessment. These limitations imply that the present study reflects
the risk of physical assets to landslides, while the potential risks on human lives and
associated economic losses remain unquantified. The overall methodology for the vul-

nerability and risk assessments is presented in the Figure 5.8.
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Fig. 5.8 Methodological flowchart of the Landslide Risk Assessment

5.6 Summary

This chapter presented an integrated assessment of landslide vulnerability and risk in
the study area by combining both social and physical vulnerabilities. The social vulne-
rability was assessed using demographic and socio-economic indicators representing
sensitivity and lack of resilience, while the physical vulnerability was evaluated based
on the structural characteristics of buildings and road networks, and their exposures to
landslide hazard. The landslide susceptibility map prepared using Information Value
method was utilized as proxy for landslide hazard map. These individual components
were standardized, spatially analyzed, and combined to generate a combined vulnera-
bility index. Subsequently, the risk assessment was carried out by integrating the com-

bined vulnerability with the landslide hazard map to generate the landslide risk index.
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CHAPTER 6

RESULTS AND DISCUSSION

This chapter firstly presents the results of the landslide susceptibility mapping using
the three bivariate statistical models. It provides the results and discussion on the
spatial distribution of different susceptibility zones, the performance and validation of
the models, and the spatial correlation of the various predisposing factors with land-
slide occurrences. It also describes the findings on the evaluations of the social and
physical vulnerabilities, the combined vulnerability generated, and the generation of
the final landslide risk index for the study area. The chapter also presents a compre-
hensive discussion on the analysis and results of the social, physical and combined
vulnerabilities, along with those of the landslide risk index. The contents of this chapter
are based on the works published in the Himalayan Geology, Vol. 45(1), 2024, pp. 39—
57, and Journal of the Indian Society of Remote Sensing, Vol. 53(12), 2025, pp. 4257—
4279. https://doi.org/10.1007/s12524-025-02243-7.

6.1 Landslide Susceptibility Map Generation and Classification

The landslide susceptibility maps for the Aizawl Municipal Area were generated from
the Landslide Susceptibility Index (LSI) values derived from the IV, FR, and WofE
equations. These maps were then classified into high, moderate, and low susceptibility
zones based on the defined threshold values through the analysis of the respective
success rate curves. The resulting landslide susceptibility maps are shown in Figures
6.1, 6.2 and 6.3. A more or less similarity in the general distribution pattern of these
zones was observed across all the three models. The high susceptibility zone was more
concentrated along the central longitudinal portion of the study area, with additional
occurrences forming clusters in the eastern and western peripheries. Conversely, the
moderate susceptibility zone is more uniformly distributed throughout the area, while
the low susceptibility zone is predominantly found to stretch along the western part.
At the same time, however, the areal extent of the different susceptibility zones showed
certain variations among the models. In the IV model, an area of 20.46 km? (17.30%)

was occupied by high susceptibility, the moderate zone extended over an area of 78.70
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km? (66.55%), and the low susceptibility zone occupied 19.09 km? (16.14%). The FR
model assigned 17.21 km? (14.56%) as high susceptibility zone, 72.97 km? (61.71%)
as moderate zone, and 28.06 km? (23.73%) as low susceptibility zone. In the WofE
model, the high susceptibility zone covered 14.17 km? (11.98%), the moderate zone
dominated an area of 89.28 km? (75.50%), and the low susceptibility zone spanned
over an area of 14.80 km? (12.52%). The statistics of the spatial distribution of the
different susceptibility zones across the study area produced from the three models are

shown in Table 6.1, and in Figure 6.4.

Table 6.1 Area occupied by different susceptibility zones

o IV Model FR Model WofE Model
Susceptibility
Zones Area Area Area Area Area Area
(km?) (%) (km?) (%) (km?) (%)
High 20.46 17.3 17.21 14.5 14.17 11.9
Moderate 78.7 66.5 72.97 61.7 89.28 75.5
Low 19.09 16.1 28.06 23.7 14.8 12.5
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Fig. 6.4 Area occupied by different landslide susceptibility zones

In addition, the proportion of total landslides falling within each susceptibility zone
also varied among the different models. In the case of IV model, it was observed that
65.72% of the total landslides were located in the high susceptibility zone, 33.05% in
the moderate, and 1.23% in the low susceptibility zone (Fig. 6.5a). The distribution of
landslides in the high, moderate and low susceptibility zones in FR model were found
to be 61.03%, 36.81% and 2.16%, respectively (Fig. 6.5b). The high, moderate and
low susceptibility zones of the WofE model respectively contained 57.13%, 42.02%
and 0.85% of the total landslides (Fig. 6.5¢).

6.2 Validation of Landslide Susceptibility Models

The generated landslide susceptibility maps were validated using the Area Under the
Receiver Operating Characteristic curve (AUC-ROC) method. This validation invol-
ved calculating both the success rate, which represents how well the model fits the
training data; and the prediction rate, which evaluates the model ability to predict land-
slides using the validation dataset. The results indicated more or less similarity in the
performance of the three models evaluated. Among them, the WofE model achieved
the highest success rate of 83.93%, followed closely by the IV model with 83.85% and
the FR model with 83.72%. In terms of predictive ability, the WofE model again
showed superior capability with a prediction rate of 83.79%, compared to 83.71% for
the IV model, and 83.58% for the FR model. The validation results revealed that all
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the three models performed satisfactorily in producing reliable landslide susceptibility
maps for the study area. The success and prediction rate curves for the three models

are shown in Figure 6.6 (a and b).
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6.3 Spatial Correlation of Predisposing Factors and Landslide Occurrence

The analysis of spatial correlation between the twelve predisposing factors and land-
slide occurrences provided insights into their influence on slope instability within the
study area. The classes of the predisposing factors were objectively assigned weights
as per the IV, FR, and WofE methodologies. A more or less similarity of relative sus-
ceptibility was observed across all the three models for each class of the predisposing
factors. This indicates that classes with higher or lower weight values generally cor-
respond to higher or lower susceptibility, respectively. The spatial relationship between
predisposing factors and landslide occurrence is determined by the respective weights
of the models employed. In the IV and WofE models, positive weight values indicated
a high correlation with landslide occurrence, while negative values suggested a low
correlation. For the FR model, values greater than 1 indicated a strong positive corre-
lation, and values less than 1 indicated a low correlation with landslide occurrence.
The spatial associations between the various classes of predisposing factors and land-

slide occurrence, as derived from the three models, are presented in Table 6.2.

There existed certain variations in the spatial association of the predisposing factors
and landslides. In the case of slope aspect, the east, south-east and south-facing slopes
showed high or positive weight values across all the models, which indicated a higher
probability of landslides. This is mainly attributed to more solar insolation in these
classes which often led to increase in weathering and erosional processes (Fang &
Guo, 2015). The remaining slope aspect classes including flatland showed no associa-
tion with landslide occurrences. Some classes of drainage density exhibited a strong
correlation with landslides. It was observed that the drainage density classes of 0.007—
0.008 in the IV and WofE models, and 0.002—0.006 in the IV and FR models, par-
ticularly exhibited higher correlations with landslides compared to other classes. Con-
trary to a general belief that elevation may not directly influence landslides (Vakh-
shoori & Zare, 2016; Cellek, 2020; Sweta et al., 2022), a stronger relationship between
landslides and higher elevations was observed in the present study. The elevation range
of 800—1000 m showed higher weight values (0.33 for IV, 1.39 for FR, and 0.57 for
WofE), followed by the highest elevation class, which exceeds 1000 m.
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Table 6.2 Spatial association of factor classes with landslides in the IV, FR & WofE models

Land- % of
No. of | slide | *0 O | Land
Factor Class pixel in p[xel pine |Saixeel IV | FR | W" | W Cc
class cII:ss class in
class
Aspect  |Flat 3 0 | 0.00 | 000 |0.00]|0.00|0.00 | 0.00 |0.00
North 145033 | 957 | 12.25 | 9.10 |-0.30| 0.74 |-0.30 | 0.04 |-0.34
North-East 156094 | 1347 | 13.19 | 12.81 |-0.03 | 0.97 |-0.03 | 0.00 |-0.03
East 167600 | 1650 | 14.16 | 15.69 | 0.10 | 1.11 | 0.10 | -0.02| 0.12
South-East 136497 | 2128 | 11.53 | 20.23 | 0.56 | 1.75 | 0.57 | -0.10| 0.67
South 123822 | 1416 | 10.46 | 13.46 | 0.25 | 1.29 | 0.25 | -0.03 | 0.29
South-West 158951 | 1000 | 13.43 | 9.51 [-0.35|0.71 |-0.35| 0.04 |-0.39
West 161396 | 1345 | 13.63 | 12.79 [-0.06 | 0.94 |-0.06 | 0.01 |-0.07
North-West 134365 | 676 | 11.35 | 6.43 |-0.57 | 0.57 |-0.57 | 0.05 |-0.63
Drainage |0.002 - 0.006 129450 | 1425 | 10.94 | 13.55 | 0.21 | 1.24 | 0.22 | -0.03| 0.25
Density 14 006 — 0.007 287930 | 2259 | 24.32 | 21.48 |-0.12| 0.88 [-0.13 | 0.04 |-0.16
0.007 — 0.008 341978 | 3752 | 28.89 | 35.67 | 0.21 | 1.23 | 0.21 |-0.10 | 0.31
0.008 — 0.009 304501 | 2282 | 25.73 | 21.69 |-0.17 | 0.84 |-0.17 | 0.05 |-0.23
0.009 - 0.013 119812 | 801 | 10.12 | 7.61 [-0.28|0.75 |-0.29| 0.03 |-0.31
Elevation |<300 11777 | 27 | 099 | 0.26 |-1.35|0.26 |-1.36 | 0.01 |-1.37
(m) 300 — 500 102918 | 390 | 8.69 | 3.71 |-0.85|0.43 |-0.86 | 0.05 |-0.91
500 — 800 482255 | 3029 | 40.74 | 28.80 |-0.35| 0.71 |-0.35| 0.19 |-0.54
800 — 1000 417959 | 5151 | 35.31 | 48.97 | 0.33 | 1.39 | 0.33 |-0.24 | 0.57
>1000 168852 | 1922 | 14.26 | 18.27 | 0.25 | 1.28 | 0.25 | -0.05 0.30
Lineament |0 — 0.0011 179164 | 1672 | 15.14 | 15.90 | 0.05 | 1.05 | 0.05 | -0.01 | 0.06
Density 150011 - 0.0018 | 336211 | 4279 | 28.40 | 40.68 | 0.36 | 1.43 | 0.36 |-0.19 | 0.55
0.0018 — 0.0026 | 334277 | 2298 | 28.24 | 21.85 [-0.26 | 0.77 | -0.26 | 0.09 | -0.34
0.0026 - 0.0034 | 233810 | 1763 | 19.75 | 16.76 |-0.16| 0.85 |-0.17 | 0.04 |-0.20
0.0034 - 0.0053 | 100299 | 507 | 8.47 | 4.82 |-0.56| 0.57 |-0.57| 0.04 |-0.61
Lithology |Sandstone 243505 | 1978 | 20.57 | 18.80 |-0.09 | 0.91 [-0.09 | 0.02 |-0.11
Shale + Sandstone | 324688 | 1981 | 27.43 | 18.83 |-0.38| 0.69 |-0.38| 0.11 |-0.49
Shale + Siltstone | 261907 | 1353 | 22.12 | 12.86 |-0.54| 0.58 |-0.55| 0.11 |-0.66
Shale 192897 | 4412 | 16.30 | 41.94 | 0.95 | 2.57 | 0.96 | -0.37 | 1.33
Siltstone + Shale | 156395 | 759 | 13.21 | 7.22 [-0.60| 0.55 |-0.61| 0.07 |-0.68
Gravel, Sand + Silt| 4369 | 36 | 0.37 | 0.34 [-0.08| 0.93 [-0.08] 0.00 |-0.08
Land use/ |Built-up 249737 | 2247 | 21.10 | 21.36 | 0.01 | 1.01 | 0.01 | 0.00 | 0.02
'gg\r/‘gr Barren land 15363 | 1117 | 1.30 | 10.62 | 2.10 | 8.18 | 2.17 |-0.10 | 2.27
portcroplPlanta- | 19745 | 55 | 167 | 052 |-116|031|-117| 001 |-L18
Dense Forest 88736 | 142 | 750 | 1.35 |-1.71]0.18 [-1.72| 0.06 |-1.79
Open Forest 286727 | 1060 | 24.22 | 10.08 |-0.88 | 0.42 [-0.88 | 0.17 |-1.06
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Table 6.2 (continued)

Land- % of

No. of | slide | 0 °f | Land-
Factor Class pixel in pi_xel pin pixel v | FR | W | W C

class in .

class class in

class
Land use/ |Forest Plantation | 18963 | 49 | 1.60 | 0.47 [-1.24]0.29 [-1.24] 0.01 |-1.25
tg‘cgr Scrubland 360370 | 5489 | 30.44 | 52.18 | 0.54 | 1.71 | 0.55 | -0.38 | 0.92
?:Eil?ii\?a?tion 98399 | 296 | 8.31 | 2.81 |-1.08|0.34 |-1.09| 0.06 |-1.15
Bamboo Forest | 45724 | 64 | 3.86 | 0.61 |-1.85|0.16 |-1.86| 0.03 |-1.89
NDVI  |-0.25-0.33 68830 | 693 | 581 | 6.59 |0.12 | 1.13 | 0.13 |-0.01 | 0.13
0.33 - 0.51 82473 | 1298 | 6.97 | 12.34 | 0.57 | 1.77 | 0.58 | -0.06 | 0.64
0.51 - 0.66 131651 | 2286 | 11.12 | 21.73 | 0.67 | 1.95 | 0.68 |-0.13| 0.81
0.66 — 0.76 348296 | 2953 | 29.42 | 28.07 |-0.05| 0.95 |-0.05| 0.02 |-0.07
0.76 - 0.91 552511 | 3289 | 46.67 | 31.27 |-0.40| 0.67 |-0.40 | 0.26 |-0.66
Plan -4.17 - -0.68 74777 | 1329 | 6.32 | 12.63 | 0.69 | 2.00 | 0.70 |-0.07 | 0.77
Curvature | 4 g0 .23 267729 | 3634 | 22.62 | 34.55 | 0.42 | 1.53 | 0.43 |-0.17 | 0.60
-0.23-0.13 422157 | 3504 | 35.66 | 33.31 |-0.07 | 0.93 |-0.07 | 0.04 |-0.11
0.13 - 0.58 313989 | 1723 | 26.52 | 16.38 |-0.48| 0.62 |-0.49 | 0.13 |-0.62
0.58 — 3.60 105109 | 329 | 8.88 | 3.13 |-1.04| 0.35 |-1.05| 0.06 |-1.11
Profile  [-3.74—-0.68 64680 | 368 | 546 | 3.50 |-0.45|0.64 |-0.45| 0.02 |-0.47
Curvature [ 4 g6 21 254170 | 1856 | 21.47 | 17.64 |-0.20 | 0.82 [-0.20 | 0.05 |-0.25
-0.21-0.12 439602 | 3639 | 37.14 | 34.59 |-0.07 | 0.93 |-0.07 | 0.04 |-0.11
0.12 - 057 341772 | 3697 | 28.87 | 35.15 | 0.20 | 1.22 | 0.20 | -0.09 | 0.29
0.57 —3.92 83537 | 959 | 7.06 | 9.12 | 0.26 | 1.29 | 0.26 |-0.02 | 0.28
Slope 0-15 229601 | 458 | 19.40 | 4.35 |-1.49|0.22 [-1.50 | 0.17 |-1.67
(degree) 15 55 453515 | 3146 | 38.31 | 29.91 |-0.25| 0.78 | -0.25 | 0.13 | -0.38
2535 390678 | 5334 | 33.00 | 50.71 | 0.43 | 1.54 | 0.43 |-0.31| 0.74
3545 98387 | 1443 | 8.31 | 13.72 | 0.50 | 1.65 | 0.51 | -0.06 | 0.57
>45 11490 | 138 | 097 | 1.31 |0.30 | 1.35 | 0.30 | 0.00 | 0.31
SPI -9.90 - -2.70 26380 | 155 | 2.23 | 1.47 |-0.41|0.66 |-0.42 | 0.01 |-0.42
-2.70 - -0.67 43546 | 62 | 3.68 | 0.59 |-1.83|0.16 |-1.84| 0.03 |-1.87
-0.67 - 0.70 396448 | 1380 | 33.49 | 13.12 |-0.94| 0.39 |-0.94 | 0.27 |-1.21
0.70 - 1.66 543454 | 5467 | 45.91 | 51.97 | 0.12 | 1.13 | 0.13 |-0.12 | 0.25
1.66 - 10.73 173933 | 3455 | 14.69 | 32.85 | 0.80 | 2.24 | 0.82 | -0.24 | 1.06
TWI 1.94 456 262492 | 1532 | 22.17 | 14.56 |-0.42 | 0.66 |-0.42 | 0.09 |-0.52
4.56 —5.80 496678 | 4725 | 41.96 | 44.92 | 0.07 | 1.07 | 0.07 |-0.05 | 0.12
5.80 - 7.38 324478 | 3169 | 27.41 | 30.13 | 0.09 | 1.10 | 0.10 |-0.04 | 0.13
7.38 - 10.13 78356 | 973 | 6.62 | 9.25 | 0.33 | 1.40 | 0.34 |-0.03 | 0.37
10.13 - 19.50 21757 | 120 | 1.84 | 1.14 |-0.48|0.62 |-0.48| 0.01 |-0.49
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A surprising observation was the higher propensity for slope failure in lower lineament
density classes compared to the higher density classes within the study area. This was
probably due to the stronger effect of other factors since the concentration of higher
lineament density was mostly observed in areas with low slope angles, where land-
slide activities are naturally less frequent or absent. Therefore, it can be inferred that
lineament density have limited direct influence on landslide occurrences within the
study area. Among the various lithological units, shale emerged as the most suscep-
tible to landslides, as indicated by the higher and positive weight values in all the three
models. Also, it is the only rock type that showed spatial association with landslide
occurrence. The shale units within the study area were mostly soft, crumpled, highly-
weathered, thinly bedded and friable which make them more prone to failure than the
comparatively compact and massive sandstone unit (Mazumder et al., 2025). Other
lithological classes, including gravel, sand, and silt found along major streams, showed

no association with landslide occurrences.

In the case of LULC, a very strong correlation was observed between barren land and
landslide, particularly in the FR model with a high value of 8.18. The weight values of
barren land in the other two models were also relatively high compared to those of
other classes. Within the study area, barren lands lacked vegetative cover, and are more
exposed to weathering and erosion, which make them highly susceptible to slope fai-
lure (Sarkar et al., 1995; Gupta et al., 1999). Similarly, built-up areas and scrubland
also showed higher probability of landslide occurrence. This is mainly attributed to ex-
tensive anthropogenic activities within the settlement area, and the absence of large
trees whose root systems stabilize the slopes against erosion and landslides (Reubens
et al., 2007; Cohen & Schwarz, 2017). An indirect relationship between NDVI and
landslide occurrence was observed in the present study. It is known that the higher
NDVI values corresponds to an increase in vegetative cover density. Positive or higher
weight values were consistently observed for lower NDVI classes in all the three
models, indicating that landslides were more prevalent in areas with sparse vegetation.
Conversely, highly vegetated areas represented by higher NDVI values showed nega-
tive spatial associations which further suggested that vegetation provides natural an-

chorage and stability to slope materials (Dorairaj & Osman, 2021).
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The study area was characterized by the presence of several convex and concave
slopes, both oriented in transverse and longitudinal directions. These are known res-
pectively as profile and plan curvatures. Both the convex slopes in the profile curvature
class and the concave slopes in the plan curvature class in the study area were identified
as relatively favourable for landslide occurrences, as evidenced by the positive weight
values across all the models. Conversely, the convex plan curvatures and concave
profile curvatures showed no association with landslides, and were therefore, free from
landslide activities. A similar pattern was also observed from other studies in the Hima-

layan region (Devkota et al., 2013; Guri et al., 2015; Kumar & Gupta, 2021).

The slope angle factor analysis indicated that landslide occurrences were more fre-
quent within specific slope classes. The 35-45° slope angle showed the highest number
of landslide occurrences in both the IV and FR models, while the 25-35° slope angle
was the most associated with landslides in the WofE model. Interestingly, the highest
slope class, i.e., >45° showed no spatial association with landslides. This pattern was
observed in some studies in which landslide activity increases to a certain extent as the
slope angle increases, and gradually decreases till no further activity was observed in
the highest slope class (Jaafari et al., 2014; Wang et al., 2015; Vakhshoori & Zare,
2016; Wang et al., 2019b). Within the study area, the maximum slope class was mostly
characterized by escarpments and cliffs where the weathered materials fell off quickly.
Besides, the cliffs and escarpments were generally composed of hard rocky outcrops
which were resistant to weathering and erosional processes. Therefore, the highest

slope class showed negative spatial association with landslides.

The SPI represented the erosive power of water flow whose higher value classes
showed strong correlation with increased landslide activity. It was observed that the
highest class range of SPI (1.66—10.73) recorded maximum weight values across all
the three models (0.80 for IV, 2.24 for FR, and 1.06 for WofE). This suggested a posi-
tive influence of SPI on landslide occurrences. The lower classes, on the other hand,
showed no association with landslide. The TWI is another important factor influencing
landslide occurrences. The TWI class range of 7.38—10.13 exhibited a strong corre-
lation with landslides, showing high weight values of 0.33 for IV, 1.40 for FR, and
0.37 for WofE. However, both the highest and lowest TWI classes showed no signi-

ficant association with landslide occurrence.
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From the foregoing discussion, a more or less similarity on the spatial association of
the predisposing factors and landslide occurrences in all the three models can be ob-
served. With the exception of drainage density, profile curvature and slope factors, the
remaining factors uniformly have identical highest weight values in their respective
classes in all the three models. However, a closer and more detailed analysis of the
relationships between landslides and individual factor classes showed some variations
in their relative influence on slope instability within the study area. The LULC factor
indicated a strong positive correlation with landslide occurrences, as all the classes
considered susceptible consistently showed high or positive weight values across all
the three models. A similar correlation can be observed among the classes of lithology,
SPI, NDVI, slope and TWI factors, and thus they may be considered the most signi-
ficant and influential factors in influencing mass movements. In contrast, factors such
as aspect, lineament density, and drainage density were found to have a relatively little

influence on landslide susceptibility within the study area.

6.4 Social Vulnerability

The social vulnerability was assessed based on the existing framework using the socio-
economic and demographic data obtained from the Census 2011 which were divided
into sensitivity and lack of resilience variables. The results of this assessment revealed
a distinct spatial distribution of social vulnerability across the study area. The highest
social vulnerability level, indicated by index values between 0.62 and 1, extended over
16.27 km?, representing 13.75% of the total study area. The highest social vulnerability
class was mostly observed in the peripheral areas, comprising seven local councils,
with one local council located in the central area. A moderate social vulnerability class,
having index values ranging from 0.31 to 0.62, stretched over 43.73 km? with 36.98%
of the total study area. This particular class was distributed across the middle sections
of the study area, and covered 37 local councils. The lowest vulnerability level, with
index values from 0 to 0.31, dominated the municipal area which spanned over an area
of 58.25 km? which is 49.26% of the total study area. This low vulnerability was main-
ly concentrated in the southern and northern portions, including the core of the area
covering 31 local councils. The social vulnerability map and the local council-wise

distribution of the different classes are shown in Figure 6.7 and Table 6.3, respectively.
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Fig. 6.7 Social Vulnerability Map of the Study Area

Table 6.3 Distribution of social vulnerability class across various local councils

Sl.
No.

Class

Local Councils

Low

Bungkawn, Chaltlang, Chanmari, Chanmari West, Chawnpui, College
Veng, Dawrpui, Durtlang, Durtlang Leitan, Durtlang Vengthar, Electric
Veng, Hlimen, Khatla, Khatla South, Kulikawn, Laipuitlang, Luangmual,
Melthum, Mission Veng, Mission Vengthlang, Ramhlun Venglai, Ram-
thar Veng, Saikhamakawn, Thakthing, Tlangnuam, Vaivakawn, Veng-
hlui, Venghnuai, Zarkawt, Zonuam, Zotlang

Moderate

Aizawl Venglai, Armed Veng, Armed Veng South, Bawngkawn,
Bawngkawn South, Bethlehem Veng, Bethlehem Vengthlang, Bungkawn
Vengthar, Chawlhhmun, Chhinga Veng, Chite, Dam Veng, Dawrpui
Vengthar, Dinthar, Falkland, Govt Complex, Hunthar Veng, ITI Veng,
Kanaan Veng, Maubawk, Nursery, Ramhlun North, Ramhlun South,
Ramhlun Sports Complex, Ramhlun Vengthar, Ramthar North, Republic
Veng, Republic Vengthlang, Sakawrtuichhun, Salem Veng, Sarawn Veng,
Tuikual North, Tuikual South, Upper Republic, Zemabawk, Zemabawk
North, Zuangtui

High

Edenthar, Lawipu, Muanna Veng, Rangvamual, Selesih, Thuampui, Tan-
hril, Tuithiang
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The averaging of the 10 indicators of the sensitivity and lack of resilience variables
was portrayed in the form of social vulnerability of the residents of the Aizawl muni-
cipal area. The reasons for the elevated vulnerability in the highest class could be due
to the fact that this class was characterized by the convergence of high sensitivity and
lack of resilience scores. This included higher concentrations of low-income house-
holds, non-workers and rented accommodations including high dependency ratios.
This resulted in the limited access to resources and economic insecurity which exa-
cerbate the vulnerability to various hazards and impedes coping mechanisms for the

residents (Adger, 1999; Biswas & Nautiyal, 2023).

The moderate vulnerability class was characterized by a composite interaction of vul-
nerabilities. For instance, while the areas falling within this class may exhibit certain
degree of economic stability, other indicators such as population density and the high
percentage of households living in rented accommodations still contribute to their vul-
nerability. The areas within the low vulnerability level have shown better resilience
due to higher income levels, more robust infrastructure and improved socio-economic
conditions. Consequently, these areas have higher literacy rates, better access to servi-
ces and other opportunities (Saitluanga, 2018) which can help in mitigating the adverse

consequences of disasters.

The contributions of all the indicators to the overall social vulnerability of the study
area was further analyzed which provided important insights into the drivers of social
vulnerability within the study area, and is shown in Figure 6.8. The analysis revealed
that the female population was the most significant contributor, accounting for 19.56%
of the overall social vulnerability. This indicated that gender-related vulnerabilities
were the major influence of the social vulnerability. Within the study area, gender dis-
parity is negligible, with women enjoying relatively equal opportunities. They contri-
buted significantly to household income and are dominating in both the entrepreneur-
ship and government employment sectors (Guha & Adak, 2014; Lalremruati & Rama-
swamy, 2014). However, their perceived inherent physical and mental frailties, with
caregiving responsibilities, still rendered them more vulnerable. Another important
contributor was households living in rented accommodations, with 17.72% to the over-
all social vulnerability. Renters within the study area were composed of a mix of the

indigenous Mizos from other parts of the state, and those non-Mizos who tempora-
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= Children Population (11.93%)
Non-Workers (10.43%)
= Elders Population (10.10%)

H ® Female Population (19.56%)
= Rented Accommodation

8.82% = llliterate Population (8.82%)
= Population Density (7.4%)

u Non-Assets (5.97%)
= Low Income (4.87%)
= Without Electricity (3.2%)
10.10%
11.93%

Fig. 6.8 Contributions of the indicators to the Social Vulnerability

rily residing from other parts of the country and neighbouring countries as well. Demo-
graphic indicators played a considerable role in shaping social vulnerability. The child-
ren population (under 6 years) contributed to 11.93%, non-workers (persons without
work/jobs) contributed to 10.44%, and the elders population (above 65 years) contri-
buted to 10.10% of the total social vulnerability. These groups of people collectively
led to higher dependency ratios, limited economic participation, and reduced resilience

capacities, which further necessitated targeted interventions.

Moderate contributions to social vulnerability were observed from illiteracy (8.82%),
population density (7.40%), and households without assets (5.97%) indicators. Illite-
racy restricts access to information and job opportunities, while high population den-
sity in urban areas can lead to resource scarcity and overburdened infrastructure. The
absence of household assets reflects economic fragility, which directly reduces the abi-
lity to cope with disasters (Vatsa, 2004). The least contributing indicators to the overall
social vulnerability were households with low income (4.87%) and those without elec-
tricity (3.19%). Although their influence on the total social vulnerability index was
relatively lower in this assessment, these figures indicated the presence of urban poor
sections within the municipality that warrant sustained attention for long-term deve-

lopment efforts.
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6.5 Physical Vulnerability

In the present study, the assessment of physical vulnerability focused on the built infra-
structures, namely buildings and road networks within the study area considering the
materials used for construction and their exposure to landslide intensities. The resul-

ting physical vulnerability map is shown in Figure 6.9.
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Fig. 6.9 Physical Vulnerability Map of the Study Area

Among the building types, the RCC structures showed the highest resilience, with the
majority of their area comprising of 317.72 ha (57.8% of the total building area) falling
under the low vulnerability class, and a considerable portion of 89.74 ha (16.32%) lo-
cated under the moderate vulnerability class. The Semi-RCC buildings were distribu-
ted across all the vulnerability classes, with an area of 6.62 ha (1.2%), 52.84 ha (9.61%)
and 20.91 ha (3.80%) situated under the low, moderate and high vulnerability classes,

respectively. The AT buildings, regarded to be the least resistant, predominantly con-
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tributed to the high vulnerability class with an area of 56.75 ha (10.32%), and a smaller
portion of 5.15 ha area (0.94%) located in the moderate vulnerability class. Table 6.4

shows the distribution of buildings across the different vulnerability classes.

Table 6.4 Distribution of building vulnerability class

SI. No. Building Class Vulnerability Area in hectare Areain %
Low 317.72 57.8
1 RCC
Moderate 89.74 16.32
Low 6.62 1.2
2 Semi-RCC Moderate 52.84 9.61
High 20.91 3.8
Moderate 5.15 0.94
3 Assam-Type -
High 56.75 10.32
Total 549.72 100

In the case of road network, metalled roads exhibited high resilience, dominating the
low vulnerability zone with 396.10 km which is 36.95% of the total network length. A
total length of 126.04 km (11.76%) was under the moderate vulnerability class. The
unmetalled roads, due to their inherent fragility, dominated the high vulnerability class
with 472.97 km, comprising 44.13% of the total network length. A considerable length
of 76.36 km (7.12%) was within the moderate vulnerability class. The bridges which
constituted only a small fraction of the total road length, were distributed across all the
vulnerability classes. A minimal length of 0.12 km (0.01%) was located within the low
vulnerability class. A small stretch of 0.22 km, constituting 0.02% of the total network
length was under the moderate class while the high vulnerability class accommodated
only 0.05 km length. The distribution of the road classes across the different vulnera-

bility zones are shown in Table 6.5.

The classification of physical vulnerability was derived from the GIS-based analysis
of the characteristics of the infrastructure and the landslide hazard zones using the
matrix-based approach. The results showed that when infrastructure with the lowest
weight (RCC buildings and metalled roads) intersected with the highest hazard zone,

the maximum vulnerability score attained was 4, which corresponds to the moderate
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Table 6.5 Distribution of road vulnerability class

SI. No. Road Class Vulnerability Length in km Length in %
Low 396.10 36.95
1 Metalled

Moderate 126.04 11.76
Low 0.12 0.01
2 Bridge Moderate 0.22 0.02
High 0.05 0.00
Moderate 76.36 7.12

3 Unmetalled
High 472.97 44.13
Total 1071.86 100

vulnerability class. Since the high vulnerability class was defined by scores of 5 and
6, the RCC buildings and metalled roads did not fall into this category even when
located within the high hazard zone. This outcome indicated their inherent structural
resilience, which minimized their vulnerability to severe structural damage from land-
slide impact. Conversely, when infrastructures with the highest weights (AT buildings
and unmetalled roads) intersected with the lowest weight of landslide hazard zone, the
matrix produced a minimum vulnerability score of 4 which is the moderate class. The
analysis further allowed these infrastructures to attain higher scores of 5 or 6, which is
the highest vulnerability class. Consequently, these scores allocated the AT buildings
and unmetalled roads either in the high or moderate vulnerability classes, but not in
the low class even when they were in the low hazard zone. This indicated that these
infrastructures were intrinsically vulnerable to damage or failure to landslide impacts

owing to their inherent structural fragility and the absence of reinforced materials.

The present study highlighted the importance of construction materials and structural
integrity in determining the physical vulnerability of buildings and roads to landslide
hazard. The RCC buildings and the metalled roads, constructed respectively with ce-
ment concrete and steel reinforcement, and hard rocks with bitumen or asphalt, have
the highest resistance. The combination of cement concrete and steel structure rein-
forcement used in RCC buildings gives the structure more tensile strength as well as

compressive strength, and enhances the overall structural integrity (Reynolds et al.,
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2007), and are therefore, generally less vulnerable to landslides (Cardoso et al., 2023;
Shi et al., 2024). It was observed that RCC buildings suffered slight damage from land-
slide impact pressure below 35 kPa while the non-RCC buildings were found to be
completely destroyed at pressure above 30 kPa (Kang & Kim, 2016). Likewise, the
metalled roads have better drainage and structural support, and reduce the risk of land-
slides compared to unmetalled roads which are considered to be more susceptible to
erosion and instability. Thus, the design and the materials used in RCC buildings and

metalled roads contribute to their enhanced durability against landslide phenomena.

Most of the bridges, although very few in number and small-length within the study
area were constructed across small streams perpendicular to the slope of the terrain.
The inherent instability nature of the slope coupled with heavy rainfall and unstable
foundations were significant factors for their vulnerability to landslides. In addition,
the foundations on which the abutments were constructed are often subjected to fre-
quent toe-erosion due to torrential flow of water, and were rendered vulnerable. The
unmetalled roads were considered the least resistant owing to direct exposure to
landslide hazard without any reinforced materials on the surface. Further, they were
usually devoid of proper drainage which can facilitate efficient surface runoff. This
often results in surface water accumulation and subsequent seepage underneath. This

rendered them relatively more vulnerable to failure, particularly along the hill slope.

A notable observation regarding the distribution of building types is the increasing pre-
valence of RCC buildings within the study area. This trend suggested a shift towards
more robust and resilient construction practices as far as landslide hazard is concerned.
Apart from its structural durability, RCC buildings are preferred in the study area for
high-density housing to meet the growing urban population (Saitluanga, 2017b). His-
torically, traditional timber construction was common, but it is progressively being
replaced by modern construction practices that utilize RCC materials. According to
Welsh-Huggins et al. (2017), approximately 47% of the buildings in Aizawl city were
constructed using RCC materials. However, the present study revealed that this propor-
tion has now risen to over 50% of the total building stock. This suggested that as urba-
nization progresses within the Aizawl municipal area, RCC construction, with its pro-

minent durability and strength, is likely to further dominate the built environment.
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6.6 Combined Vulnerability

By integrating the social and physical vulnerabilities, the combined vulnerability was
generated which represents the overall vulnerability of the study area. Figure 6.10
shows the resulting combined vulnerability map. The map showed a more compre-
hensive understanding of the overall vulnerability to recognize that it is not solely de-
termined by either social or physical factors, but rather by their complex interaction.
The different classes of the combined vulnerability showed certain variations in spatial
extent. The high vulnerability class covered the smallest area, occupying 83.91 ha
which accounts for 10.22% of the area. This was followed by the moderate class which
covered an area of 193.82 ha, comprising 23.60% of the total area. The low vulne-
rability class constituted the largest portion with an area of 543.45 ha which represents
66.18% of the total area. Table 6.6 shows the distribution of the different combined

vulnerability classes in the study area.
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Fig. 6.10 Combined Vulnerability Map of the Study Area
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Table 6.6 Distribution of combined vulnerability class

SI. No. Vulnerability Area in hectare Areain %
1 Low 543.45 66.18
2 Moderate 193.82 23.6
3 High 83.91 10.22
Total 821.19 100

The spatial distribution of combined vulnerability levels showed distinct patterns that
reflected the interaction between the social and physical factors in determining the
overall vulnerability profile of the Aizawl Municipality. It can be observed that areas
with high physical vulnerability, such as those with a predominance of AT buildings
and unmetalled roads, do not necessarily coincide with areas of high social vulnera-
bility. However, when these two factors do converge, it resulted in the high combined
vulnerability class, which were mostly located in the peripheral areas of the study area.
This is suggestive of a compounding effect where socio-economic challenges intersec-
ted with infrastructural fragilities which proportionately increased the overall vulnera-
bility to landslide hazards. This is particularly relevant considering the rapid urbani-
zation and the proportional increase in population density, which exerted additional
pressure on the infrastructure and resources, particularly in areas already characterized
by high vulnerability. The moderate vulnerability class, which occupied the second
largest area, was spread across areas where either the social or physical vulnerability
showed higher levels while the other remained relatively lower which subsequently
generated a balanced effect on the overall vulnerability. This class was characterized
by mixed development patterns and varying socio-economic conditions of the study

area.

The low combined vulnerability class was mainly concentrated in the central part of
the municipality. This is due to the presence of more robust building construction, bet-
ter infrastructure and populations with greater socio-economic resources and coping
capacities. The relative dominance of this vulnerability class (66.18%) suggested that
a considerable portion of the municipality has developed some degree of resilience

through infrastructural improvements and social development. However, it is impor-
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tant to keep in mind that this is an indicative of lower degree of combined vulnerability
when compared to other areas with high and moderate classes, and does not necessarily

imply complete absence of the vulnerability.

The combined vulnerability showed varying distribution of vulnerability levels across
the study area. The peripheral areas were showing comparatively higher vulnerability
levels than the central core areas. This pattern is consistent with typical urban develop-
ment trends, where the new and less-planned developments usually concentrate at the
peripheries, while the core area remains more well-established and developed in terms
of services and infrastructures. The present study also emphasized the necessity of
considering both physical and social aspects in vulnerability assessment, since areas
with similar physical characteristics revealed different combined vulnerability levels

based on their social characteristics and vice versa.

6.7 Landslide Risk

The assessments of landslide risk for exposed elements of risk, i.e., buildings and roads
within the study area were carried out by integrating the combined vulnerability and
the landslide hazard. Figure 6.11 shows the resulting landslide risk index map of the
study area. The landslide risk evaluation for building revealed varying degrees of risk
within the different building types. In spite of their inherent structural resistance, the
RCC buildings showed wide distribution across all the risk classes. A considerable
portion of 45.70 ha (8.31%) was falling within the high risk zone, while the moderate
risk class accommodated an area of 64.59 ha (11.75%). Majority of the RCC buildings,
which comprised an area of 297.23 ha (54.07%) were within the low risk class. The
Semi-RCC buildings exhibited a more evenly distributed risk pattern. About 20.85 ha
(3.80%) fell into the high risk class, 31.44 ha (5.72%) into the moderate risk class, and
28.06 ha (5.10%) were located under the low risk class. Although structurally less-
resilient, the AT buildings showed lower occurrences in the high risk class with an area
of 16.55 ha (3.01%). However, a substantial portion, comprising 40.76 ha (7.42%) was
within the moderate risk class, and a smaller area of 4.56 ha (0.83%) fell into the low
risk class. The distribution of the different risk classes for buildings are shown in the

Table 6.7.
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Table 6.7 Distribution of building risk class

SI. No. Building Class Risk Class Area in hectare Areain %
Low 297.23 54.07
1 RCC Moderate 64.59 11.75
High 45.7 8.31
Low 28.06 5.1
2 Semi-RCC Moderate 31.44 5.72
High 20.85 3.8
Low 4.56 0.83
3 Assam-Type Moderate 40.76 7.42
High 16.55 3.01
Total 549.72 100
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With respect to the road network, the metalled roads, despite being the most resistant,
still showed notable exposure to risk, with a length of 64.30 km (6.00%) falling under
the high risk class. A length of 101.66 km (9.48%) was classified as moderate risk,
while the low risk class dominated the total network length with 358.96 km (33.49%)).
The unmetalled roads, due to their inherent fragility, exhibited the highest risk among
all road types, with 112.83 km (10.53%) falling into the high risk class. Furthermore,
a stretch of 194.53 km (18.15%) was within the moderate risk class, and a length of
239.21 km, constituting 22.32% of the total length was in the low risk class. As expec-
ted, the bridges showed a comparatively lower risk among all the road classes due to
their minimal length. A negligibly small length of 0.05 km was within the high risk
class. The moderate and low risk classes respectively covered 0.23 km and 0.11 km of
the total road network. Table 6.8 presents the distribution of risk classes for road net-

work.

Table 6.8 Distribution of road risk class

SI. No. Road Class Risk Class Length in km Length in %

Low 358.96 33.49

1 Metalled Moderate 101.66 9.48
High 64.30 6.00

Low 0.11 0.01

2 Bridge Moderate 0.23 0.02
High 0.05 0.00

Low 239.21 22.32

3 Unmetalled Moderate 194.53 18.15
High 112.83 10.53

Total 1071.86 100

The fundamental principle guiding this assessment was that landslide risk is a function
of the hazard and the vulnerability of exposed elements at risk. The assessment extend
beyond the conventional hazard-centric viewpoint to a more holistic understanding,
which demonstrated that risk results from the intersection of natural processes and
vulnerable built environment. It is the characteristics of the buildings and infrastructure

exposed to the hazard that ultimately influence the landslide risk in the study area.
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The present risk assessment showed that landslide risk is not only determined by the
hazard intensity but is also considerably influenced by the vulnerability of the exposed
elements. The analysis revealed a clear spatial variability between the hazard and risk
which illustrated that the moderate hazard zones can still experience high landslide
risk when intersected with elements characterized by high combined vulnerability. For
example, the AT buildings and unmetalled roads, when located within moderate hazard
zones but exhibiting high combined vulnerability (as determined by the integration of
social and physical vulnerability indices), were classified as belonging to the high risk
category. This indicated that the intrinsic structural fragility of certain building types,
such as AT constructions, and the structural inadequacy of unmetalled roads, increased

the risk even in areas not classified under the highest hazard zones.

Conversely, the assessment also revealed that areas situated within high hazard zones
may exhibit comparatively lower landslide risk if they are predominantly occupied by
elements with low combined vulnerability. For instance, the RCC buildings and metal-
led roads, due to their inherent structural resilience and construction quality, were fre-
quently classified under low or moderate risk classes, despite being exposed to high
hazard intensities. This finding revealed the protecting role of the physical strength
and infrastructure quality in reducing the potential risk even under adverse hazard con-

ditions.

The risk evaluation further illustrated the diverse risk profiles associated with different
building and road types across the municipal area. While the majority of RCC buil-
dings (54.07%) were found in the low risk class, a non-negligible proportion (8.31%)
still appeared in the high risk class. This showed the spatial variability and interaction
between the hazard and the combined vulnerability. The pattern for the unmetalled
roads was even more prominent, with over 10% classified under high risk, as opposed
to the metalled roads which accommodated only 6% of the total length within the high
risk category.

These results collectively revealed the necessity of integrating both hazard and vulne-
rability dimensions in the risk assessment framework. Relying solely on hazard inten-
sity can underestimate the actual risk posed to certain infrastructure, particularly in

rapidly urbanizing settlements with varying social and physical vulnerabilities. The
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present findings also emphasized the urgent need for taking up effective landslide risk
reduction measures within the study area by reducing the hazard exposure wherever
feasible. Equally important is the strengthening of the resilience of vulnerable elements
such as upgrading construction materials, improving road infrastructure, and targeting
social vulnerability hotspots. This holistic approach is essential for the development
and implementation of evidence-based policies aimed at minimizing landslide impacts

and safeguarding both lives and assets within the Aizawl municipal area.

6.8 Limitations of the Study

The present study acknowledges several limitations, which are important for interpre-
ting the findings and for guiding future research and policy recommendations. These
limitations mainly constitute data availability, methodological constraints, and the dy-
namic nature of the studied phenomena. With regard to the landslide susceptibility
assessment, the landslide inventory dataset, which formed a fundamental basis for the
susceptibility mapping, do not represent the complete landslide events within the area,
particularly those of historical events. This is primarily due to lack of recorded data
and the characteristics of the inventory data such as date of occurrence, geographical
location, size, etc. This limitation could influence the spatial distribution of the diffe-
rent susceptibility zones and the overall accuracy of the resulting maps. Another limi-
tation is the selection of predisposing factors for the assessment, which was mainly
based on data availability. The assessment may fail to include other important influen-

cing parameters for landslide occurrences in the study area.

Another significant and obvious limitation is the use of the 2011 Census data for the
social vulnerability assessment. The data was more than a decade old, and considerable
changes in population dynamics, socio-economic conditions, and spatial distribution
patterns could have happened since then. This may lead to an inaccurate representation
of the current social vulnerability status of the resident population. Furthermore, the
choice of the indicators, which was primarily guided by the availability of data, may
not capture all relevant aspects such as access to healthcare, community participation
and coping strategies which are important for social vulnerability evaluation (Rufat et
al., 2015). Regarding the assessment of physical vulnerability, the study utilized cons-

truction materials as a proxy for structural resistance due to constraints in data avai-
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lability. This approach overlooked several other critical factors such as building age,
the number of floors, geographic location, and the state of maintenance which were
not incorporated into the analysis. Besides, the subjectivity in numerical weight assign-

ments may also introduce bias in the analyses which could affect the overall results.

The lack of reference data for infrastructure damages within the study area limits the
validation for the landslide risk assessment results which may introduce a degree of
uncertainty. Due to the absence of the temporal and magnitude information on land-
slide events, the susceptibility map was utilized as a substitute for the landslide hazard
map. This may not fully represent the actual landslide hazard potential which could
further lead to either an underestimation or overestimation of the actual risk levels.
Lastly, the study was unable to perform risk assessment specifically for the population
due to data constraints on the distribution of persons within each building which fur-

ther adds to another major limitation of the assessment.

These limitations, particularly those arising from data scarcity and the temporal aspects
of some datasets, highlighted areas for future research. Addressing these aspects by
incorporating more recent and relevant data, along with refining methodological
approaches to include a broader range of vulnerability factors and population risk,
would greatly enhance the comprehensiveness and accuracy of landslide risk assess-

ment within the Aizawl municipal area.

187



CHAPTER 7

CONCLUSION AND RECOMMENDATIONS

The present research carried out a comprehensive assessment of landslide suscepti-
bility, vulnerability and risk within the Aizawl municipal area. The study employed a
methodological framework that integrated geospatial techniques, quantitative bivariate
statistical models, and socio-economic and physical infrastructure data, and sought to
evaluate the interaction of these factors in contributing to landslide hazards and the
subsequent risk posed by them. The study utilized an inventory of 381 rainfall-induced
shallow landslides and twelve conditioning factors to generate the susceptibility maps.
The assessment for social vulnerability was conducted using the socio-economic and
demographic indicators derived from Census 2011 data, while the physical vulnerabi-
lity was evaluated using the buildings and road networks obtained through manual
digitization of high-resolution Google Earth® images. A landslide risk index for the
study area was ultimately generated from the product of the hazard and combined vul-
nerability. This chapter summarizes the main findings of the research, and provides
recommendations for enhanced landslide risk management and future research direc-

tions.

7.1 Landslide Susceptibility

The landslide susceptibility mapping utilized three bivariate statistical models, namely,
Information Value (IV), Frequency Ratio (FR), and Weight of Evidence (WofE). The
resulting susceptibility maps were classified into High, Moderate and Low zones. All
the three models performed satisfactorily in producing reliable landslide susceptibility
maps, with the WofE model showing slightly higher success rate (83.93%) and pre-
diction rate (83.79%) compared to the IV and FR models with the success rates of
83.85% and 83.72%, and prediction rates of 83.71% and 83.58%, respectively.

A general similarity was observed in the spatial distribution of susceptibility zones
across the models. However, the areal extent of these zones showed certain variations

among the models. The moderate zone occupied maximum area in all the three models
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which was followed by the low susceptibility zone in both the FR and WofE models.
The low susceptibility zone occupied the smallest area in the IV model. Naturally, a
majority of landslides were located in the high susceptibility zone, with the IV model
having 65.72%, FR with 61.03%, and WofE having 57.13% of total landslides in the
high susceptibility zone.

The analysis of the spatial correlation between the predisposing factors and landslide
occurrences provided insights into their influence on slope instability. The east, south-
east, and south-facing slopes, shale unit, higher elevation, built-up, scrubland, barren
land, and high slope angles showed positive influence among the various factor clas-
ses. On the other hand, LULC, lithology, SPI, NDVI, slope angle, and TWI were
identified as the most significant and influential factors for mass movements, while
aspect, lineament density, and drainage density had relatively less influence. The pre-
sent landslide susceptibility assessment showed that the bivariate statistical models,
specifically the IV, FR and WofE can be employed successfully to produce reliable and
highly accurate results, which can further be suitably utilized for the implementation

of future land use planning within the study area.

7.2 Social Vulnerability

The social vulnerability assessment was carried out using five indicators each for the
sensitivity and lack of resilience variables using Census 2011 data at the local council
level. The highest social vulnerability class was mainly observed in the peripheral
areas which is represented by higher concentrations of low-income households, non-
workers, and rented accommodations, along with high dependency ratios. The mode-
rate social vulnerability class was mostly concentrated in the central part of the muni-
cipal area which exhibited mixed vulnerabilities where economic stability might be
present but factors like population density or rented accommodation still contributed
to vulnerability. The lowest social vulnerability level dominated the Aizawl municipal
area which spread across the southern, northern, and the central portions. This class
was mainly attributed to better resilience factors such as higher income levels, robust

infrastructure, and improved socio-economic conditions.
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Analysis of individual indicator contributions revealed that the female population was
the most significant contributor to the overall social vulnerability. Households in ren-
ted accommodations also highly contributed, indicating vulnerability due to potential
displacement and economic insecurity. Demographic indicators like children popula-
tion, non-workers, and elders population also collectively influenced the social vulne-
rability to a considerable extent due to higher dependency ratios and reduced resilience
capacities. Moderate contributions came from illiteracy, population density, and house-
holds without assets. Low income and lack of electricity were the least contributing
indicators, which highlighted the presence of urban poor sections that warrant attention

and targeted support.

7.3 Physical Vulnerability

The physical vulnerability assessment focused on the built infrastructures such as buil-
dings and road networks. Among the building types, the RCC structures showed the
highest resilience, with the majority of the area falling under the low vulnerability
class. The semi-RCC buildings were distributed across all the classes, with smaller
portions in the low and in the moderate classes, and a notable portion in the high vulne-
rability class. The AT buildings were the least resistant buildings, predominantly con-
tributing to the high vulnerability class and a smaller portion to the moderate vulne-

rability zone.

In case of the road networks, the metalled roads exhibited high resilience, dominating
the low vulnerability zone. The bridges, though minimal in length, were distributed
across all vulnerability classes, due to their location across streams and unstable ter-
rains, and susceptibility to toe-erosion. The unmetalled roads were inherently fragile,
with their considerable length in the high vulnerability class, and a notable length in

the moderate vulnerability zone.

The present study revealed that both the RCC buildings and metalled roads showed
inherent structural resilience, which can potentially minimize severe damage even
when located in the highest hazard situations. Conversely, the AT buildings and unme-
talled roads were intrinsically vulnerable, most of which were classified in the mode-

rate or the high vulnerability class due to their structural fragility and absence of rein-
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forced materials. As far as landslide hazard is concerned, the present study noted in-
creasing shift towards more resilient construction practices in the study area, with the

RCC buildings being preferred over the traditional timber construction.

7.4 Combined Vulnerability

The integration of social and physical vulnerabilities provided a comprehensive under-
standing of the overall vulnerability profile of the Aizawl municipal area. The low
combined vulnerability class constituted the largest portion, and is predominantly con-
centrated in the central part of the municipality. This is characterized by more resilient
buildings, better infrastructure, and relatively better socio-economic resources. The
moderate class spread across areas where either social or physical vulnerability was
higher which created a balanced overall effect, and is characterized by mixed develop-
ment patterns. The high combined vulnerability class covered the smallest area, mostly
located in peripheral areas where high physical and social vulnerabilities converged
which indicated a compounding effect of socio-economic challenges and infrastructu-
ral fragilities. This assessment highlighted that the overall vulnerability is an interac-
tion of both the social and physical factors, and not determined by only one factor. The
peripheral areas exhibited higher combined vulnerability levels compared to the core
area, which is consistent with typical urban development patterns where new and less-

planned developments occur at the peripheries.

7.5 Landslide Risk

Landslide risk was assessed as a function of the landslide hazard and the combined
vulnerability index. The assessment was limited to the physical infrastructures due to
constraints on data for building occupants and economic costs. The landslide risk
assessment revealed varying degrees of risk within different building types and road
networks. Although the RCC buildings showed wide distribution across all risk class-
es, majority of their areas fell under the low risk class, which revealed the spatial
variability of the hazard and vulnerability. The semi-RCC buildings exhibited a more
evenly distributed risk pattern across the high, the moderate, and the low risk classes.
The AT buildings, being structurally less resilient, showed relatively higher occurren-

ces in the moderate and the high risk classes, and a small portion in the low risk class.
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Regarding the road networks, the metalled roads, despite high resistance, still showed
notable exposure to risk, but majority of the total length occurred in the low risk class.
Owing to their inherent fragility, the unmetalled roads exhibited the highest risk among
all road types, but still showed higher occurrences in the low and the moderate classes.

The bridges showed comparatively lower overall risk due to their negligible length.

The study highlighted that landslide risk is not solely determined by hazard intensity
but is considerably influenced by the vulnerability of exposed elements. This implies
the necessity of integrating both hazard and vulnerability dimensions in the risk assess-
ment framework to avoid under- or over-estimation of the actual risk. It also showed
that risk mitigation measures should address both the socio-economic aspects and the
resilience of the physical infrastructures to minimize the disasters caused by landslides.
The results further showed the protective role of physical strength and infrastructure

quality in reducing potential risk even under adverse hazard conditions.

The present study successfully developed and validated a comprehensive methodology
for landslide susceptibility, vulnerability, and risk assessment in the Aizawl municipal
area. By integrating geospatial data, statistical models, and detailed socio-economic
and infrastructural characteristics, the study provides valuable insights into the spatial
patterns and underlying factors of landslide risk. An important conclusion is that risk
1s a multifaceted phenomenon which arises from the intricate interaction between natu-
ral hazards and the social and physical vulnerabilities of the exposed elements. This
concept goes beyond a hazard-centric view which emphasized that both the intensity
of the natural process and the inherent resilience or fragility of human communities
and their built environment collectively determine the ultimate risk. The spatial varia-
bility revealed, with peripheral areas generally exhibiting higher combined vulnera-
bility and risk, points towards the dynamic challenges of urban expansion in hilly

terrains.

7.6 Recommendations

Based on the findings of this study, the following recommendations are proposed for
effective landslide risk reduction, sustainable development, and future research within

the Aizawl municipal area:
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7.6.1 For Landslide Risk Reduction and Management

1. Prioritizing Targeted Interventions in High Risk Zones: Resources and mitiga-
tion efforts should be focused on the identified high susceptibility and high risk zones,
particularly in the central longitudinal portion and the peripheral areas where there
were convergence of high social and physical vulnerabilities. It is also strongly recom-
mended to develop and implement landslide early warning systems, and formulation

of evacuation plans specifically designed for these areas.

2. Strengthening Regulatory Frameworks and Land Use Planning: Although the
present Slope Development and Slope Modification (SD&SM) Regulation 2017 is
being enforced, there is still a need to enforce stricter zoning regulations and building
codes, especially in the identified high susceptibility and high risk zones, and to restrict
new constructions in areas which are currently susceptible and vulnerable. Promoting
sustainable land use practices that discourage extensive anthropogenic activities along
unstable slopes, particularly in barren lands and scrublands which show a high correla-

tion with landslides, is also necessary for long-term stability.

3. Upgrading Vulnerable Infrastructure: Investment is required to improve the
structural integrity of the unmetalled roads and the AT/Semi-RCC buildings, especially
those located in the moderate to high hazard zones. This could involve reinforcing con-
struction materials, and mandating geotechnical evaluation and engineered/architec-
tural design for construction of any infrastructure. Strengthening of foundations of the
bridges against toe-erosion and subsidence is important in view of their vulnerability

to torrential water flow and seepage underneath.

4. Implementing Integrated Environmental Management Strategies: Comprehen-
sive afforestation schemes should be initiated especially in barren lands and sparsely
vegetated areas to enhance slope stability and reduce erosion. Improving and maintain-
ing drainage networks, particularly in high drainage density areas is necessary to ma-

nage surface runoff and prevent water seepage that can reduce shear strength.

5. Addressing Social Vulnerability Hotspots: Targeted social development and pro-

tection initiatives are needed especially for the peripheral areas and local councils
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identified with high social vulnerability. These initiatives should focus on improving
access to resources, enhancing economic security for low-income households and non-
workers, and providing specific support mechanisms for vulnerable groups such as
women, children, and the elderly. Support for community-based disaster preparedness

and resilience-building initiatives are also highly recommended.

6. Fostering Holistic and Integrated Policy Development: Policy-making should
emphasize an integrated approach that considers both the physical (infrastructure qua-
lity and land use) and the social (demographics and socio-economic status) dimensions
of vulnerability. Moving beyond hazard-centric disaster management to a comprehen-
sive risk reduction framework that incorporates vulnerability assessments is required

to safeguard lives and the assets.

7.6.2 For Future Research and Methodological Improvements

1. Landslide Inventory Data: Future research should prioritize systematic landslide
inventory mapping to capture complete landslide events, including accurate geogra-
phical coordinates, exact dates of occurrence, failure types, and sizes of the landslide.
This would considerably improve the accuracy of susceptibility models and allow for

spatio-temporal analysis of landslide triggers.

2. Rainfall Data: Since rainfall is the major triggering factor for landslides in the study
area, incorporating accurate and comprehensive rainfall data is required, particularly
for intensity-duration thresholds evaluation. This will enable to include the temporal
probability of a landslide event for developing actual landslide hazard maps for the
Aizawl municipal area. For this, it is important to invest in and install a network of
additional rain gauge stations throughout the study area to capture the spatial and tem-
poral variability of rainfall. This will provide high-resolution data on intensity, dura-

tion, and cumulative precipitation for accurate landslide hazard assessment.

3. Vulnerability Data: For social vulnerability, a new and more recent socio-economic
and demographic data is essential to accurately reflect current population dynamics
and social vulnerability status. Additional relevant indicators such as access to health-

care, coping strategies and community participation may be incorporated to provide a
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more comprehensive assessment. For physical vulnerability evaluation, detailed data
on other critical factors like building age, number of floors, construction quality, and
maintenance status may be included which would allow moving beyond construction
materials as a sole proxy for structural resistance. Data on the distribution and density
of occupants within individual buildings is needed to enable a specific assessment of
risk to human lives, which was a limitation in the current study. Furthermore, collec-
ting data on construction and repair costs of infrastructures within the study area is
necessary to quantify potential economic losses due to landslides which will provide a

more complete picture of landslide impacts.

4. Refining Methodological Approaches: Exploring alternative methods such as Al-
driven models (ML, DL, XAl etc) for susceptibility mapping could provide compa-
risons of predictive performances. The subjectivity in numerical weight assignments
for physical vulnerability components could be reduced by developing more data-dri-
ven or expert-validated weighting schemes to enhance objectivity. It is also necessary
to incorporate temporal and magnitude probabilities of landslide events to transform
susceptibility maps into actual landslide hazard maps for providing a more accurate

representation of hazard potential and risk levels.

5. Integration of Dynamic Factors: Future studies should consider the dynamic na-
ture of landslide occurrences by integrating factors like climate change projections
(e.g., changes in rainfall patterns). Equally important is the incorporation of future ur-
banization growth scenarios into the susceptibility and risk models to account for the

rapidly evolving conditions.

6. Monitoring and Validation: Establishing a framework for continuous monitoring
and data collection is essential to enable studies that identify changes in susceptibility
or hazard, vulnerability, and risk over time. In addition, conducting empirical valida-
tion of risk assessment results through post-disaster damage surveys would help cali-

brate and improve the accuracy of the models.

7. Continual Updating of Landslide Susceptibility/Hazard Zonation Map: In a
rapidly urbanizing settlement like Aizawl, it is important to regularly update the land-

slide susceptibility/hazard zonation maps prepared for the study area to account for the
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changes in land use pattern, anthropogenies, and the climatic extremes. This will help
in getting an updated and real-time landslide hazard potential for taking suitable miti-

gation measures by the authorities concerned.

This research has provided a foundational understanding of landslide risk in the Aizawl
Municipal Area, offering critical insights into the spatial dynamics of hazard and vul-
nerability. The findings and recommendations herein are intended to serve as a vital
resource for policymakers, urban planners, and disaster management authorities. By
adopting a holistic and integrated approach to landslide risk reduction, focusing on
both the natural processes and the socio-physical characteristics of the exposed envi-
ronment, the Aizawl municipal area can move towards a more resilient and sustainable
future, and safeguarding its population and assets from the devastating impacts of land-

slides.
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Presented a paper in the National Symposium on “Innovations in Geospatial
Technology for Sustainable Development with special emphasis on North
Eastern Region” jointly organised by Indian Society of Geomatics and Indian
Society of Remote Sensing during 20th — 22nd November, 2019 at North
Eastern Space Application Centre, Shillong.

Presented a paper in the International Seminar on “Recent Advances in Science
and Technology” organized by North East Academy of Science and Techno-
logy (NEAST), during 16th - 18th November, 2020.

Presented a paper in the State Level Seminar on “2020 Earthquakes in
Mizoram” organized by Directorate of Science & Technology, Govt. of Mizo-
ram, on 15th January, 2021.

Speaker/Resource Person in the “Natural Hazards and Disaster Mitigation of
Mizoram” Workshop organized by the Department of Geography and Resource
Management, Mizoram University and Rajiv Gandhi National Institute of
Youth Development, Govt. of India, during 8th — 10th March, 2021.

Speaker/Resource Person in the Webinar Workshop on “Rapid Visual
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conducted by National Institute of Disaster Management, Ministry of Home
Aftairs, Govt. of India, New Delhi.
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17.

18.
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Attended training course on “Training on Concepts of LiIDAR Technology and
Applications in Geosciences” on 24th September, 2021 conducted by Geolo-
gical Survey of India Training Institute, Hyderabad.

Attended training course on “Remote Sensing and Geospatial Technology for
Landslide Mitigation and Management in North Eastern Region” conducted
by National Institute of Technology (NIT), Aizawl and Indian Institute of
Technology (IIT), Tirupati on 24th — 28th July, 2022 at National Institute of
Technology (NIT), Aizawl.

Attended National Symposium on “Geospatial Technology: Journey from
Data to Intelligence” jointly organised by GeoSmart India, Indian Society of
Remote Sensing, and Indian Society of Geomatics during 15th — 17th Novem-
ber, 2022 at HICC, Hyderabad.

Attended training course on “Applications of Remote Sensing and GIS in
Disaster Management” conducted by Geological Survey of India (GSI) Trai-
ning Institute, Hyderabad, during 21st — 28th February, 2023.

Attended training course on “Applications of Space Technology in Geosci-
ences, Engineering and Disaster Management” conducted by Geological Sur-
vey of India (GSI) Training Institute, Hyderabad, on 31st March, 2023.
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2023 at National Remote Sensing Centre (NRSC), Hyderabad, Telengana.
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(MCDM) Techniques” conducted by Department of Geography & Resource
Management, Mizoram University, Aizawl during 24th January — 22nd March,
2025.
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Natural Resources Mapping of Mizoram

Landslide Hazard Zonation Mapping of Aizawl city & Lunglei town
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Bivariate statistical models for Landslide susceptibility mapping at local scale in the

Aizawl municipal area, Mizoram, India

7Z.D. LALTANPUIA", TAPAS R. MARTHA* K. SRINIVASA RAO’, KIRTI KHANNA®
'Mizoram Remote Sensing Application Centre (MIRSAC), Aizawl, Mizoram, India
’National Remote Sensing Centre (NRSC), ISRO, Hyderabad, Telangana, India
*Department of Geology, Mizoram University, Aizawl, Mizoram, India
*Email (Corresponding author): tapas_martha@nrsc.gov.in

Abstract: Landslide is the most frequent and prevalent form of natural hazards experienced by the state of Mizoram in
India. Due to climatic extremes and anthropogenic disturbances, landslide susceptibility maps need periodic updation to
meet present day requirements. In this study, landslide susceptibility mapping of Aizawl Municipal Area has been attempted
using three bivariate statistical models, namely, Information Value (IV), Frequency Ratio (FR) and Weight of Evidence
(WofE) models. Based on field survey, historical records and from Google Earth image interpretation, a total of 381
landslides have been mapped within the study area which were split into two parts i.e., 70% of the landslides were used for
model calibration while the remaining 30% were used for validation. Twelve landslide conditioning parameters including
Slope, Aspect, Elevation, Lithology, Drainage Density, Lineament Density, Normalized Difference Vegetation Index
(NDVI), Land Use/Land Cover (LULC), Plan Curvature, Profile Curvature, Stream Power Index (SPI) and Topographical
Wetness Index (TWI) were prepared from a 10m resolution DEM of Cartosat-1 data, Sentinel-2 data and Google Earth
image. Landslide susceptibility maps were prepared showing three susceptible classes ranging from low to high
susceptibility. The resulting maps have been validated using the area under the receiver operating characteristic curve which
showed success rate for IV, FR and WofE models as 83.8%, 83.7% and 83.9% respectively. Similarly, the prediction rate for
the three models are found to be 83.7%, 83.5% and 83.7%. The landslide susceptibility map was compared with the previous
map prepared by GSI. Results show many new areas are now under higher hazard category in the Aizawl municipal area.

Keywords: Aizawl Municipal, Bivariate Statistical Model, Landslide Susceptibility, ROC

INTRODUCTION

Landslides are the movements of masses of rock, earth or
debris down a slope under the effect of gravity (Cruden &
Varnes 1996). They constitute one of the most widespread and
damaging natural hazards in mountainous regions. Landslides
occur because of the favourable topographic conditions (e.g.
steep slope), which is further exasperated by extreme rainfall,
earthquakes and human activities (Sarkar et al. 2013).
Landslide research has drawn global attention owing to the
increasing consciousness of its impact on the socio-economic
aspect, and the growing pressure of urbanization on the
mountain environment (Aleotti & Chowdhury 1999).
Landslides cause misery to public which results in loss of life,
damage to property, disruption of communication networks
and hamper developmental works thus causing economic
burden on the society. It has been recorded that worldwide
total deaths and damages caused by landslide alone during a
span of 10 years (2010-2020) amounts to 9,486 and more than
3.6 billion dollars (US) respectively (OFDA/CRED 2020).

India is a vast country with varied topographic as well as
climatic conditions. About 12.6% of land area across the
country is prone to landslide hazard (Kaur et al. 2017; Sharma
2020). In India, landslide activity is mostly observed in the
Himalayan region, the Western Ghats and the Nilgiri ranges
(Martha et al. 2021). In 2019, the National Disaster
Management Authority (NDMA) estimated that the annual
losses from landslides in India were approximately in the
range of INR 150-200 crores (Das ef al. 2022). In the Indian
Himalayan alone, landslide causes about 200 annual deaths,
which adds up to 30% of such losses occurred on a global scale
(Naithani 1999). These figures are likely to increase in the
present day considering the climatic change scenarios and the
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fast pace of population growth in these regions. The landslides
in the Himalayan region account for nearly 15% of the
rainfall-induced landslides occurring worldwide (Dikshit et
al. 2020). This shows that the Himalayan region is one of the
most severe landslide hot-spot areas in the world.

Landslide studies in Mizoram and Aizawl] city have been
taken up by several workers in order to find out the causative
factors for slope instability, and to provide suitable mitigation
measures. Most of these studies were concentrated on
individual landslide or site-specific, and synoptic studies in
the form of hazard or susceptibility mapping are, however
rare. Few studies in the form of hazard or susceptibility
mapping on large scale are available. For example,
Lallianthanga & Laltanpuia (2008) have carried out landslide
hazard zonation mapping for entire Aizawl city. Moirangcha
et al. (2014) undertook earthquake and landslide hazard
assessment within Aizawl Master Plan area. Barman et al.
(2019) have taken up delineation of potential landslide prone
zones in the northwestern part of Aizawl city. These studies
have confirmed that the inherent nature of the terrain and
anthropogeny are the major factors of slope instability in
Aizawl city.

To minimize the damages caused by landslides, and to
formulate strategic land use planning, researchers around the
world prepare landslide hazard and/or susceptibility zonation
maps. They depict the areas where slope failures are likely to
occur. This spatial zoning of landslides is utilized for the
hazard and risk assessment studies (Cardinali e al. 2006; van
Westen et al. 2008). By definition, landslide susceptibility is
the spatial probability or the likelihood of landslide
occurrence in an area based on the local environmental and
geological conditions (Brabb 1984; Guzzetti ez al. 2006). The
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Abstract

Landslide risk assessment is a key component of disaster risk reduction for habitations in growing hilly towns located in the
Himalaya. This study presents the assessment of landslide risk in the Aizawl municipal area, the capital city of Mizoram
state in India, by integrating social and physical vulnerabilities with the landslide susceptibility map. Social vulnerability
was assessed using a framework considering the sensitivity and lack of resilience of the resident populations using Census
2011 data. A matrix-based approach was used to evaluate the physical vulnerability of the buildings and roads based on
their construction materials and exposure to landslide hazards. Both the social and physical vulnerabilities were summed
to generate the combined vulnerability. Finally, the landslide risk map was generated for the built structures of the study
area. Results revealed that the female population emerged as the most significant contributor to the social vulnerability.
Reinforced Cement Concrete (RCC) building and metalled road were more resilient while Assam-Type (AT) building and
unmetalled road were more vulnerable in terms of the physical vulnerability. The result also showed that the peripheral
areas have higher combined vulnerability than the central parts of the municipal area. The risk assessment confirmed that
landslide risk is not entirely determined by hazard intensity, but is significantly influenced by the vulnerability of exposed
elements. The study provided an important baseline evaluation for landslide risk assessment in data-scarce areas, and also
served as valuable information for policy-makers and urban planners to formulate risk reduction measures in Aizawl and
similar contexts worldwide.

Keywords Aizawl municipality - Landslide risk assessment - Physical vulnerability - Social vulnerability

Introduction

Landslides constitute one of the most damaging natural
hazards in mountainous environments (Petley et al., 2007;
Wau et al., 2023), and affect society at varying spatial and
temporal scales (Glade & Crozier, 2005). The assessment
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of landslide hazard, vulnerability and risk constituted one
of the most important measures to minimize the impact of
landslide disaster (Fu et al., 2020; Liu & Miao, 2018). This
comprehensive approach integrates the assessment of the
physical, environmental, economic and social factors that
contribute to the susceptibility of areas and communities to
landslide hazards. By understanding these factors, effective
strategies can be formulated to reduce the risks and mitigate
the consequences of landslides (Galve et al., 2015; Lacasse
& Nadim, 2009).

It is well known that vulnerability assessment is one of the
key components in the process of evaluating landslide risk.
Vulnerability is a concept that is widely used across vari-
ous disciplines. Therefore, its definition can vary depending
on the context and discipline in which it is applied. These
divergent views on the definitions of vulnerability can be
broadly categorized into two: i) from the perspective of
natural science, and ii) from the social science perspective
(Ciurean et al., 2013; Fuchs et al., 2012; Sterlacchini et al.,
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ABSTRACT

Landslides are recognized globally as highly destructive natural hazards, constituting
approximately 9% of worldwide natural disasters during the 1990s, and are estimated
to claim the lives of roughly 1000 people annually. Owing to climatic change scenarios
and rapid population growth in the hilly regions, these figures are likely to increase
further. Mizoram, situated in the Northeast Indian Himalayas, is considered as one of
the most landslide-prone regions in the country, having topped the list in recording the
highest number of landslide incidences during 1998 to 2021. Aizawl city, in particular,
has experienced decades of rapid and uncontrolled urbanization which results in
haphazard construction activities along the steep and unstable slopes. This adds to the

increased landslide vulnerability and risk to the infrastructures and the local residents.

A number of landslide studies in the form of hazard/susceptibility zonation, geotech-
nical, and site-specific investigations were taken up within Aizawl city. However,
detailed studies on the physical, socio-economic and demographic aspects of vulnera-
bility and the subsequent risk assessment remain scarce and limited. Consequently, the
main objective of this research was to assess the landslide risk in the study area which
was derived from the combined analyses of landslide hazard/susceptibility and both
the physical and socioeconomic vulnerabilities. To achieve this aim, the study focused
on mapping the landslide-prone areas, assessing the physical and social aspects of
vulnerability, and evaluating the degree of landslide risk within the Aizawl municipal

arca.

The present study holds considerable significance as its findings contribute to enhan-
cing disaster management practices within Mizoram by providing spatial insights into
landslide susceptibility, vulnerability, and risk. The findings are expected to provide
better-informed policy-making, strategic urban planning, and the implementation of
targeted mitigation measures within the study area. Furthermore, the evaluation of both
the physical and socio-economic vulnerabilities offer important perspectives that have
been overlooked in conventional landslide studies. It also provides a broader under-

standing of landslide vulnerability and risk on the built infrastructures. The methodo-



logy employed in this research presents a replicable framework for other landslide-

prone areas facing similar geographic and socio-economic challenges.

The landslide susceptibility assessment of the study area was carried out using
quantitative bivariate statistical models, viz., Information Value (IV), Frequency Ratio
(FR), and Weight of Evidence (WofE) models. The methodology involved developing
a landslide inventory consisting of 381 rainfall-induced shallow landslides, collected
from historical records, field surveys, and interpretation of satellite imagery. These
were randomly segregated into 70% (267 landslides) for training, and 30% (114 land-
slides) for validation. Twelve landslide conditioning factors were generated from
remote sensing data and fieldwork, which includes Aspect, Elevation, Drainage den-
sity, Land use/land cover (LULC), Lineament density, Lithology, Normalized Diffe-
rence Vegetation Index (NDVI), Plan and Profile Curvatures, Slope angle, Stream
Power Index (SPI), and Topographical Wetness Index (TWI).

The bivariate models calculated a Landslide Susceptibility Index (LSI) by assigning
weights based on the relative density of landslide pixels within each factor class, from
which the landslide susceptibility maps were generated. The reliability and predictive
performance of the resulting maps were assessed and validated using the Receiver

Operating Characteristic (ROC) curve and the Area Under the Curve (AUC) analyses.

The results demonstrated that all three models performed satisfactorily in generating
reliable landslide susceptibility maps. The Weight of Evidence (WofE) model showed
marginally higher performance, achieving a success rate of 83.93% and a prediction
rate of 83.79%. The IV and FR models followed closely, with success rates of 83.85%
and 83.72%, and prediction rates of 83.71% and 83.58%, respectively. The spatial
distribution analysis revealed that the moderate susceptibility zone occupied the maxi-

mum area across all three models.

Analysis of the spatial correlation between the conditioning factors and landslide
occurrences revealed important factors of slope instability. Strong spatial associations
were observed in the barren land and scrubland classes of the LULC, shale, and steep
slopes, particularly those ranging from 25-45 degrees. Higher values of both the SPI

and TWI factors also showed positive association, which suggested a significant hy-
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drological influence on instability. Conversely, areas characterized by dense vegeta-
tion (high NDVI values) showed a negative spatial association, which confirmed the

role of vegetation in providing stability and natural anchorage to slope materials.

The assessment of social vulnerability utilized socio-economic and demographic data
from the 2011 Census of India, supplemented by data on the elderly population from
the Mizo Upa Pawl (MUP) organization. The methodology employed a framework
which considered sensitivity and lack of resilience variables. A total of ten indicators,
five each for sensitivity and lack of resilience were selected based on data availability
and relevance of the study area. All the indicators were standardized and then averaged

to generate the social vulnerability index.

The analysis revealed that the highest level of social vulnerability was mostly confined
in the peripheral areas. This was characterized by higher concentrations of low-income
households, non-workers, and those residing in rented accommodations, along with
higher dependency ratios. The core and central part of the study area was mainly domi-
nated by the low and moderate vulnerability. Further analysis showed that female
population emerged as the most influencing factor to the overall social vulnerability
of the study area. While low income and lack of electricity were found to be the least
contributing indicators, they indicated the existence of economically fragile urban poor

segments which require targeted support.

The physical vulnerability assessment focused on buildings and road networks, deri-
ved from manual digitization of Google Earth image and validated through fieldwork.
The buildings were categorized into Reinforced Cement Concrete (RCC), Semi-RCC,
and Assam-Type (AT) based on the construction materials, while the roads were
classified as metalled, bridges, and unmetalled roads. Numerical weights ranging from
1 to 3 were assigned to both the building and road classes based on their respective
inherent structural resilience. A GIS-based intersectional analysis between the weigh-
ted infrastructures and landslide hazard map using a matrix-based approach was em-

ployed to derive the physical vulnerability index.

The findings indicated that the RCC structures and the metalled road have the highest

resilience, and contributed predominantly to the low vulnerability class. Conversely,
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traditional AT buildings and unmetalled roads were characterized as intrinsically fra-
gile which fell mostly into the moderate or high vulnerability classes. The Semi-RCC
buildings and bridges were distributed across all the vulnerability classes. The study
revealed the importance of construction materials and structural integrity in determi-
ning the physical vulnerability of buildings and roads to landslide hazard. It was also
observed that the RCC structures account for more than 50% of the building stock
which is suggestive of an increasing trend towards increased resilience in the built

environment in the municipal area.

The social and physical vulnerabilities were integrated through direct summation of
their respective class values to produce the combined vulnerability index. It was found
that the overall vulnerability is determined by the interaction of both the physical and
social vulnerabilities. The results revealed that the peripheral areas were characterized
by higher combined vulnerability levels than the central areas. “This pattern matches
with the common urban development trends in which the new and less-planned
developments occur at the peripheral areas, while the central part is more developed

and well-established in terms of infrastructures and services”.

The landslide risk index was generated by combining the landslide hazard map and the
combined vulnerability map. The risk assessment considered only the physical infra-
structures, and does not include population due to data limitations. Majority of the
RCC buildings and metalled roads fell in the low risk class, while the AT buildings
and unmetalled road predominantly fell in the high risk class. The Semi-RCC and
bridges, on the other hand, exhibited a more evenly distributed risk pattern across the

high, the moderate, and the low risk classes.

The findings revealed that landslide risk is not only influenced by the intensity of the
hazard, but is remarkably determined by the vulnerability of exposed elements. This
shows that integration of both hazard and vulnerability dimension in the risk assess-
ment is necessary to avoid under- or over-estimation of the actual risk, particularly in
rapidly urbanizing areas with heterogeneous social and physical vulnerabilities. The
results also highlighted the urgent need for comprehensive landslide risk reduction

strategies in the Aizawl municipal area.



Based on these findings, the study provides strategic recommendations for future risk
management, including prioritizing interventions in high-risk zones, upgrading drai-
nage networks, and enacting targeted social development initiatives, especially in the
high social vulnerability areas. Recommendations for future research emphasize the
need for systematic landslide inventory mapping to capture comprehensive spatio-
temporal details, incorporating dynamic triggering factors like rainfall variability, and
updating vulnerability data (both social and physical) to include more indicators like
building age, maintenance status, and economic quantification of losses. Continual
updating of susceptibility/hazard maps is also recommended to reflect the dynamic
nature of urbanization and climate change impacts. This research provides a founda-
tional resource intended to guide policymakers, planners, and disaster management
authorities toward developing a resilient and sustainable future for the Aizawl muni-

cipal area.
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