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Abstract The present paper aims at to produce the building vulnerability and its spatial

distribution in mountainous regions of the Nilgiris District in the Western Ghats, India. The

landslide-susceptible areas were identified based on the existing landslide-susceptible

maps. The landslide-prone slope was identified based on the historical and recent landslide

information’s collected from various authenticated sources as well as the field investiga-

tions made on the recent landslides. The high-to-severe landslide hazard-prone areas were

selected for the present study of building vulnerability analysis. The areas were divided

into ten segments based on the landslide inventory, built-up areas, and transportation

corridors in the vicinity of landslide locations. Building foot print map was prepared for

each segments using ArcGIS software visual interpretation for 1627 buildings and

infrastructures. Different thematic layers viz, building type/material, surrounding wall,

sloping side details, warning, and number of floors which contribute to landslide vulner-

ability in vector formats are used for the present study. Using the formula proposed by

Papathoma-Köhle et al. (Nat Hazards Earth Syst Sci 7:765–779, 2007) the vulnerability

score were calculated by scripting in ArcGIS software. Based on the vulnerability score,

the buildings were grouped under three categories viz, low, medium, and high
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vulnerability. The spatial distribution of vulnerability of buildings was prepared and pre-

sented. The present study can be useful data for preparation of regional landuse plan as

well as evacuation plans and warning systems to safeguard measure for population living

in the vulnerable buildings in The Nilgiris District of Western Ghats in India.

Keywords Landslide � Susceptibility � Vulnerability � Mapping � The Nilgiris

1 Introduction

According to one estimate, nature takes nearly 1000 years to produce a few centimeter of

top soil, but destabilizing forces of nature in the mountainous areas wipe millions of cubic

meters in just a second (Bhandari 2006). Mountains are more frequently affected than other

environments by destructive natural processes including earthquakes, volcanic eruptions,

dam bursts, or glacial lake out bursts. Moreover, other hazards such as avalanches and

landslides occur almost exclusively in mountains (Marty 2003). Landslides are recognized

altogether continents, within the seas and within the oceans. On Earth, the realm of a

landslide spans nine orders of magnitude, from a little soil slide involving few square

meters to giant submarine landslides covering hundreds of square kilometers of land and

ocean floor (Guzzetti et al. 2005). The ultimate goal of many landslide studies is the

determination of risk posed by existing or future slope failures either population and or the

infrastructure (Ardizzone et al. 2008). Assessing building damage in a geological landslide

is a dynamic process in which the event can be regarded as the combined effect of the

landslide impact and the building’s response (Chong Shi et al. 2013).

The vulnerability may be expressed in terms of damage states varying from non-

structural damage to extensive collapse. Damage may be structural or non-structural with

being damage caused to utility systems (Corominas et al. 2014). The vulnerability is

expressed as degree of expected damage. By establishing degree of vulnerability of

buildings and lifelines, one can obtain an estimate of risk. Vulnerability analysis is

therefore as intrinsic aspect of disaster mitigation and of linkages in the assessment pro-

cess. The vulnerability of a structure is a quality of that structure, irrespective of where it is

built (UNDRO 1991). Little is known about vulnerability to landslides, despite landslides

causing frequent, widespread damage to the built-up environment and population in many

areas of the world (Galli and Guzzetti 2007). Vulnerability assessment involves the

understanding of the contact between a given landslide and the affected elements. Practices

in the field of landslides indicate that the extent of damage to buildings due to landslides

varies considerably according to the building characteristics, the mechanism of movement,

and the magnitude and intensity (Dai et al. 2002). No theory has been elaborated up to now

to model the damaging effects due to all types of landslides, with the exception of the

sudden impact of a block on a wall (Imiriland 2000). In the last decades, methods of

vulnerability assessment have been developed and tested within the framework of risk

analysis; most of them are designed for a specific hazard. Research has demonstrated that

irrespective of the type of assessment (natural—or social science based), there are some

key issues related with the definition of the vulnerable system that must be addressed

(Ciurean et al. 2013).

Finlay (1996) discussed the various parameters for vulnerability to landslide viz., run

out distance, volume and velocity, and element at risk, (buildings, persons and
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infrastructures). Dai et al. (2002) proposed a structural vulnerability matrix for Hong Kong

city to assess the landslide risk. Blöchl and Braun (2005) analyzed the vulnerability of

buildings according to the type of damage through landslides. Gilberto (2006) analyzed the

linkages between vulnerability and resilience. Neil Adger (2006) reviewed the existing

knowledge on analytical approaches to vulnerability to environmental change in order to

propose synergies between research on vulnerability and on resilience of social–ecological

systems. Akbas et al. (2009) developed an empirical vulnerability function from the data

obtained from July 13, 2008, debris flow event in the village of Selvetta located in the

Italian Alps. Pascale et al. (2010) developed an approach for the estimation of the con-

sequences of landslide events drawn up by means of the utilization of a territorial model

based on a network of influences and an estimation procedure of systemic vulnerability.

Van Westen et al. (2011) developed a methodology for landslide inventories and its uses in

landslide risk assessment. Erener and Düzgün (2011) used the Geographic Information

Systems (GIS) technology for quantitative vulnerability assessment and developed a

methodology for damage probability matrix in landslide-prone areas of Turkey for

buildings and roads. Silva et al. (2011) carried out a study on vulnerability assessment of

buildings and roads to shallow translational landslides in Santa Marta de Penaguiao, Vila

Real, Portugal. Rondón and Cho (2012) analyzed the structural vulnerability of masonry

buildings for landslide hazard by mathematical modeling using different parameters for 14

buildings in a regional scale. Du et al. (2013) proposed a model for quantitative vulner-

ability index for landslides. Mavrouli et al. (2014) and Uzielli et al. (2015) discussed

different methods employed for vulnerability assessment and derived different vulnera-

bility curves for reinforced concrete buildings prone to landslides. Papathoma-Köhle et al.

(2007) produced a simple methodology to analyze the elements at risk posed to landslides

using Geographical Information System.

India has a series of record of death and damages due to landslides. The Darjeeling

floods of 1968 destroyed vast areas of Sikkim and West Bengal and triggered numerous

landslides, causing considerable loss of lives and destruction to buildings. There was a cut

off at 92 to places in the mountain highway to Darjeeling, which result the total disruption

in communication system and cause loss of lives. In July 1970, the great Alaknanda

Tragedy of Uttaranchal State was triggered by the massive floods in the River Alaknandha.

The Malpa rock avalanche tragedy of August 18, 1998, killed 220 people and vanished the

entire village Malpa in the State of Himachal Pradesh. The southern part of India is quite

equally prone to landslides especially the Western Ghats. The Amboori landslide of Kerala

killed 23 people on November 2001 (Bhandari 2006, 2013; Sharda 2008). The Nilgiris

district in Western Ghats part of Tamil Nadu state is one of the very high-to-severe

landslide hazard-prone areas of India (BMTPC 2003), and the district is well known for

landslide threat. Unprecedented rains triggered about a 100 landslides within an area of 250

sq. km in the district during 1978. Nearly 200 landslides were recorded during 1979

causing loss of life and severe damage to property. The 1993 Marappalam landslide of The

Nilgiris District is a famous one which killed 52 passengers in the bus in the road corridor.

As per the State Government record about 1100 small-, medium- and large-size landslides

were reported within 5 days time from November 10–15, 2009, and taken away about 45

human lives, also the vast damage reported on houses, roads and railway lines. In the

recent times causalities and damage due to landslides have increased in the Nilgiri Hills

(Ganapathy et al. 2010, 2013). Some of the notable landslides of India, which cause threat

to human lives and property, are compiled and presented in Table 1. The spatial distri-

bution of landslides is presented in Fig. 1.
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Many researchers carried out landslide hazard studies in The Nilgiris District (Seshagiri

et al. 1982; Ramakrishnan et al. 2002; Rajarathnam and Ganapathy 2006; Rajakumar et al.

2007; Vasantha Kumar and Bhagavanulu 2007; Thanavelu and Chandrasekaran 2008;

Ganapathy and Jothimani 2009; Jaiswal et al. 2009, Jaiswal et al. 2010a, b, 2011a, b;

Naveen Raj et al. 2011; Antony Ravindran and Mohd Abdul Kadar Prabhu 2012; Gana-

pathy and Hada 2012; Manimaran et al. 2012; Prabu and Ramakrishnan 2012; Pradeep

Kishore et al. 2012; Vaani and Sekar 2012; Gurugnanam et al. 2013; Sunandana Reddy and

Lakshmikanta Reddy 2013; Gomathi et al. 2013; Chandrasekaran et al. 2012; Muthukumar

2013; Bairavi et al. 2014; Nalina et al. 2014; Ganapathy and Rajawat 2015). However,

there is not much work carried out on landslide vulnerability analysis of buildings in The

Nilgiris District of Western Ghats, India. Since the landslide occurrence in The Nilgiris

quite a common phenomenon, it is necessary to study the physical vulnerability of

buildings under landslide threat. The present study aims to produce the spatial distribution

of vulnerability of buildings under landslide hazard-prone slopes of The Nilgiris district of

India. The main focus on the study is on the physical environment especially on the impact

of landslide hazard on built environment.

2 Study area

The Nilgiris district is part of Western Ghats hill ranges in the State of Tamil Nadu, India.

The district has an area of 2552.50 sq. km with a population of 0.735 million with female–

male ratio of 1:1 as per Census of India 2011, and the district headquarter is Ooty (Ud-

hagamandalam). The elevation varies from 1000 to 2633 m above mean sea level. The

highest peak is in the district is Doddabetta with a height of 2663 m. The topography of the
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district is undulating with steep escarpment and about 60 % of the cultivable land slopes

ranging from 16� to 30� slope. The district regularly receives rain during both the

southwest monsoon and the northeast monsoon. Administratively, the district is divided

into six taluks. The taluks are further divided into four blocks, which is further divided into

55 revenue villages. The entire Gudalur and Pandalur and Kundah taluks and parts of

Udhagamandalam taluk get rain from the southwest monsoon, while part of Udhaga-

mandalam taluk and the entire Coonoor and Kotagiri taluks get rains of the northeast

monsoon. Tourism is an important source of revenue in the district and is home to a

number of beautiful hill stations trendy with tourists who flock to them during summer

(Nilgiris 2015).

Geologically the district exposes charnockite group of rocks with associated mig-

matites and Bhavani group along with the enclaves of Sathyamangalam schist complex.

The charnockite group is represented by charnockite and pyroxene granulite and covers a

major part of the district in the southern part, which is popularly known as ‘‘Nilgiri

Massif.’’ The Bhavani group (peninsular gneissic complex) comprises fissile hornblende

biotite gneiss and occurs in the northern part of the district. The Sathyamangalam schist

complex is represented by quartz–sericite/mica schist, ultramafics, and banded magnetite

quartzite. The Nilgiri massif is capped by aluminous laterite at a number of places,

indicating the deep zone of weathering. Most of the area in the district is deeply

weathered, and the development of a thick soil profile attaining a thickness up to 40 m

with lithomarge is a common feature. The low gradient of slope in Ooty promotes

stagnation of surface water as bogs and swamps. The major soils of Nilgiri district are

lateritic soil, red sandy soil, red loam, black soil, and alluvial and colluvial soil (GSI

2000; CGWB 2008).

Geomorphologically, Nilgiri hills rise abruptly from the surrounding plains to an ele-

vation of 1370 m above mean sea level (m.s.l). They are surrounded by the Coimbatore

plains in the southeast, Bhavani plains in the northeast, Moyar valley in the north, and

Gudalur plateau in the northwest. The prominent hills are Ooty hills, Doddabetta,

Kodaibetta, Bhavani Betta, and Devabetta. Doddabetta is the highest peak in Tamil Nadu.

Moyar is a prominent river in the district and flows in an easterly direction, along the

northern boundary of the district. The drainage is dendritic to radial at places with

prominent rapids, cascades, and waterfalls.

The erosional surfaces such as Dodabetta, Ooty, Coonoor, and Moyar are recorded in

the district. All these erosional surfaces are capped by residual laterite. The Dodabetta

surface includes landform such as high peaks, structural hills, and rocky escarpments

with or without soil cover around which prominent radial drainage is developed. The

Ooty and Coonoor surfaces include gentle mounds, with soil cover, stream meanderings,

and gentle smoothening of the hills. The latter abutts against the former at many places

with break in slope. Ground water occurs under discontinuous, unconfined to semi-

confined aquifers, down to 200 meter below ground level (m.b.g.l) in the charnockitic

terrain and 150 m.b.g.l in the gneissic country rock, restricted to weathered mantle and

fractures (GSI 2000).

In Nilgiris the major built-up areas are distributed along the road corridors from

Coonoor to Ooty (Udhagamandam). The densely populated placed in this sector are

Coonoor, Aruvankadu, Bicketty, Ooty, and Kotagiri (Fig. 1). Landslide Hazard Zonation

Atlas of India classified the Nilgiris district from high to severe landslide-prone areas. The

landslide activity in the district is almost seasonal during every year.
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3 Approach

The present study carried out in three steps: (1) Identification of landslide-susceptible areas

using existing data. (2) Superimposing spatial distribution of historical/recent landslide

inventories on hazard-prone slopes. (3) Calculation of building vulnerability using dif-

ferent thematic layers derived for the maps in GIS platform.

To identify the landslide hazard-prone areas, the readily available authenticated infor-

mation from Geological Survey of India (GSI) is used for the present study. GSI produces

the Landslide Hazard Zonation Map on macroscale, and this is predominantly a numerical

superimposition technique. In this methodology, the following six numbers of major

causative factors (lithology, structure, slope morphometry, relative relief, landuse/land-

cover, and hydrogeological conditions) inducing slope instability independently or inter-

dependently have been taken into consideration. The landslide susceptibility index (LSI) of

each area was calculated, and the areas were graded according to the aggregate LSI values

(Ganapathy and Rajawat 2015). The area was divided into zones with five grades I to V

with increasing susceptibility to landslides (Seshagiri et al. 1982). Zone I is considered to

be the least susceptible and zone V the most susceptible (Fig. 2). Since the map was

produced in 1982, the occurrences of historical and recent landslides were collected from

Geotechnical Cell, Coonoor, Risk Assessment Cell of Chennai with limited field checks.

The Geological Survey of India landslide hazard map was further revised by additional

landslide information’s for the present study.

Built-up areas, road and railways network were digitized from Google Maps (Google

2015) by visual interpretation techniques to identify the preliminary vulnerable areas and

infrastructure under high and severe landslide hazard-prone areas (Fig. 2). A detailed
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landslide inventory data collected from various sources as well as by limited field inves-

tigations used in GIS platform for the study to locate the vulnerable slopes.

For the detailed vulnerability analysis, areas from Burliar to West of Wellington are

taken into consideration. The map consists of landslide inventories prepared in a GIS

platform to understand the spatial distribution of landslides in the study area. The indi-

vidual buildings were digitized from Google Maps 2014 data for preparation of building

data base. Contour map was prepared by using CartoDEM satellite data for 30-m resolution

to understand the slope gradients (Earth Explorer Aster Global 2011). By superimposing

the buildings, infrastructure, and landslide inventories, totally 10 segments (Segment A to

J) were identified for the detailed vulnerability analysis in the present study area (Fig. 3).

Each segments were decided based on the building density, infrastructure, and location of

landslide.

Vulnerability assessment includes the user-friendliness of the method, the selection of

all the relevant indicators, the transferability of the method, the inclusion of information

concerning the hazard itself, the use of GIS technology and the provision of products such

as vulnerability maps and the consideration of the temporal pattern of vulnerability (Pa-

pathoma-Köhle et al. 2011). To identify the element at risk in landslide-prone areas, first an

inventory must be made of the different types of the construction (concrete, masonry, etc.).

Secondly, a distinction must be made between elements with special design requirements

(e.g., hospitals) and elements for which vulnerability analysis is feasible such as housing.

Thirdly, an inventory must be made of prevalent types of buildings and the vulnerable

elements like strong high wall, medium high wall, sloping side, number of floors (Pap-

athoma-Köhle et al. 2007).
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A foot print map was prepared from Google Maps to create a digital database for

vulnerability study. The thematic layers which contribute to landslide vulnerability are

prepared viz. material of the building (concrete/masonry/other), surrounding material

(strong high wall/medium wall/no wall), slope side facing buildings (only wall/small

windows/large windows), warning signs (yes/no), and floor details (more than 1 floor/one

floor). Qualitative and descriptive data were collected on the buildings using limited field

checks. The standardization scores (0–1) were determined by using the following formula

proposed by Voogd (1983).

Standardization score I ¼ Raw score I/Maximum raw score ð1Þ

For each identity the raw score was assigned and the standardized score was calculated

from Eq. 1 and entered in the GIS data base. The different weights were assigned based on

the severity contribution to vulnerability assigned for the themes viz., Material—5, Sur-

rounding—4, Slope side 3, Warning—2, Floors—1. The details of the building category,

raw score, standardized score, number of building in each category, and their percentage

are presented in Table 2.

Papathoma-Köhle et al. (2007) developed a simple methodology (applied for the present

study) to calculate the building vulnerability based on the local knowledge parameters,

which affect the built environment such as material and age of building, existence of

protection wall, existence of facing windows toward slope side, the total number of floors,

closeness to transportation corridors, and lifelines. The vulnerability of each building in the

landslide inundation zone is calculated from Eq. 2.

Vb ¼ 5� að Þ þ 4� bð Þ þ 3� cð Þ þ 2� dð Þ þ 1� eð Þ ð2Þ

where Vb is vulnerability of the building, (a related to the material of the building;

b related to the surroundings of the building; c related to the description of the building’s

side facing the slope; d related to the existence of warning signs; and e related to the

number of floors of the building).

Table 2 Number of buildings in different thematic factors

Factor
(weight)

Categories Raw
score

Standardized
score

Number of
buildings

Percentage

Material (5) Concrete 1 0.33 842 51.75

Masonry 2 0.66 785 48.25

Other (poor) 3 1 0 0.00

Surround (4) Strong high wall 1 0.33 0 0.00

Medium wall 2 0.66 380 23.36

No/low Surrounding
wall

3 1 1247 76.64

Slope side (3) Only wall 1 0.33 1086 66.75

Small windows 2 0.66 541 33.25

Large widows 3 1 0 0.00

Warning (2) No 2 0.5 411 25.26

Yes 1 1 1216 74.74

Floors (1) More than one Floor 1 0.5 0 0.00

One Floor 2 1 1627 100.00
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A separate field is created in the attribute table of the GIS file and calculated the

vulnerability Vb using field calculator by coding the Eq. 2 and the weight and score used

from Table 2. The vulnerability Vb values ranges between 8.28 and 12.28.

4 Discussion

Continuous rainfall from November 7–13, 2009, triggered a total of 1150 landslides in

Ooty, Coonoor, and Kotagiri regions of the Nilgiris District and killed 42 people within

48 h, and the total death is 45. Heavy downpour of 36 cm on November 8 and the night of

November 9 on the upper slope of the Burliar Reserved Forest and Tiger Hill areas cause

extensive damage in the district (Ganapathy and Hada 2012). The approach road to Ooty

from Tamil Nadu via Mettupalayam has been severely damaged. Communication and

infrastructure came down, and roads and rail lines fell apart. Most of the landslides

occurred on the upslopes of the National Highways. From Burliar to Ooty and few of them

occurred on the way to Coonoor to Kundah road. The reported deaths were 13, 23, 9 in

Ooty, Coonoor, and Kotagiri taluk, respectively. About Indian Rupees 4.5 million was

disbursed toward relief amount in these taluks. A total number of 3785 houses were

affected, among these 3721 house were partially damaged and 64 houses were fully

damaged due to the intense rainfall and landslides in the Nilgiri district. An amount of

USD 0.15 million was released by the government toward the relief activity. Totally 32

cattle loss was reported during this activity. About 740 hectares of crops were damaged due

to the rain and landslides. A total length of 201 km road, 235 water supply areas, 124

power supplies, and 3082 street lights were affected during this event. The total estimated

losses are worth about USD 6 million by a government report (The Hindu 2009).

Chandrasekaran et al. (2012) carried out investigation on infrastructural damages by the

November 2009 landslides in two locations Coonoor and Chinnabikkatty of the Nilgiris

District. He concluded that the combined effect of surcharge load of building and high pore

pressure leads to intense shearing behind retaining walls at Coonoor site. His inferences

indicate that occurrence of large displacements along the face and at toe of the slope at

Chinnabikatty site. From the field investigations made by the corresponding author in the

year 2009, it is clearly revealed that most of the concrete structures with stand the force;

however, the masonry structures failed during landslides (Fig. 4).

Fig. 4 Damaged buildings due to 2009 November landslides

1044 Nat Hazards (2016) 82:1031–1050

123



The landslide hazard distributed along the road and railway corridors. The areas

between Mettupalayam–Coonoor–Ooty are prone to landslide hazard. The present study

area lies between Mettupalayam and Coonoor where 90 % of the area under high landslide

hazard.

Totally 1627 buildings were identified in different segments for the present study. Out

of 1627 buildings, 51.75 % buildings are concrete buildings and 48.25 % of buildings are

masonry constructions. A total number of 1247 buildings have no or low surrounding

walls, and only 23.36 % of buildings, i.e., 380 buildings, are having medium wall, and

there is no strong wall construction in the study area. Totally 1086 buildings have slope

side wall and 541 buildings have slope side windows. Among all, a total of 75 % buildings

will have landslide-warning sign. Almost all the buildings in the study area have only one

floor.

The segment-wise buildings considered for the study are segment A (373), Segment B

(313), Segment C (111), Segment D (281), Segment E (58), Segment F (27), Segment G

(59), Segment H (23), Segment I (162), and Segment J (220) depicted in Fig. 5. Among all,

segments A, B and D are highly congested areas. The estimated vulnerability values ranges

from 8.28 to 12.28, and it has been grouped into three categories viz., low, medium, and

high vulnerability. Segment ‘A’ have total 373 buildings, and all these building come

under moderate vulnerability. In Segment ‘B’ 298 buildings falls under moderate category,

and only 8 buildings falls in high vulnerability category. The Segment ‘C’ will totally fall

in high vulnerability category (111 buildings). In segment ‘D’ 179 buildings fall in high

and 102 buildings in moderate category. The segments E, F, G, H, I, J have high vul-

nerability buildings viz, 58, 27, 59, 23, 162, and 220, respectively. Segments E, I, and J

have 5, 4, and 19 buildings under moderate. There were only seven and one building under

low vulnerability category in Segment B and Segment J. The spatial distribution of vul-

nerability in the different segments is presented in Fig. 6.
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Fig. 5 Segment-wise details of buildings in different vulnerability category
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5 Conclusion

The Mettupalayam to Coonoor sector is identified as one of the high-to-severe landslide-

prone areas of the Nilgiris district, Western Ghats of India. The slopes prone to landslides

in this sector were identified. The built-up areas were demarcated in hazard-prone areas.

About 70 % of the buildings in the study area are in high-to-severe landslide-susceptible

areas. Totally 1627 buildings were considered for the vulnerability analysis study. 50 % of

the buildings in the study area are prone to high vulnerability, 49 % of buildings are in

moderate vulnerability, and only 1 % is in low vulnerability. Out of all, buildings in

segment ‘J’ are more vulnerable, which have 200 buildings; then the segment ‘D’ has 179

buildings in high vulnerability followed by Segment ‘I’ having 158 building, and in

Segment ‘C’ all buildings (111) are under high vulnerability. Even though the number of

buildings is less in segments F, G, H, however, all buildings in these segments have high

vulnerability (Fig. 5).

The present study is for first-level analysis to quantify the vulnerable settlements in the

landslide-prone slopes to give early warning to the local administrators’ as well as the

public. The output of the present study can be used for landslide disaster preparedness in

the Mettupalayam to Coonoor areas. The buildings of high vulnerability should have a

detailed investigation for retrofitting to prevent failure from landslide initiation. Also this

can be used as baseline information to prepare guidelines for setback distance and remedial

measures to construct retaining wall, etc. The present study is based on limited field

checks, and the quality and strength of the buildings are not studied through any instru-

mental techniques due to the fund constrain. The present study is the first of its kind for the

Nilgiris District, and the methodology can be applicable for the whole district and can be a

useful document for mitigation planning as well as preparedness to landslides in the

district. The people in the high vulnerability areas should be trained for landslide response,

and an efficient landslide-monitoring system can be implemented in these areas.
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