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ABSTRACT  12 

The study investigates the earthquake vulnerability of buildings in Srinagar, an urban city in 13 

the Kashmir Himalaya, India. The city, covering an area of around 246 km2 and divided into 14 

69 municipal wards, is situated in the tectonically active and densely populated mountain 15 

ecosystem. Given the haphazard development and high earthquake vulnerability of the city, it 16 

is critical to assess the vulnerability of the built environment to inform policymaking for 17 

developing effective earthquake risk reduction strategies. Integrating various parameters in 18 

GIS using the Analytical Hierarchical Process (AHP) and Technique for Order Preference by 19 

Similarity to an Ideal Solution (TOPSIS) approaches, the ward-wise vulnerability of 20 

buildings revealed that a total of ~17 km2 area (~7% area; 23 wards) has very high to high 21 

Vulnerability; Moderate Vulnerability affects ~69 km2 of the city area (28 %; 19 wards); 22 

~160 km2 area (~65% area; 27 wards) has vulnerability ranging from very low to low. 23 

Overall, the downtown city is most vulnerable to earthquake damage due to the high risk of 24 

pounding, high building density, and narrower roads with little or no open spaces. The 25 

modern uptown city, on the other hand, has lower earthquake vulnerability due to the 26 

relatively wider roads and low building density. To build a safe and resilient city for its 1.5 27 

million citizens, the knowledge generated in this study would inform action plans for 28 

developing earthquake risk reduction measures, which should include strict implementation 29 

of the building codes, retrofitting of the vulnerable buildings, and creating a disaster 30 

consciousness among its citizenry. 31 
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1. Introduction 35 

Among all the natural disasters, earthquakes are unique in the way that they occur without 36 

warning (Langenbach, 2009) and are a major hindrance in the way of achieving sustainable 37 

development. Cities are growing fast all over the world as a process of urbanization and more 38 

than half of the world's population lives in urban areas (Ritchie and Roser, 2018). 39 

Earthquakes cause immense loss of life and damage to properties, livelihoods, economic 40 

infrastructures and communities, particularly in major urban centres (Kjekstad and Highland, 41 

2009). Urban earthquake vulnerability has increased over the years due to the increasing 42 

complexity of urban built environments (Düzgün et al., 2009; Riedel et al., 2015). The high 43 

earthquake susceptibility of urban centres is also attributed to their situation in hazard-prone 44 

locations (Duzgun et al., 2011; Mir et al., 2017), haphazard urbanization (Jena et al., 2020), 45 

and growing population (Beck et al., 2012), and has attracted the attention of emergency 46 

planners in estimating the seismic risk associated with future earthquakes (Kontoes et al., 47 

2012). Surveys have shown that collapsing buildings and other physical structures during an 48 

earthquake cause huge social, economic, and human losses (Panahi, et al., 2014). The 49 

dynamic interaction between different urban components and diverse forms of vulnerability 50 

proves that vulnerability is inherently a spatial problem (Hashemi and Alesheikh, 2012). This 51 

marks that the earthquake vulnerability of a building is an important parameter in the 52 

evaluation of earthquake potential damages in urban fabrics (Amini et al., 2009). Thus, 53 

assessment of earthquake vulnerability of the built environment is crucial for any city located 54 

in an earthquake risk zone to better understand the inherent weakness and vulnerabilities of 55 

the city against earthquakes and to help prioritize preparedness and risk mitigation activities. 56 

Structural vulnerabilities to earthquakes have arisen in Kashmir in recent decades when 57 

traditional construction materials and practises have been abandoned in favour of new ones 58 

(Yousuf et al., 2020). The lurking threat of an earthquake had in the past a great influence on 59 

the way people traditionally used to build their houses in the Kashmir valley (Langenbach, 60 

2009; Ahmad et al., 2017). Traditional wood-frame structures were designed to deal with 61 

earthquake threats to provide a safe and suitable built environment for the people. The 62 

buildings built with wood substantially reduce the weight of buildings and provide structural 63 

flexibility compared to that of other types of materials used in housing construction (Alih and 64 

Vafaei, 2019). The traditional building types such as "Taqq" and "Dhajji-Dewari" are 65 

earthquake-resistant. In the Taqq type buildings, wooden runners are placed at each floor 66 

level that tie the walls with the floor together whereas the Dhajji-Dewari buildlings consist of 67 
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a braced timber frame with masonry infill that is placed diagonally in the walls. The timber 68 

braced frames offer stable confinement to the infill masonry as long as it rests together 69 

(Hicyilmaz et al., 2012). When compared to more contemporary building types, the Dhajji-70 

Dewari constructions are more earthquake-resistant because energy is dissipated between 71 

mortar joints, the frame, and the infill rather than through non-linear deformations. Recently, 72 

the traditional ways of constructing houses have been replaced mostly by concrete types, 73 

thereby increasing the vulnerability of the structures to earthquakes. The residential buildings 74 

in Srinagar are mostly built by local semi-skilled masons who don’t have adequate technical 75 

expertise in building earthquake resistance infrastructure and therefore these structures lack 76 

the basic earthquake risk reduction features including seismic resistance features as are 77 

otherwise prescribed in the building codes. It is therefore very important to assess the 78 

earthquake vulnerability of all the existing buildings in the Kashmir valley, comprising both 79 

traditional and modern construction types, since the valley falls in Seismic Zones IV or V 80 

(Ali and Ali, 2020). Despite the high vulnerability of the Kashmir valley to earthquakes, no 81 

initiative has been taken by the government and scientific community to develop an 82 

earthquake risk assessment strategy for the valley that would have informed urban 83 

development planning to minimise the damage in the eventuality of an earthquake as has 84 

been done in other vulnerable Himalayan areas of the country like Delhi, Dehradun, Kolkata, 85 

etc. (Pathak, 2008; Nath, et al., 2015; Rautela et al., 2015; Sinha et al., 2016). 86 

Many national and international studies have been conducted to estimate the physical 87 

vulnerability of the built environment by applying various techniques, viz., MCDM (Multi-88 

Criteria Decision Making), AHP (Analytical Hierarchical Process), and ANN (Artificial 89 

NeuraL Networking) (Jena et al., 2020; Jena and Pradhan, 2020; Lee et al., 2019; Alizadeh et 90 

al., 2018). Rashed and Weeks, 2003  studied the physical vulnerability parameters for the 91 

Tabriz city of Iran that are major contributors in assessing the vulnerability of buildings like 92 

the age, height of the buildings, and earthquake intensity. Erden and Karaman, 2012  93 

investigated the impact of systemic vulnerability parameters, such as topography, distance to 94 

the epicentre, soil classification, liquefaction, and fault/focal mechanism using AHP for 95 

earthquake vulnerability assessment of the Kucukekmece region of Istanbul, Turkey. Pathak, 96 

2008 carried out the earthquake vulnerability assessment of Guwahati city using Rapid visual 97 

screening (RVS) by taking into account demand-capacity computation and structural / non-98 

structural damage grade indexing. Nath et al., 2015 used geotechnical, seismological, and 99 

geological data for assessing the seismic risk of Kolkata city. They used land use/land cover, 100 
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population density, building typology, age, and height for earthquake vulnerability 101 

assessment. Sinha et al., 2016 used the Spatial Multi-Criteria Analysis and Ranking Tool 102 

(SMART) methodology and classified the capital city of India, Delhi, as highly vulnerable to 103 

earthquake disaster using different physical parameters like the number of stories, year-built 104 

range, area, occupancy, and construction type. The earthquake vulnerability of Nanital and 105 

Mussorie cities in Uttarakhand state, India was assessed by Rautela et al., 2015 employing 106 

the RVS methodology. Ahmad et al., 2012 used experimental and analytical studies to 107 

investigate Half-Dressed rubble stone (DS) masonry structures of the Himalayas using the 108 

shake table method and fragility analysis of buildings. The study concluded that about 40% 109 

of buildings can collapse in the eventuality of a large earthquake. The collapse percentage of 110 

buildings can go as high as 80% if the epicentre of an earthquake is closer to the site. Baruah 111 

et al., 2020  have assessed the seismic vulnerability of the mega-city Shillong in India using 112 

RVS methodology by including parameters like building typology, local 113 

geology, geomorphology, slope angle, and population suggesting that 60% of the city is 114 

falling under moderate to high vulnerability zones. Jena et al., 2021 carried out an analysis of 115 

the earthquake vulnerability of the Indian subcontinent using the LSTM (Long Short-Term 116 

Memory) model and multi-criterion analysis, which suggested that very-high vulnerable areas 117 

are situated towards the northern and eastern parts of India. The study, conducted at a coarse 118 

scale, classified Jammu and Kashmir, of which the study area is a part, as a highly vulnerable 119 

state with a moderate to high vulnerability index.  120 

The present study addresses the knowledge gap through the assessment of high-121 

resolution earthquake vulnerability of built environment at the ward level in order to identify 122 

the vulnerable areas of Srinagar city, a major rapidly growing and seismically vulnerable 123 

urban centre in the Kashmir valley. The location of earthquake epicentre is related to the 124 

presence of geological structures (faults) in a particular area (Sana, 2018). The available 125 

records of historical and instrumental earthquake events (Table 1) in the study area indicate a 126 

high probability of earthquake events in the Srinagar city in the future. Dar et al., 2019 have 127 

shown that the River Jhelum, running through Srinagar city itself flows along or parallel at 128 

many places to a lineament or fault known as Jhelum fault in the Kashmir Valley. The city is 129 

predominantly located on the Recent alluvium and Karewas with Panjal traps at minor 130 

locations (Dar et al., 2015) and has Seismic Hazard Index (SHI) and Liquefaction Potential 131 

Index (LPI) ranging from high to very high (Sana et al., 2016; Sana, 2018; Yousuf and 132 

Bukhari, 2020). Since the vulnerability at the ward level is the primary focus of this study, 133 

therefore, it is believed that in light of the high vulnerability and occurrences of past 134 

https://www.sciencedirect.com/topics/social-sciences/geomorphology
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earthquakes with epicentre in and around Srinagar and the least variability almost 135 

homogeneous distribution of other geological, geomorphic and soil parameters, the entire city 136 

wards are equally vulnerable in the eventuality of an earthquake and were therefore kept 137 

constant and were disregarded in the analysis. Based on a literature review, expert opinion, 138 

and analyses of the available data, a set of six indicators, such as building geometry, density, 139 

height, typology, pounding possibility and road network were selected in this study for 140 

assessing earthquake vulnerability of the built-up environment in the city. The structural 141 

vulnerability of Srinagar city, which is located in an earthquake-prone zone, will inform 142 

urban planning and development strategies to create a safe and secure built environment with 143 

adequate green and open spaces, as well as make the city sustainable, as envisioned under 144 

UNDP Sustainable Development Goals (SDGs) 11 for sustainable cities and communities.  145 

2. Srinagar city  146 

Srinagar city, spread over an area of 246 km2, lies between 74º 43´ and 74 º 52´ E longitudes 147 

and 34º 0´ and 34º 14´ N latitudes and is divided into 69 administrative wards (Fig. 1). The 148 

city is situated at an elevation of 1713 m amsl along both the banks of the centrally flowing 149 

Jhelum River. The city of Srinagar, home to around 1.5 million people, is an economic hub, a 150 

seat of administration, and an important urban centre in the Kashmir Himalaya (Parry et al., 151 

2012). The population of the city is projected to increase to 1.83 million by 2031 (Farooq and 152 

Muslim, 2014). The city is susceptible to high seismic hazards due to its peculiar geological 153 

setting (Sana, 2018), urban setting (Gupta et al., 2020), demographic profile, and tectonic 154 

setting (Chandra et al., 2018). The city is surrounded by Himalayan boundary faults, which 155 

are capable of generating destructive earthquakes that are well documented in the historical 156 

archives and recent instrumental records as well (Sana, 2018; Gupta et al., 2020). There is a 157 

formidable history of earthquakes that have shaken Srinagar in the past millennium and have 158 

caused huge loss of human life and property (Table 1) (Rajendran  and Rajendran, 2005; 159 

Langenbach, 2007; Bilham et al., 2010; Bilham, 2019; Yousuf et al., 2020). As Srinagar is an 160 

old and historic city, most of the areas grew organically without following any physical plan 161 

or building codes for the construction of its built infrastructure (Yousuf et al., 2020). Post-162 

1947, Srinagar grew very fast, mostly in a haphazard manner with no proper urban planning. 163 

The first Master Plan for the city was developed in 1971, followed by Master Plans for 2021 164 

and 2035. However, all three plans didn't have effective implementation in the city as per the 165 

Master Plan prescriptions because of problems in the planning and implementation setup, 166 

including an inadequate legal framework and institutional structures. Furthermore, there is 167 
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cultural and socio-economic inequality within the city, with lower-middle-income groups 168 

residing in the densely populated downtown wards and upper-middle class and wealthy 169 

people residing in the uptown wards of the city. In such a situation, assessing earthquake 170 

ward-wise vulnerability of the built environment is very critical for prioritizing risk reduction 171 

activities to reduce the earthquake vulnerability of the city (Mouroux et al., 2006; Mili et al., 172 

2018). 173 

 174 

Fig. 1. Location of the study area. Here MBT stands for Main Boundary Thrust, MCT stands 175 

for Main Central Thrust,BF stands for Balapur Fault. 176 

S. 

No

. 

Date 

Magni

tude 

(Mw) 

Lat 

(N) 

Long 

(E) 
Location Damage References 

1 

844 

AD 

6.5 to 

7.5  

34° 

N  
74.8°  E 

Srinagar 

Kashmir 

Landslide dammed Jhelum at 

Khadanyar near Baramulla 

Stein, 1982; Stein, 1898; 

Bilham and Bali, 2014.  

2 

1123 

AD 

6.5 to 

7.5 

34° 

N  
74.8°  E 

Srinagar 

Kashmir 

Caused damage Sugandhesa 

Temple  

Stein, 1982; Stein, 1898; 

Bilham and Bali, 2014; Iyengar 

and Sharma, 1996 ; Iyengar et 

al., 1999; Iyengar and Sharma, 

1999 

3 

1501 

AD 

6.5 to 

7 

34° 

N  
74.8°  E 

Srinagar 

Kashmir 
Three months of after shocks Bilham and Bali, 2014 

4 

1555 

AD 

7.6 to 

8 

34.2

5° N  
74.8°  E 

Baramulla, 

Srinagar 

and 

Landslide, Liquefaction and 

landslides in the Kashmir 

valley 

Bilham and Bali, 2014; Iyengar 

and Sharma, 1996 ; Iyengar et 

al., 1999; Iyengar and Sharma, 
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Anantnag 1999; Ambraseys and Jackson, 

2003 

5 

1669 

AD 

6.5 to 

7 

34° 

N  
74.8°  E 

Srinagar 

Kashmir  

Mild shaking of buildings 

with no loss of life 

Ahmad et al., 2009; Bilham 

and Bali, 2014 

6 

1678 

AD 

6.5 to 

6.8  

34° 

N  
74.8°  E Kashmir  

Continuous shaking of 

buildings 

Ahmad et al., 2009; Bilham 

and Bali, 2014 

7 

1683 

AD 

6.5 to 

6.8 

34° 

N  
74.8°  E 

Srinagar 

Kashmir  

Long shocks and destruction 

of newly constructed houses 

Ahmad et al., 2009; Bilham 

and Bali, 2014 

8 

1736 

AD  

6.5 to 

7 

34° 

N  
74.8°  E 

Srinagar 

Kashmir 

Large number of Building in 

city and adjoin areas 

collapsed completely 

Ahmad et al., 2009 

9 

1779 

AD  

6.5 to 

7.5 

34° 

N  
74.8°  E 

Srinagar 

and villages 

of  Kashmir 

valley 

It destroyed houses in city 

and villages and caused huge 

loss to life 

Ahmad et al., 2009 

10 

1784 

AD 

6.5 to 

7.5 

34° 

N  
74.8°  E 

Srinagar 

Kashmir 
Terrific shocks felt in the area 

Bilham, 2019 

11 
1828 

AD 

6.5 to 

7.5 

34° 

N  
74.8°  E 

Srinagar 

Kashmir 

About 1200 houses collapsed 

in this event 

Vigne, 1842; Ahmad et al., 

2009 

12 

1885 

AD  

7.1 to 

7.5  

34.5

4° N 

74.68°  

E 

Baramulla 

Kashmir 

Terrific shock felt in the 

adjoining area 

Ahmad et al., 2009; Lawrence, 

1895 

13 
2005 

AD 
7.6 

34.4

9° N 

73.63° 

E 
Kashmir 

Earthquake alone left  86,000 

people dead, about 69000 

injured in both Indian and 

Pakistan side and about 25% 

of buildings were fully 

damaged in Uri and Poonch 

areas of J and K 

Kumar et al., 2006 

Table 1: Record of the past earthquake events in the Kashmir valley 177 

3. Dataset and Methodology 178 

 The availability of high spatial resolution satellite images with a ground pixel size of 1 m, 179 

opens up new possibilities for mapping individual features such as buildings (Li et al., 2019). 180 

To accomplish this study, ortho-rectified Cartosat-2 data of 2016-17, having a spatial 181 

resolution of 1 m, were utilised to extract the spatial information of the built environment in 182 

Srinagar city.  The very high-resolution Cartosat-2 data has the potential to map individual 183 

buildings at a large scale (Sandhu et al., 2021).  184 

3.1 Building inventory  185 

Keeping in view the advantages of manual delineation over digital image processing, the 186 

visual interpretation method was employed for delineating buildings and associated land use 187 

and land cover (Rashid et al., 2017). The image interpretation elements, viz., tone, texture, 188 

pattern, size, shape, etc., supplemented by Google Earth, were used to map the building 189 

footprint of the city on high-resolution Cartosat-2 data at a scale of 1:1,000. All the buildings, 190 

roads, water bodies, and other associated urban built-up are included in the mapped features. 191 
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Individual building footprints were accurately mapped, however delineating the complex 192 

geometrical shape in unplanned dense and very dense built-up areas proved to be a difficult 193 

task (Sandhu et al., 2021). As a result, rather than individual building footprints, building 194 

blocks were digitized in the densely populated areas towards the centre of the city where the 195 

edges of buildings become indistinguishable, causing difficulty in extracting individual 196 

building footprints. Following evaluation in the field, these structures were segregated and 197 

corrected. Furthermore, all of the city’s major roads were easily identifiable, however, the 198 

extraction of minor roads, particularly in the densely built-up wards was difficult to map due 199 

to their narrower widths and the metallic rooftop canopy of the adjacent building concealing 200 

the narrow alleys. The vector layer with the associated attributes like height, building 201 

occupancy, typology, and number of floors was created by combining remote sensing data 202 

and field data. The high-resolution building footprint and road network map were then 203 

utilised to critically assess the ward-wise earthquake vulnerability of buildings in the city.  204 

3.2 Building vulnerability indicators 205 

The vulnerability of the built environment determines its earthquake risk. Building collapse 206 

causes the majority of the damage during an earthquake. Thus, faulty building structures and 207 

the use of unsafe materials are some of the major causes of damage during an earthquake 208 

(Lantada et al., 2009). Assessment of the earthquake vulnerability of individual buildings and 209 

neighbourhoods is a complex process (Langenbach, 2009; Agrawal and Chourasia, 2007) and 210 

involves consideration of numerous parameters, which are described as follows: 211 

3.2.1 Building height: Because of its antiquity, tradition, heritage, and significance, 212 

the built environment of different wards of Srinagar city shows a remarkable diversity (Meier 213 

and Will, 2008). Building height has a substantial impact on earthquake response and the 214 

level of structural damage (Kircher et al., 1997; Priestley, 2000). Buildings with a lower 215 

height-to-surface area ratio are more earthquake-resistant, and vice-versa (Alizadeh et al., 216 

2018). As a result, high-rise buildings with a smaller surface area are more vulnerable to 217 

earthquake damage. When these types of buildings shake and swing during an earthquake, 218 

they have a higher probability of pounding. Extensive ward-by-ward field surveys were 219 

conducted to generate a comprehensive building height map of Srinagar city. During the field 220 

surveys, the number of floors in randomly selected buildings from each ward in the city was 221 

surveyed and counted. For height estimation during the field surveys, three types of buildings 222 

were considered: single-story, double-story, and triple- or multiple story buildings. This field 223 

data was then combined in the GIS database. 224 
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3.2.2 Masonry building: Traditional construction practices are considered 225 

outmoded, insubstantial, and indicative of poverty in developing towns (Langenbach, 2009). 226 

As a result, people are moving away from traditional types and methods of construction and 227 

adopting modern practices and types of buildings with bricks, cement blocks, and/or stones. 228 

Masonry buildings, as they are known, are extremely vulnerable to earthquakes (Alam and 229 

Haque, 2018). The disappearance of traditional construction and buildings in Srinagar and the 230 

rise of contemporary masonry construction practices make the city more vulnerable to 231 

earthquakes. A physical survey of buildings was conducted to determine the type of buildings 232 

for the physical vulnerability assessment of masonry buildings in Srinagar (Rahman et al., 233 

2015). The pattern of buildings along the main roads and link roads was surveyed during the 234 

fieldwork because a majority of the buildings in the city are masonry. The presence of 235 

building types other than masonry was recorded using Trimble Juno 5B handheld GPS with a 236 

2-4 meter accuracy, which was then combined with GIS data to estimate the proportion of 237 

various masonry building types in the city.   238 

3.2.3 Pounding Possibility: One of the most common causes of structural damage 239 

during an earthquake is pounding between neighbouring buildings (Anagnostopoulos, 1988). 240 

Pounding conditions occur when two or more buildings collide during an earthquake with a 241 

smaller distance between them (Alam and Haque, 2018). Every building has its natural 242 

frequency and swings correspondingly during an earthquake (Lu et al., 2017; Jia et al., 2018). 243 

If the separation distance between the buildings is insufficient, the buildings cannot swing 244 

freely, resulting in local thrashing of the structures (Gioncu and Mazzolani, 2010). Due to the 245 

location of the city in a seismically active region, it’s socioeconomic setup, unplanned 246 

urbanization and faulty land-use planning (Yousuf et al., 2020), Srinagar faces a significant 247 

risk of structural damage from pounding during an earthquake. To determine the potential of 248 

pounding in Srinagar, we employed a methodology that requires a minimum separation 249 

distance between two buildings of 4% of the building height (FEMA, 1998). The pounding 250 

potential was calculated using the following equation:  251 

       𝑆 = 0.04(ℎ1 + ℎ2)                        (1) 252 

Where, ‘S’ is the minimum separation distance between the buildings, ‘h1’ and ‘h2’ 253 

are the heights of two adjacent buildings.  254 

3.2.4 Building Geometry: The earthquake damage to a building also depends on its 255 

geometry. Compared to regular structures, buildings having geometrical irregularities such as 256 
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a big height-to-width ratio, a large length-to-width ratio, or a large offset in plan and 257 

elevation perform poorly and sustain significant damage during earthquakes (Alih and 258 

Vafaei, 2019). We employed high-resolution Cartosat-2 data and validated it against the field 259 

data to generate a building geometry map of the city. The remote sensing data were pre-260 

processed and the edge enhancement technique was used for highlighting the edges of 261 

buildings (Somvanshi et al., 2018; Huang et al., 2019). The geometry map of the city was 262 

then generated using manual digitization of the building edges, which was later validated in 263 

the field. 264 

3.2.5 Road Network: Urban roadways are a complex network that is extremely 265 

vulnerable to disruption in the event of natural disasters such as earthquakes (Golla et al., 266 

2020). Roads play an important role in the post-earthquake response and recovery phase. 267 

Roadblocks caused by earthquakes have a negative impact on not just post-earthquake 268 

emergency services but also isolate specific areas of cities where basic amenities such as 269 

hospitals, shelters, and other critical services are situated (Balijepalli and Oppong, 2014). 270 

Thus, the mapping of roads is essential for assessing the vulnerability of a city. Using a 271 

manual digitization technique on the high-resolution satellite data, all roads in Srinagar were 272 

mapped at a scale of 1:1,000. Because the buildings in Srinagar are not built in a planned 273 

manner, the majority of the roads are small and narrower and are classified into three 274 

categories: less than 8 feet, 8 to 16 feet, and more than 16 feet roads (Alam and Haque, 275 

2018). Roads with a width of less than 8 feet are considered particularly vulnerable. 276 

3.2.6 Building density: In addition to the aforementioned parameters, the building 277 

density of an urban area has a significant impact on its structural vulnerability (Bahadori et 278 

al., 2017). The more densely built a place is, the more vulnerable it is to earthquakes (Jena 279 

and Pradhan, 2020). For all the wards of Srinagar, the building density was determined as the 280 

number of buildings per unit area. For building density mapping, we used 1meter high-281 

resolution Cartosat data, which we then draped onto Google Earth imagery for validation. 282 

The building density was also validated during the field surveys.  283 

3.3  Field validation 284 

Comprehensive ground-truth surveys were conducted in all wards throughout the city to 285 

validate the building inventory database. Because there are so many buildings and their area 286 

is so large, ward-wise validation of the mapped buildings was done using a stratified random 287 

sampling method. It was ensured that the validation sites are well distributed throughout a 288 
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ward (Han et al., 2020). For field data collection, a proforma was developed to collect data 289 

such as latitude, longitude, building use, number of floors, and construction type. The 290 

position of individual buildings in every ward was identified on the building inventory map 291 

during field surveys through visual observation and GPS coordinates, and the locations were 292 

documented (Ahmad et al., 2009). 8000 field validation points were collected throughout the 293 

city (Fig. 2) and the physical attributes of each building were inspected externally to 294 

determine building parameters such as building height, number of floors, and type of 295 

construction. Post-field surveys, the building inventory database was updated to match the 296 

ground-truth data.  297 

 298 

Fig. 2. a) Field validation map showing the distribution of ground samples with the inset 299 

showing the density of samples. The elevation of study area are based  on ASTER DEM data. 300 

Field photograph of b) modern masonry construction practice adopted in residential c) 301 

commercial building with large windowpanes d) narrower roads in the city centre e) 302 

buildings with the insufficient or no separation distance. 303 

3.4 Analytical Hierarchical Process (AHP) Approach 304 

Due to its simplicity and rationality (Rezaie and Panahi, 2015; Alam and Mondal, 2019), the 305 

AHP is a widely used multi-criteria decision-making method (MCDM) for vulnerability 306 

assessment. It considers both qualitative and quantitative parameters to develop a hierarchical 307 

solution decision-making among various alternatives and their sub-categories. The Analytical 308 

Hierarchical Process (AHP) weights parameters and sub-parameters based on expert opinion, 309 

ensuring transparency and consideration of local-specific conditions of a study area that 310 

global indices cannot (Füssel, 2010). There are three key assessment steps in AHP. The first 311 
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Decreasing Relative Intensity of Importance   Equally    Increasing Relative Intensity of Importance 

1/9   1/8  1/7   1/6   1/5   1/4   1/3   1/2                  1                2      3      4      5      6      7      8      9 
Important 

step is to create binary comparison matrices on a scale of 1–9 (Saaty, 1980), where 1 312 

indicates that two parameters are equally important, 9 indicates that one parameter is 313 

extremely important and 1/9 indicates that the parameter is of the least importance. Table 2 314 

displays the scale of importance. The AHP was used to create indices that measured spatial 315 

variations in structural vulnerability ward-by-ward across the Srinagar city.  316 

Table 2: AHP scale used in this study 317 

In the second step, the weights of different factors are determined from row-multiplied 318 

value (RMV), in un-normalized and normalized values using Equations (2) and (3). 319 

Unnormalized value, 𝑚𝑖 = √𝑅𝑀𝑉
𝑛

  (2) 320 

 Normalized value = 
𝑚𝑖

∑ 𝑚𝑖𝑛
𝑖=1

   (3)     321 

Where, mi refers to the un-normalized value of the i-th parameter and n represents the total 322 

influential parameters. 323 

The third and most important step of this model is to compute the consistency 324 

between judgements and weights. The consistency is calculated from the consistency index 325 

and consistency ratio employing equations (4) and (5). If the consistency ratio is <0.1, the 326 

pairwise comparison matrix is consistent and if it is >0.1, the pairwise comparison between 327 

indicators and sub-indicators must be iterated until a good consistency is achieved. 328 

 Consistency index,𝐶𝐼 =
L−n

𝑛−1
   (4)    329 

 Consistency Ratio,𝐶𝑅 =
CI

RI
   (5) 330 

Where, L represents the Eigen-value of the pairwise comparison matrix and RI is the 331 

random inconsistency index which depends on the number of vulnerability assessment 332 

parameters (n) used in the assessment. The variation of RI values for a different number of 333 

parameters is shown in Table 3. 334 

N 1 2 3 4 5 6 7 8 9 10 11 12 

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.52 1.54 
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Table 3: Random inconsistency indices (RI) for n = 1, 2. . . 12. (After Saaty, 1980)  335 

The four authors were involved in determining the expert judgement process, viz., Prof. 336 

Shakil Ahmad Romshoo, Ph.D., Remote Sensing and GIS; Dr. Irfan Rashid, Ph.D., 337 

Environmental Sciences; Dr. Rakesh Chandra, Ph.D., Geology; and Midhat Fayaz, M.Sc. 338 

(Geoinformatics), but a large body of literature was also consulted that informed the expert 339 

judgement process. Based on multiple judgments, a comparison matrix of six earthquake 340 

vulnerability factors was established in this study (Yariyan et al., 2020). The geometric mean 341 

of expert opinions was then calculated to compile all of the opinions into a single matrix 342 

(Table 4). As a result, the factors are weighted and ranked on a scale of 0 to 1. The 343 

Consistency Ratio (CR) of 1.24 was achieved, which indicates consistency in the pairwise 344 

comparison of vulnerability factors (Saaty, 1980). 345 

Parameters 

Average 

Floor 

Height 

Masonry 

Building 

(%) 

Pounding 

Possibility 

(%) 

Irregular 

Building 

(%) 

Average 

Road 

Width 

Building 

Density Sum Weight 

Average 

Floor 

Height (m) 

0.12 0.09 0.12 0.08 0.16 0.15 0.72 0.12 

Masonry  

Building 

(%) 

0.28 0.23 0.22 0.23 0.22 0.22 1.40 0.23 

Pounding 

Possibility 

(%) 

0.28 0.32 0.31 0.31 0.27 0.31 1.80 0.30 

Irregular 

Building 

(%) 

0.12 0.08 0.08 0.08 0.05 0.08 0.48 0.08 

Road Width 

(ft) 
0.08 0.11 0.12 0.15 0.11 0.09 0.67 0.11 

Building 

Density 

(per Ha) 

0.12 0.16 0.15 0.15 0.19 0.15 0.92 0.15 

Table 4: Pair-wise matrix showing weights for each of the factors used in the AHP model 346 
 347 

3.5 Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) 348 

Approach 349 

The TOPSIS is a multi-criteria decision-making (MCDM) method that chooses alternatives 350 

based on the distance between positive and negative ideal points (Hwang et al., 1993; Joshi 351 
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and Kumar,  2014). The TOPSIS model is based on the concept that the chosen alternative 352 

should be the closest to the ideal solution while being the farthest from the negative ideal 353 

solution. The important steps involved in the TOPSIS approach are listed below. 354 

Step 1: Construction of normalized decision matrix using Equation (6)  355 

                 Normalize score,𝑟𝑖𝑗 = 𝑥𝑖𝑗 (∑ 𝑥𝑦
2)⁄                     (6)  356 

Where, xij is the score of option i with respect to criterion j. 357 

Step 2: Construction of weighted normalized decision matrix using Equation (7)  358 

𝑣𝑖𝑗 = 𝑤𝑗 ∗ 𝑟𝑖𝑗       (7) 359 

where, wj is the weight for each criterion. 360 

Step 3: Identifying the positive and negative ideal solutions. The positive (A+) and the 361 

negative (A') ideal solutions are defined according to the weighted decision matrix using 362 

equations (8) and (9) respectively 363 

𝐴+ = {𝑉1
+, 𝑉2

+, … , 𝑉𝑛
+} 364 

Where, 𝑉𝑗
+ = {max(𝑉𝑖𝑗)𝑖𝑓𝑗 ∈ 𝐽; min(𝑉𝑖𝑗)𝑖𝑓𝑗 ∈ 𝐽′}  (8) 365 

𝐴′ = {𝑉1
′ , 𝑉2

′ , … , 𝑉𝑛
′} 366 

Where, 𝑉𝑗
′ = {min(𝑉𝑖𝑗)𝑖𝑓𝑗 ∈ 𝐽; max(𝑉𝑖𝑗)𝑖𝑓𝑗 ∈ 𝐽′}  (9) 367 

 368 

Step 4: Calculating the separation distance of each alternative from the positive and negative 369 

ideal solution using equations (10) and (11) respectively after Hwang et al., 1993. 370 

 𝑆𝑖
+ = √∑ 𝑛(𝑉𝑗

+
𝑗=1 − 𝑉𝑖𝑗)2   (10) 371 

    372 

𝑆𝑖
− = √∑ 𝑛(𝑉𝑗

′
𝑗=1 − 𝑉𝑖𝑗)2   (11) 373 

 Where, 𝑆𝑖
+ is the distance from the ith alternative from the positive ideal point for the 374 

jth feature and 𝑆𝑖
− is the distance between the ith alternative and the negative ideal point for 375 
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the jth feature and 𝑖 = 1, … ,𝑚. The negative and positive ideal point for each seismic 376 

vulnerability factor is shown in Table 5.  377 

Vulnerability Parameters 
Positive Ideal 

Point (V+) 

Negative Ideal 

Point (V-) 

Average Floor Height 0.0171 0.0112 

Pounding Possibility 0.0501 0.0083 

Irregular Building 0.0270 0.0004 

Road Width 0.0090 0.0199 

Building Density 0.0618 0.0007 

Masonry Building 0.0283 0.0243 

Table 5: Positive and negative ideal points used in the TOPSIS model 378 

Step 5: Measuring the relative closeness of each parameter to the ideal solution using 379 

Equation (12). 380 

   Closeness,𝐶𝑖
∗ = 𝑆𝑖

− (𝑆𝑖
− + 𝑆𝑖

+⁄ ) (12) (After Hwang et al., 1993) 381 

Where, Ci
∗ is a value between 0 and 1 and the closer the number is to 1, the closer the 382 

alternative is to the ideal condition. The positive ideal point in this study is the one with the 383 

maximum structural earthquake vulnerability, while the negative ideal point is the one with 384 

the lowest vulnerability. Furthermore, the closer an alternative value is to 1, the more 385 

vulnerable those limits are, and the closer it is to 0, the less vulnerable they are. 386 

Based on expert opinions, the AHP model was used to assign weights to all the 387 

parameters. Following that, the TOPSIS model was used to rank the wards after evaluating 388 

the best alternatives using mathematical calculations. Finally, the weighted and best 389 

alternative evaluated structural vulnerability parameters from both the AHP and TOPSIS 390 

models are combined in the GIS environment to create a ward-by-ward earthquake 391 

vulnerability map of the built environment for Srinagar. The integrative use of these two 392 

models reduces the uncertainty in the input data and improves accuracy and validity. 393 

Furthermore, decision-making based on the integrated use of the AHP and TOPSIS leads to 394 

more robust and effective outcomes for addressing complex problems (Nyimbili et al., 2018). 395 

Many studies have recommended the integrated use of TOPSIS with AHP for determining 396 

criteria and conducting analyses regarding complex decision-making problems (Behzadian et 397 

al., 2012). Additionally, the integrated use of AHP and TOPSIS helps to resolve the 398 

weighting problem by incorporating expert opinions and preferences, thereby increasing the 399 

consistency of outputs for arriving at consensus in decision-making in earthquake disaster 400 

vulnerability analyses (Nyimbili et al., 2018). 401 
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The adopted methodology has a few limitations, much like any other modelling 402 

technique. In addition to the inherent flaws in Multi Criteria Decision Analysis (MCDA), 403 

there may be some limitations, such as the fact that certain layers become more dominant 404 

than others due to the weighting criteria used, which in turn depends upon the decision-405 

makers' perceptions of which vulnerability parameters have the greatest impact on modelling 406 

outcomes in vulnerability analysis. 407 

4. Results and discussion 408 

4.1. Analysis of building parameters: 409 

4.1.1. Building height: In the city, around 2.5 lakh buildings were mapped (Fig. 3), 410 

with nearly 86.4% of the buildings being residential, 7.1% being commercial, and the 411 

remaining ~6.5% having various uses and purposes such as educational, religious, defence, 412 

health and medical, industrial, etc. The analysis revealed that single story buildings account 413 

for ~8% of all buildings, double-story buildings account for ~50% and triple-story buildings 414 

account for ~42%. However, only a small number (n=307, 0.12%) of buildings have more 415 

than 3 floors. 18 of the 69 wards have an average of two floors, while 51 have an average of 416 

three floors.  417 

The building height has a significant impact on the ward's vulnerability to 418 

earthquakes. A majority of the residential buildings in Srinagar have an average floor height 419 

of three meters, whereas government offices and commercial buildings typically have an 420 

average floor height of 3.5 meters. The lowest ward-wise average building height of 6.33 421 

meters was found in municipal ward A (BB Cant), which is primarily a cantonment area used 422 

and administered for security and defence purposes. Ward number 50 (Lal Bazar) in Srinagar 423 

has the highest ward-wise average building height of 9.68 meters. Figure 4 depicts the spatial 424 

distribution of ward-wise average building heights with the average values provided in Table 425 

6.  426 



17 
 

 427 

Fig. 3. Building foot print map of Srinagar city.  428 

 429 

Fig. 4. Ward-wise distribution of average building height in Srinagar city.  430 

War

d 

No. 

Ward 

Names 
Irregular 

Buildings 

(%) 

Pounding 

Possibility 

(%) 

Masonry 

Buildings 

(%) 

Building 

Density (per 

Ha) 

Average 

Height 

(m) 

Average 

Plinth 

Area 

(m2) 

Avera

ge 

Road 

Width 

(ft) 

Road 

Densit

y 

(km/k

m2) 

A BB Cant 4.01 40.58 98.64 3.86 6.33 149.41 9.61 6.23 

1 Harwan 4.81 76.71 96.57 2.82 8.86 140.19 8.78 7.55 

2 Nishat 3.07 56.33 98.17 2.34 8.64 124.19 8.16 6.08 

3 Dalgate 2.01 36.85 85.98 3.76 7.70 128.59 9.85 7.95 
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4 Lalchowk 6.50 81.07 90.06 4.06 8.24 141.67 12.14 11.61 

5  Rajbagh 3.17 46.41 97.46 7.59 7.37 130.12 8.78 15.47 

6 
Jawahar 

Nagar 6.08 73.48 98.41 6.92 7.39 182.51 11.20 19.77 

7 Wazir Bagh 8.76 85.58 92.29 6.05 6.64 163.73 12.02 13.93 

8 
Mehjoor 

Nagar 0.95 60.43 99.75 7.30 6.88 115.25 8.79 12.38 

9 Natipora 2.21 59.55 99.48 9.12 7.00 138.15 10.12 19.53 

10 Chanapora 3.25 72.44 99.61 8.71 6.79 121.89 11.33 23.71 

11 
Bagat-I-

Barzullah 3.80 46.86 99.32 4.87 6.90 152.71 10.09 13.99 

12 Rawalpora 6.03 53.65 98.66 5.37 6.92 161.29 10.88 17.20 

13 

Sheikh 

Dawood 

Colony 1.32 55.38 97.23 9.73 8.39 129.31 7.55 14.97 

14 Batamaloo 2.95 84.64 96.97 11.05 9.41 158.01 7.94 19.85 

15 
Aloochi 

Bagh 1.88 69.81 99.36 6.72 8.15 130.03 8.78 14.53 

16 
Magarmal 

Bagh 3.48 74.59 97.15 11.11 9.33 120.35 9.07 18.32 

17 
Nund Reshi 

Colony 3.24 79.26 97.47 4.99 9.05 184.49 10.08 12.21 

18 Qamarwari 0.90 49.97 96.33 11.43 8.44 98.93 8.96 19.24 

19 Parimpora 2.78 52.64 96.45 6.66 8.06 114.43 8.82 14.53 

20 Zainakote 3.00 34.94 95.34 3.16 8.11 152.05 9.14 9.46 

21 
Bemina 

East 3.00 67.03 94.70 6.19 8.97 147.59 12.64 17.17 

22 
Bemina 

West 2.42 89.56 96.87 7.45 9.64 143.21 13.60 19.60 

23 
Shaheed 

Gunj 3.36 85.64 97.33 11.00 8.76 95.20 12.06 24.37 

24 
Karan 

Nagar 3.81 72.94 96.78 11.83 8.31 125.08 13.57 26.42 

25 Chattabal 0.83 69.54 98.18 18.38 8.30 100.54 8.08 26.83 

26 
Syed Ali 

Akbar 0.61 87.41 87.41 24.53 8.50 87.57 6.12 35.38 

27 
Nawab 

Bazar 1.12 77.45 93.01 19.90 8.19 97.25 8.60 33.67 

28 Islamyarbal 0.58 82.50 96.51 25.96 9.40 73.68 7.72 34.46 

29 Aali Kadal 0.63 84.02 99.81 29.97 8.64 81.89 7.70 39.33 

30 Ganpatyar 1.04 96.27 98.66 18.58 9.45 130.66 6.42 37.36 

31 
Bana 

Mohalla 0.54 72.28 99.76 21.75 8.79 103.71 6.14 40.22 

32 
Sathoo 

Barbarshah 1.46 77.23 95.05 9.21 8.05 121.44 8.69 16.15 

33 
Khankai 

Moulla 1.05 76.08 98.61 23.95 8.18 87.06 7.10 39.79 

34 S R Gunj 1.56 91.10 99.69 22.65 7.86 86.02 7.20 42.29 

35 
Aqilmir 

Khanyar 1.52 93.14 99.68 22.14 8.05 94.67 8.40 28.82 

36 
Khawaja 

Bazar 1.60 97.11 99.77 24.90 7.82 73.60 9.55 27.80 

37 Safa Kadal 2.90 80.12 99.36 16.43 7.82 113.22 6.86 27.27 

38 Iddgah 2.05 88.71 99.53 8.38 7.74 110.69 9.19 13.15 

39 Tarbal 0.56 98.27 99.65 38.89 6.96 71.17 7.91 38.42 

40 Jogi Lankar 2.33 91.62 99.36 16.93 8.46 97.27 7.37 25.51 
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41 
Zindshah 

Sahib 4.37 97.94 99.07 23.73 8.40 95.92 6.17 29.72 

42 

Hasanabad 

2.98 89.68 99.78 9.79 7.85 

112.3

3 7.55 20.44 

43 
Jamia 

Masjid 1.58 99.66 97.27 46.35 7.77 61.48 7.51 40.53 

44 

Makhdoom 

Sahib 
2.06 86.04 99.04 8.60 7.78 

104.7

4 8.73 19.49 

45 

Kawdara 

1.16 85.52 99.23 16.67 7.02 

105.5

4 7.74 26.03 

46 

Zadibal 

0.87 42.34 99.69 7.20 6.96 

108.1

3 

10.1

1 12.63 

47 

Madin 

Sahib 
2.57 70.85 99.59 13.82 7.46 

103.5

8 

11.7

5 22.59 

48 

Nowshera 

3.86 65.95 99.56 8.59 9.56 

145.2

4 8.29 20.11 

49 

Zoonimar 

2.28 41.22 99.66 7.56 7.52 

126.1

4 8.40 17.12 

50 

Lal Bazar 

5.45 93.81 99.30 9.43 9.68 

147.3

5 

10.0

7 16.22 

51 

Umer 

Colony 
6.65 82.78 99.77 7.86 8.54 

175.9

1 9.32 15.49 

52 

Soura 

3.24 79.14 98.01 9.39 9.62 

105.2

8 9.89 17.59 

53 

Buchpora 

2.43 47.26 99.62 8.34 9.55 

147.9

4 9.70 23.36 

54 

Ahmad 

Nagar 
5.24 79.42 99.58 4.04 8.77 

167.2

4 8.69 9.73 

55 

Zakora 

3.29 63.88 99.67 2.02 7.38 

154.0

4 8.98 5.92 

56 

Hazratbal 

6.15 83.01 96.86 4.50 8.01 

158.5

1 

11.4

1 11.89 

57 

Tailbal 

1.19 53.49 99.25 2.86 8.54 

106.3

0 8.29 7.44 

58 Bud Dal 0.73 58.98 98.74 0.49 8.86 82.14 6.14 1.35 

59 Locut Dal 1.02 86.53 87.24 1.80 8.76 72.43 6.75 1.79 

60 

New Theed  

0.86 46.17 99.08 2.03 7.84 

108.9

9 7.89 5.63 

61 

Alasteng 

2.42 71.43 99.25 1.74 8.02 

126.3

4 8.17 3.93 

62 Palapora 0.14 28.23 99.46 1.33 7.43 83.49 8.16 2.97 

63 

Maloora 

0.75 24.50 98.09 1.56 8.40 

146.5

9 9.52 5.56 

64 

Lawaypora 

1.49 39.23 99.03 1.64 8.51 

143.0

6 9.79 4.91 

65 

Khumani 

Chowk 
1.00 90.18 99.57 1.79 8.26 

112.3

4 7.74 4.85 

66 

Humhama 

2.60 22.50 99.36 3.27 6.83 

131.5

1 

10.4

5 9.42 

67 Pantha 2.63 18.02 99.21 2.77 7.01 105.1 9.51 5.91 
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Chowk 7 

68 Khonmoh 1.70 16.59 99.37 2.14 6.99 89.06 9.54 5.11 

Table 6: Ward-wise built-up parameters used for vulnerability assessment of the Srinagar 431 

city. 432 

4.1.2 Masonry Building: The type of construction material used in building 433 

construction determines the earthquake vulnerability of the built environment (Lang et al., 434 

2018). The masonry buildings (those constructed of bricks, cement blocks or stone) have an 435 

extremely poor seismic performance (Alam and Haque, 2018). The strength of the buildings 436 

is mostly determined by the materials used for the walls and the type of mortar used (Lang et 437 

al., 2018). Table 6 and Fig. 5 show the ward-wise distribution of masonry buildings in 438 

Srinagar. The proportion of masonry structures in the city varies between 82% and 99.8% in 439 

different wards. Masonry buildings account for about 98% of the city’s total buildings , 440 

making it highly vulnerable to earthquakes. Ward number 29 (Aali Kadal) has the largest 441 

number of masonry buildings (99.8%), whereas wards 3, 26, and 59 (Dalgate, Syed Ali 442 

Akbar, and Jawahar Nagar, respectively) have about 15% non-masonry buildings.  443 

 444 

Fig. 5. Ward-wise distribution of Masonry buildings in the city.  445 

4.1.3 Pounding possibility: From the analysis of the estimated separation distance 446 

and height of adjacent buildings, it was found that ~ 65% of buildings in the city have a high 447 
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chance of pounding with neighbouring buildings, at least on one side, because the ideal offset 448 

between the buildings has not been maintained due to the haphazard building construction 449 

practices, particularly in the downtown wards of the city (Fig. 6). Table 6 provides 450 

information about the ward-by-ward pounding probability of the city. It is therefore evident 451 

from the analysis that the downtown wards of the city have the highest risk of pounding 452 

because the buildings are densely packed in most of the wards. Comparably, the uptown 453 

wards show a lower pounding possibility due to the sufficient gaps between the buildings.  454 

 455 

Fig. 6. Ward-wise distribution of building pounding possibility in the city.  456 

4.1.4 Building Geometry: Modern buildings in the city are constructed with 457 

irregular shapes and frequent offsets for aesthetic building layout and structural design. The 458 

building irregularities, either planar or vertical, make the structures vulnerable to seismic 459 

loading (Mazza, 2014; Ahirwal et al., 2019). As a result, while assessing the earthquake 460 

vulnerability of the built environment, building irregularity is an important factor to consider. 461 

It was found from the analysis of the data provided in Table 6 and Figure 7 that ~3% of the 462 

buildings in the city have irregular shapes. A fewer number of irregular buildings are found in  463 

municipal ward number 62 i.e., Palapora (n=8, 0.13%), whereas the largest number of 464 

irregular buildings are present in ward number 7 i.e., Wazir Bagh (n=158, 8.76%), increasing 465 
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the ward’s vulnerability in the city. The typical residential buildings usually have a 466 

conventional, regular, and rectangular shape with four sides and an average plinth area of 120 467 

m2 (Table 6). Some of the schools, colleges, government offices, hospitals, and commercial 468 

complexes have irregular architectural shapes, such as the shape of the letters “O,” “L,” “U,” 469 

“T,” and “H” making them more vulnerable to earthquakes. Furthermore, most schools, 470 

colleges, and hospitals are usually made up of multiple smaller buildings with regular shapes 471 

that are close to each other, increasing the risk of pounding and making these building 472 

complexes more vulnerable to earthquake damage. 473 

 474 

 Fig. 7. Ward-wise distribution of irregular shaped buildings in the city.  475 

4.1.5 Building Density: The average building density of Srinagar is ten buildings 476 

per hectare (including residential and commercial buildings). However, the building density 477 

in 17 wards of the downtown city is more than 15 buildings per hectare (Table 6; Fig. 8). The 478 

highest building density of 46 buildings per hectare was observed in municipal ward number 479 

43 (Jamia Masjid), followed by wards 39 (Tarabal) and 29 (Aali Kadal), which have a 480 

building density of 39 and 30, respectively. Ward number 58 (Bud Dal) has the lowest 481 

building density, with only one building per hectare. Srinagar is one of the largest urban 482 

centres in the Himalayan region and is experiencing considerably high rates of population 483 
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growth and built-up area expansion, leading to the extension of urban areas and the merging 484 

of the city fringe areas into the main city (Bhat et al., 2012). The outer peripheral wards have 485 

mostly low building density, as these are the developing areas proposed under the Srinagar 486 

Master Plan 2035. Knowledge about the building packing within the urban city centre is 487 

crucial information for the earthquake vulnerability assessment. The current practise of 488 

constructing buildings with insufficient space between them increases the congestion and 489 

building density of cities (Bahadori et al., 2017). The areas with high building densities 490 

(Table 6) are more vulnerable to earthquake damage than areas with low building densities 491 

(Shadmaan and Islam, 2021). The high building density also leads to a small separation 492 

distance between buildings and a reduction in the open space area. This reduces the amount 493 

of useful space available for evacuation and shelter during post-earthquake rescue operations. 494 

In order to decrease the loss and damage to human life and infrastructure caused by 495 

earthquakes, it is important to regulate building density and ensure the reinforcement of old 496 

structures (Jena et al., 2020). Good planning, a lower building density, and evenly spaced 497 

buildings can reduce the seismic vulnerability of a city (Aghataher et al., 2018).  498 

 499 

Fig. 8. Ward-wise distribution of building density in the city.  500 
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4.1.6 Road Network: Despite the high population and building density in the city, 501 

the road network connectivity in the city is good, with a total road length of 2246 kilometers. 502 

In the eventuality of an earthquake, the effectiveness of the urban road network decreases 503 

significantly due to road damage caused by collapsed buildings and blockages (Bono and 504 

Gutiérrez, 2011; Zanini et al., 2017). On the basis of their width, the roads were classified 505 

into three categories: <8 ft, 8 to 16 ft, and > 16 ft (Fig. 9). The roads or streets with a width of 506 

less than 8 feet are considered possible blockade sites. From the analysis of the data provided 507 

in Table 6, it is evident that wards 26 (Syed Ali Akbar), 31 (Bana Mohalla), 58 (Bud Dal), 41 508 

(Zind Shah Sahib), 30 (Ganpatyar), and 37 (Safa Kadal) have the smallest average road width 509 

of less than 7 ft., despite having high road densities except for ward 58 (Bud Dal), which has 510 

a road density of 1.35 km km-2 due to the fact that most of the ward is covered by water (Dal 511 

Lake). Ward 26 has a road density of 35.38 km km-2, ward 31 has a road density of 40.22 km 512 

km-2 , ward 41 has a road density of 29.72 km km-2, ward 30 has a road density of 37.36 km 513 

km-2 and ward 37 has a road density of 27.27 km km-2. Wards 24 (KaranNagar) and 22 514 

(Bemina West) has the largest average road width of 13.58 ft and a road density of 26.42 and 515 

19.60 km km-2, respectively (Table 6). It is worth noting that the road network in the city is 516 

relatively denser in the downtown city and as a result, the roads being narrower makes these 517 

places in the city more vulnerable to earthquake damage and possibly impeding the post-518 

earthquake evacuation and rehabilitation operations. The road network in the uptown wards 519 

towards the periphery of the city, on the other hand, is less dense. The roads being relatively 520 

wider in the outer wards make them more suitable for evacuation and would facilitate easy 521 

movement of traffic and relief during an earthquake compared to the inner city wards.  522 
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 523 

Fig. 9.  Ward-wise road network in the city.  524 

4.2 Earthquake vulnerability Analysis: 525 

Earthquake events are common in the Kashmir valley and they are characterised by high 526 

exposure to social and economic consequences that can be severe (Oliveira, 2003). 527 

Earthquake vulnerability assessment aids pre-earthquake planning and post-earthquake 528 

emergency operations by providing vital information that informs earthquake risk reduction 529 

measures (Saputra et al., 2017). The GIS-based analysis of the earthquake vulnerability of the 530 

built environment in Srinagar, using the coupled model of AHP and TOPSIS was carried out 531 

to highlight the ward-wise vulnerability in the event of an earthquake. Because all of the 532 

structural vulnerability parameters have different importance and impacts the structural 533 

vulnerability of the city cannot be achieved by relying on a single parameter (Panahi et al., 534 

2014). Therefore, all six important parameters were considered in this study to produce a 535 

good earthquake vulnerability assessment of the city. This study classified 69 municipal 536 

wards of the city into five earthquake vulnerability classes: very high, high, moderate, low, 537 

and very low earthquake vulnerability. The results showed that 9 municipal wards in the city 538 

are very highly vulnerable, 14 wards are highly vulnerable, 19 wards are moderately 539 

vulnerable, 17 wards are low vulnerable, and 10 wards fall in the very low vulnerable 540 

category (Fig. 10).  The vulnerability map reveals that wards categorised under the same 541 
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vulnerability class are contagious to one another, indicating a clear pattern of earthquake 542 

vulnerability in Srinagar. The city centre, which also happens to be the site of ancient urban 543 

settlements including several heritage buildings and shrines, has a very high level of 544 

structural vulnerability, and as we move towards the outer peripheral wards the vulnerability 545 

changes from moderate to low. The probability of masonry buildings collapsing in the event 546 

of an earthquake is higher (Bhosale et al., 2018), and the city has a large percentage of such 547 

buildings, making it more vulnerable to earthquake disasters. Buildings with regular 548 

geometry, uniform mass distribution and rigidity in plan and elevation are more resistant to 549 

earthquakes than buildings with irregular geometry and hence variable mass distribution 550 

(Stein, 1982). As the findings of this study show, a good number of buildings in a few wards 551 

of the city have irregular geometry, making them more vulnerable to earthquakes. The high 552 

building density, maximal pounding potential and narrower road network near the city centre 553 

part make these wards particularly vulnerable when compared to the other wards located in 554 

the periphery of the city.  555 

 556 

Fig. 10.  Structural vulnerability of Srinagar city.  557 

Since because the majority of the built-up in the city is non-engineered, highly dense, 558 

irregular and masonry based, the results indicate that infrastructure development of any type 559 
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in the very high and high vulnerable zones of the city must adhere to the prescribed building 560 

codes and bylaws to achieve the resilience to earthquakes. However, the continued 561 

construction of both government and residential buildings in the wetlands and marshy areas 562 

of Srinagar city, particularly towards the south of the city, is worrisome because it makes the 563 

city more vulnerable to earthquake damage. It is pertinent to mention here that wetlands and 564 

marshlands were masked in this study and hence not used in the analysis.  565 

The socio-economic conditions of an area play an important role in determining the 566 

vulnerability of an area to earthquake hazards. Srinagar has witnessed a population explosion, 567 

with the population increasing from 0.25 million in 1961 to 1.5 million in 2011. The city also 568 

has a high proportion of female and child residents (59%) and a population density of 4000 569 

people per square kilometer. Migration from rural areas and population growth are the 570 

primary drivers of this enhanced population expansion (Nengroo et al., 2018). The city has 571 

been under pressure to expand its built-up area in order to cater to the population boom, 572 

which has also led to excessive resource depletion, widening wealth and poverty gaps, and 573 

detrimental environmental and socioeconomic concerns (Mitsovaa et al., 2010; Kamat and 574 

Mahasur, 1997). With the mounting demand for new housing, the quality and condition of 575 

houses have received negligible attention. These concerns about accelerated population 576 

progression, along with high urbanization, have increased the socio-economic vulnerability of 577 

the built environment in Srinagar to earthquakes. Furthermore, in the event of a major 578 

earthquake, the lack of critical amenities such as trauma hospitals, shelters, etc., as well as 579 

poor road conditions in several wards of Srinagar city, could result in significant loss of life 580 

and property. 581 

Earthquake vulnerability assessment of the built-up environment in Srinagar, if 582 

followed by retrofitting, restoration, and rehabilitation initiatives in the most vulnerable 583 

wards of the city, will help to reduce damage during earthquakes. This study can assist city 584 

planners in choosing safe, low-density areas and even guide to propose new infrastructural 585 

development envisaged under the master plan, as well as identify densely populated areas that 586 

are particularly vulnerable to earthquakes and where no further infrastructural development 587 

should be permitted other than the development of open and green spaces. In very high and 588 

high vulnerable zones, provision for emergency services such as firefighters, shelters, 589 

specialized medical facilities and so on must be made to minimize the loss of life and 590 

property in the event of an earthquake. Pre- and post-earthquake disaster mitigation and 591 

capacity-building initiatives are critical for transforming Srinagar into a safe, sustainable, and 592 

earthquake-resistant city. The challenges surrounding the earthquake threat to Srinagar and 593 
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the city’s preparedness thereof necessitate the adoption of new scientific and innovative 594 

urban development planning and inexpensive measures aimed at inculcating a culture of 595 

earthquake consciousness among its citizenry. The establishment of a culture of earthquake-596 

resistant and safe construction will undoubtedly make the city safer and reduce the adverse 597 

consequences of earthquakes.  598 

5. Conclusions 599 

Understanding the structural vulnerability of a city situated in an earthquake-prone zone at a 600 

ward scale is critical for deciding on appropriate urban planning and development strategies 601 

to build and promote a safe, inclusive, sustainable, and earthquake-resilient living 602 

environment as contemplated under SDG 11. The current study, which is the first of its kind 603 

for Srinagar, reveals the micro-level structural vulnerability of the built-up environment in 604 

the city. The vulnerability zonation map generated for the city reveals that around 32% of the 605 

city has very low vulnerability, which covers 10 municipality wards. The low earthquake 606 

vulnerability zone encompasses around 33% of the city, which includes 17 wards; the 607 

moderate vulnerability zone covers around 28% of the city and 19 wards; the high 608 

vulnerability zone covers 5.7 % of the city and 14 wards; and the very high vulnerability zone 609 

covers 1.28 % of the city and 9 municipality wards. Overall, about 7% of the city, covering 610 

1/3rd of the city municipal wards (n=23) are falling into either high or very high vulnerability 611 

zones. The downtown wards in the city's central area are the most vulnerable to earthquakes 612 

due to the high pounding potential, high building density, and narrower streets with little or 613 

no open and green areas. Reducing infrastructure development in these neighbourhoods by 614 

relocating residents and services to less congested areas is an intervention that must be 615 

undertaken. Since green and open spaces are used as evacuation places, it is strongly advised 616 

that new construction in these areas, as well as the development of these spaces, be avoided. 617 

The study underlines the importance of developing emergency action plans that outline how 618 

to prevent causalities by allowing for the rapid, selective and effective utilisation of resources 619 

as well as retrofitting schemes and capacity-building programs to safeguard human life and 620 

the economy in the city. The current study is in accordance with the 2030 Agenda for 621 

Sustainable Development Goals, which recognises and reiterates the urgent need to lower the 622 

risk of disasters. The study will help to reduce the exposure and vulnerability of people to 623 

disasters and build resilient infrastructure. The findings of this study will support sensible 624 

urban planning, which calls for the construction of resilient infrastructure to reduce 625 

vulnerability to natural disasters, as well as sustainable development in line with SDG 11 and 626 
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SDG 9, which demand manageable densities, user-friendly public spaces, and mixed-use 627 

urban development. These findings are consistent with the posteriori knowledge of the study 628 

area’s vulnerability and they will help the urban planners and policymakers in developing any 629 

future land use planning and strategies. The socio-economic vulnerability of the city was not 630 

analysed in this study, but it would be included in future research to produce a more accurate 631 

and holistic assessment of the earthquake vulnerability to better inform policymaking for 632 

developing earthquake risk reduction strategies in the city. 633 

Author contributions: 634 

Shakil Ahmad Romshoo: Conceptualization, Methodology, Supervision. Manuscript 635 

preparation with inputs from MF, Midhat Fayaz: Data generation, Methodology, Formal 636 

analysis, Field surveys, Investigation, Manuscript editing Irfan Rashid: Review and Editing, 637 

Rakesh Chandra: Investigation, Review and Editing. 638 

Competing interests: "The authors declare that they have no conflict of interest." 639 

Funding: 640 

The work was funded by Ministry of Earth Sciences (MoES), Govt. of India, New Delhi, 641 

under the award number MoES/P.O. (Geosci)/16/ 2013. The financial assistance received 642 

from the sponsors under the project is thankfully acknowledged.  643 

Acknowledgement: 644 

The research work was conducted under the Ministry of Earth Sciences sponsored research 645 

project titled “Geological characterization of the Kashmir valley with the objective of 646 

quantifying probabilistic hazard and risk in high risk areas of the valley using a logically 647 

integrated set of geoscientific investigations”. The financial assistance received from the 648 

sponsors under the project is thankfully acknowledged.  649 

REFERENCES 650 

Aghataher, R., Delavar, M. R., Nami, M. H., and Samnay, N.: A fuzzy-AHP decision support 651 

system for evaluation of cities vulnerability against earthquakes, World Appl Sci 652 

J, 3(1), 66-72, 2008.  653 

Agrawal, S. K., and Chourasia, A.: Estimation of seismic vulnerability of building of delhi 654 

municipal area, Journal of Disaster and Development, 1(2), 169-185, 2007. 655 

Ahirwal, A., Gupta, K., and Singh, V.: Effect of irregular plan on seismic vulnerability of 656 

reinforced concrete buildings, In AIP Conference Proceedings (Vol. 2158, No. 1, p. 657 

020012), AIP Publishing LLC, https://doi.org/10.1063/1.5127136, 2019.  658 

https://doi.org/10.1063/1.5127136


30 
 

Ahmad, B., Alam, A., Bhat, M. S., Ahmad, S., Shafi, M., and Rasool, R.: Seismic risk 659 

reduction through indigenous architecture in Kashmir Valley, International journal of 660 

disaster risk reduction, 21, 110-117, https://doi.org/10.1016/j.ijdrr.2016.11.005, 2017.  661 

Ahmad, B., Bhat, M. I., and Bali, B. S.: Historical record of earthquakes in the Kashmir 662 

Valley, Himalayan Geology, 30(1), 75-84, 2009. 663 

Ahmad, Naveed, Qaisar Ali, M. Ashraf, B. Alam, and A. Naeem.: Seismic vulnerability of 664 

the Himalayan half-dressed rubble stone masonry structures, experimental and 665 

analytical studies, Natural Hazards and Earth System Sciences, 12(11), 3441-3454,  666 

https://doi.org/10.5194/nhess-12-3441-2012, 2012. 667 

Alam, M. S., and Haque, S. M.: Assessment of urban physical seismic vulnerability using the 668 

combination of AHP and TOPSIS models: A case study of residential neighborhoods of 669 

Mymensingh city, Bangladesh, Journal of Geoscience and Environment 670 

Protection, 6(02), 165,  10.4236/gep.2018.62011, 2018.  671 

Alam, M. S., and Mondal, M.: Assessment of sanitation service quality in urban slums of 672 

Khulna city based on SERVQUAL and AHP model: A case study of railway slum, 673 

Khulna, Bangladesh, Journal of Urban Management, 8(1), 20-27, 674 

https://doi.org/10.1016/j.jum.2018.08.002, 2019. 675 

Ali, U., and Ali, S. A.: Comparative response of Kashmir Basin and its surroundings to the 676 

earthquake shaking based on various site effects, Soil Dynamics and Earthquake 677 

Engineering, 132, 106046, https://doi.org/10.1016/j.soildyn.2020.106046, 2020.   678 

Alih, S. C., and Vafaei, M.: Performance of reinforced concrete buildings and wooden 679 

structures during the 2015 Mw 6.0 Sabah earthquake in Malaysia, Engineering Failure 680 

Analysis, 102, 351-368, https://doi.org/10.1016/j.engfailanal.2019.04.056, 2019.  681 

Alizadeh, M., Ngah, I., Hashim, M., Pradhan, B., and Pour, A. B.: A hybrid analytic network 682 

process and artificial neural network (ANP-ANN) model for urban earthquake 683 

vulnerability assessment, Remote Sensing, 10(6), 975. 684 

https://doi.org/10.3390/rs10060975, 2018.  685 

Ambraseys, N., and Jackson, D.: A note on early earthquakes in northern India and southern 686 

Tibet, Current Science, 570-582, 2003. 687 

Amini, H. K., Hosseini, M., Jafari, M. K., and Hosseinioun, S.: Recognition of vulnerable 688 

urban fabrics in earthquake zones: a case study of the Tehran metropolitan area, 2009.  689 

Anagnostopoulos, S. A.: Pounding of buildings in series during earthquakes, Earthquake 690 

engineering and structural dynamics, 16(3), 443-456, 691 

https://doi.org/10.1002/eqe.4290160311, 1988.  692 

Bahadori, H., Hasheminezhad, A., and Karimi, A.: Development of an integrated model for 693 

seismic vulnerability assessment of residential buildings: Application to Mahabad City, 694 

https://doi.org/10.1016/j.ijdrr.2016.11.005
https://doi.org/10.5194/nhess-12-3441-2012
http://www.scirp.org/journal/PaperInformation.aspx?PaperID=82795&#abstract
https://doi.org/10.1016/j.jum.2018.08.002
https://doi.org/10.1016/j.soildyn.2020.106046
https://doi.org/10.1016/j.engfailanal.2019.04.056
https://doi.org/10.3390/rs10060975
https://doi.org/10.1002/eqe.4290160311


31 
 

Iran, Journal of Building Engineering, 12, 118-131, 695 

https://doi.org/10.1016/j.jobe.2017.05.014, 2017. 696 

Balijepalli, C., and Oppong, O.: Measuring vulnerability of road network considering the 697 

extent of serviceability of critical road links in urban areas, Journal of Transport 698 

Geography, 39, 145-155, https://doi.org/10.1016/j.jtrangeo.2014.06.025, 2014.  699 

Baruah, S., Boruah, G. K., Sharma, S., Hoque, W. A., Chetia, T., Dey, C., ... and Choudhury, 700 

S.: Seismic vulnerability assessment of earthquake-prone mega-city Shillong, India 701 

using geophysical mapping and remote sensing, Georisk: Assessment and Management 702 

of Risk for Engineered Systems and Geohazards, 14(2), 112-127, 703 

https://doi.org/10.1080/17499518.2019.1598560, 2020.  704 

Beck, E., André-Poyaud, I., Davoine, P. A., Chardonnel, S., and Lutoff, C.: Risk perception 705 

and social vulnerability to earthquakes in Grenoble (French Alps), Journal of Risk 706 

Research, 15(10), 1245-1260, https://doi.org/10.1080/13669877.2011.652649, 2012.  707 

Behzadian, M., Otaghsara, S. K., Yazdani, M., Ignatius, J.: A state-of the-art survey of 708 

TOPSIS applications, Expert Systems with Application, 39(17):13051–13069 709 

https://doi.org/10.1016/j.eswa.2012.05.056, 2012. 710 

Bhat, S., Ahmad, A., Bhat, M. S., Zahoor, A. N., Kuchay N. A., Bhat, M. S., Mayer A. I., and 711 

Sabar, M.: Analysis and simulation of urban expansion of Srinagar city, Sciences, 2249, 712 

2224-5766. https:// doi.org/ 10.5897/IJPC2015.0314, 2012. 713 

Bhosale, A., Davis, R., and Sarkar, P.: New seismic vulnerability index for vertically 714 

irregular buildings. ASCE-ASME Journal of Risk and Uncertainty in Engineering 715 

Systems, Part A: Civil Engineering, 4(3), 04018022, 716 

https://doi.org/10.1061/AJRUA6.0000973, 2018.  717 

Bilham, R., and Bali, B. S.: A ninth century earthquake-induced landslide and flood in the 718 

Kashmir Valley, and earthquake damage to Kashmir’s Medieval temples, Bulletin of 719 

Earthquake Engineering, 12(1), 79-109, https://doi.org/10.1007/s10518-013-9504-x, 720 

2014.  721 

Bilham, R., Bali, B. S., Bhat, M. I., and Hough, S.: Historical earthquakes in Srinagar, 722 

Kashmir: clues from the Shiva temple at Pandrethan, Ancient earthquakes, 471, 110-723 

117, 2010.  724 

Bilham, R.: Himalayan earthquakes: a review of historical seismicity and early 21st century 725 

slip potential, Geological Society, London, Special Publications, 483(1), 423-482, 726 

https://doi.org/10.1144/SP483.16, 2019. 727 

Bono, F., and Gutiérrez, E.: A network-based analysis of the impact of structural damage on 728 

urban accessibility following a disaster: the case of the seismically damaged Port Au 729 

Prince and Carrefour urban road networks, Journal of Transport Geography, 19(6), 730 

1443-1455, https://doi.org/10.1016/j.jtrangeo.2011.08.002, 2011.  731 

https://doi.org/10.1016/j.jobe.2017.05.014
https://doi.org/10.1016/j.jtrangeo.2014.06.025
https://doi.org/10.1080/17499518.2019.1598560
https://doi.org/10.1080/13669877.2011.652649
https://doi.org/10.1016/j.eswa.2012.05.056
http://dx.doi.org/10.5897/IJPC2015.0314
https://doi.org/10.1061/AJRUA6.0000973
https://doi.org/10.1007/s10518-013-9504-x
https://doi.org/10.1144/SP483.16
https://doi.org/10.1016/j.jtrangeo.2011.08.002


32 
 

Chandra, R., Dar, J. A., Romshoo, S. A., Rashid, I., Parvez, I. A., Mir, S. A., and Fayaz, M.: 732 

Seismic hazard and probability assessment of Kashmir valley, northwest Himalaya, 733 

India, Natural Hazards, 93(3), 1451-1477, https://doi.org/10.1007/s11069-018-3362-4, 734 

2018.  735 

Dar, R. A., Mir, S. A., and Romshoo, S. A.: Influence of geomorphic and anthropogenic 736 

activities on channel morphology of River Jhelum in Kashmir Valley, NW Himalayas, 737 

Quaternary International, 507, 333-341, https://doi.org/10.1016/j.quaint.2018.12.014, 738 

2019. 739 

Duzgun, H. S. B., Yucemen, M. S., Kalaycioglu, H. S., Celik, K. E. Z. B. A. N., Kemec, S., 740 

Ertugay, K., and Deniz, A.: An integrated earthquake vulnerability assessment 741 

framework for urban areas, Natural hazards, 59(2), 917-947, 742 

https://doi.org/10.1007/s11069-011-9808-6, 2011.  743 

Düzgün, H. S., Yücemen, M. S., and Kalaycioglu, H. S.: An Integrated Approach for Urban 744 

Earthquake Vulnerability Analyses, In EGU General Assembly Conference 745 

Abstracts (p. 6661), http://meetings.copernicus.org/egu2009, 2009.  746 

Erden, T., and Karaman, H.: Analysis of earthquake parameters to generate hazard maps by 747 

integrating AHP and GIS for Küçükçekmece region, Natural Hazards and Earth System 748 

Sciences, 12(2), 475-483, https://doi.org/10.5194/nhess-12-475-2012, 2012.  749 

Farooq, M., and Muslim, M.: Dynamics and forecasting of population growth and urban 750 

expansion in Srinagar City-A Geospatial Approach, International Archives of 751 

Photogrammetry, Remote Sensing and Spatial Information Sciences, 40(8), 709, 2014. 752 

Federal Emergency Management Agency 1998 FEMA 310 Handbook for the Seismic 753 

Evaluation of Buildings: A Prestandard (Washington, DC: Federal Emergency 754 

Management Agency) 755 

Füssel, H. M.: Review and quantitative analysis of indices of climate change exposure, 756 

adaptive capacity, sensitivity, and impacts, http://hdl.handle.net/10986/9193, 2010.  757 

Gioncu, V., and Mazzolani, F.: Earthquake engineering for structural design, CRC Press, 758 

2010. 759 

Golla, A. P. S., Bhattacharya, S. P., and Gupta, S.: The accessibility of urban neighborhoods 760 

when buildings collapse due to an earthquake, Transportation research part D: transport 761 

and environment, 86, 102439, https://doi.org/10.1016/j.trd.2020.102439, 2020.  762 

Gupta, S. V., Parvez, I. A., and Khan, P. K.: Imaging subsurface geological complexity 763 

(2D/3D) beneath the Greater Srinagar region of the Kashmir basin, Northwest 764 

Himalaya, Near Surface Geophysics, 20(1), 94-114, https://doi.org/10.1002/nsg.12186, 765 

2022.  766 

https://doi.org/10.1007/s11069-018-3362-4
https://doi.org/10.1007/s11069-011-9808-6
http://meetings.copernicus.org/egu2009
https://doi.org/10.5194/nhess-12-475-2012
http://hdl.handle.net/10986/9193
https://doi.org/10.1016/j.trd.2020.102439
https://doi.org/10.1002/nsg.12186


33 
 

Gupta, S. V., Parvez, I. A., Ankit, Khan, P. K., and Chandra, R.: Site effects investigation in 767 

Srinagar city of Kashmir basin using microtremor and its inversion, Journal of 768 

Earthquake Engineering, 1-22, https://doi.org/10.1080/13632469.2020.1816232, 2020. 769 

Han, J., Kim, J., Park, S., Son, S., and Ryu, M.: Seismic vulnerability assessment and 770 

mapping of Gyeongju, South Korea using frequency ratio, decision tree, and random 771 

forest, Sustainability, 12(18), 7787, https://doi.org/10.3390/su12187787, 2020.  772 

Hashemi, M., and Alesheikh, A. A.: Development and implementation of a GIS-based tool 773 

for spatial modeling of seismic vulnerability of Tehran, Natural Hazards and Earth 774 

System Sciences, 12(12), 3659-3670. https://doi.org/10.5194/nhess-12-3659-2012, 775 

2012.  776 

Hicyilmaz, K. M. O., Wilcock, T., Izatt, C., Da Silva, J., and Langenbach, R.: Seismic 777 

performance of dhajji dewari, In 15th World Conference on Earthquake Engineering, 778 

Lisbon  24-28, 2012. 779 

Huang, F., Yu, Y., and Feng, T.: Automatic building change image quality assessment in high 780 

resolution remote sensing based on deep learning, Journal of Visual Communication 781 

and Image Representation, 63, 102585, https://doi.org/10.1016/j.jvcir.2019.102585, 782 

2019.  783 

Hwang, C. L., Lai, Y. J., and Liu, T. Y.: A new approach for multiple objective decision 784 

making, Computers and operations research, 20(8), 889-899, 785 

https://doi.org/10.1016/0305-0548(93)90109-V, 1993.  786 

Iyengar, R. N., and Sharma, D.: Some earthquakes of Kashmir from historical 787 

sources, Current Science, 71(4), 330-331, 1996. 788 

Iyengar, R. N., Sharma, D., and Siddiqui, J. M.: Earthquake history of India in medieval 789 

times, Indian Journal of history of science, 34, 181-238, 1999.  790 

Iyengar, R. N., Sharma, D., and Siddiqui, J. M.: Earthquake history of India in medieval 791 

times, Indian Journal of history of science, 34, 181-238, 1999. 792 

Jena, R., and Pradhan, B.: Integrated ANN-cross-validation and AHP-TOPSIS model to 793 

improve earthquake risk assessment, International Journal of Disaster Risk 794 

Reduction, 50, 101723, https://doi.org/10.1016/j.ijdrr.2020.101723, 2020.  795 

Jena, R., Naik, S. P., Pradhan, B., Beydoun, G., Park, H. J., and Alamri, A.: Earthquake 796 

vulnerability assessment for the Indian subcontinent using the Long Short-Term 797 

Memory model (LSTM), International Journal of Disaster Risk Reduction, 66, 102642, 798 

https://doi.org/10.1016/j.ijdrr.2021.102642, 2021.  799 

Jena, R., Pradhan, B., and Beydoun, G.: Earthquake vulnerability assessment in Northern 800 

Sumatra province by using a multi-criteria decision-making model, International 801 

journal of disaster risk reduction, 46, 101518. 802 

https://doi.org/10.1016/j.ijdrr.2020.101518, 2020.  803 

https://doi.org/10.1080/13632469.2020.1816232
https://doi.org/10.3390/su12187787
https://doi.org/10.5194/nhess-12-3659-2012
https://doi.org/10.1016/j.jvcir.2019.102585
https://doi.org/10.1016/0305-0548(93)90109-V
https://doi.org/10.1016/j.ijdrr.2020.101723
https://doi.org/10.1016/j.ijdrr.2021.102642
https://doi.org/10.1016/j.ijdrr.2020.101518


34 
 

Jia, L. J., Xiang, P., Wu, M., and Nishitani, A.: Swing story–lateral force resisting system 804 

connected with dampers: Novel seismic vibration control system for building 805 

structures, Journal of Engineering Mechanics, 144(2), 04017159, 806 

https://doi.org/10.1061/(ASCE)EM.1943-7889.0001390, 2018.  807 

Joshi, D., and Kumar, S.: Intuitionistic fuzzy entropy and distance measure based TOPSIS 808 

method for multi-criteria decision making, Egyptian informatics journal, 15(2), 97-104, 809 

https://doi.org/10.1016/j.eij.2014.03.002, 2014.  810 

Kamat, S. R., and Mahasur, A. A.: Air pollution: slow poisoning Chennai, The Hindu Survey 811 

of Environment, 1997. 812 

Kircher, C. A., Nassar, A. A., Kustu, O., and Holmes, W. T.: Development of building 813 

damage functions for earthquake loss estimation, Earthquake spectra, 13(4), 663-682. 814 

https://doi.org/10.1193%2F1.1585974, 1997. 815 

Kjekstad, O., and Highland, L.: Economic and social impacts of landslides, In Landslides–816 

disaster risk reduction (pp. 573-587), Springer, Berlin, Heidelberg, 2009. 817 

Kontoes, C., Herekakis, T., Ieronymidi, E., Keramitsoglou, I., Fokaefs, A., Papadopoulos, G. 818 

A., ... and Kiranoudis, C. T.: Mapping seismic vulnerability and risk of cities: the 819 

MASSIVE project, Journal of Earth Science and Engineering, 2(8), 496, 2012.  820 

Kumar, K. V., Martha, T. R., and  Roy, P. S.: Mapping damage in the Jammu and Kashmir 821 

caused by 8 October 2005 Mw 7.3 earthquake from the Cartosat–1 and Resourcesat–1 822 

imagery, International Journal of Remote Sensing, 27(20), 4449-4459, 823 

https://doi.org/10.1080/01431160600702376, 2006.  824 

Lang, D. H., Kumar, A., Sulaymanov, S., and Meslem, A.: Building typology classification 825 

and earthquake vulnerability scale of Central and South Asian building stock, Journal 826 

of Building Engineering, 15, 261-277,  https://doi.org/10.1016/j.jobe.2017.11.022, 827 

2018.   828 

Langenbach, R.:  Don't tear it down: preserving the earthquake resistant vernacular 829 

architecture of Kashmir, 2009. 830 

Langenbach, R.: From “Opus Craticium” to the “Chicago Frame”: earthquake-resistant 831 

traditional construction, International Journal of Architectural Heritage, 1(1), 29-59, 832 

https://doi.org/10.1080/15583050601125998, 2007.  833 

Lantada, N., Pujades, L. G., and Barbat, A. H.: Vulnerability index and capacity spectrum 834 

based methods for urban seismic risk evaluation, A comparison. Natural hazards, 51(3), 835 

501-524,  https://doi.org/10.1007/s11069-007-9212-4, 2009.  836 

Lawrence, W. R.: The valley of Kashmir. H. Frowde, 1895. 837 

Lee, S., Panahi, M., Pourghasemi, H. R., Shahabi, H., Alizadeh, M., Shirzadi, A., ... and Bin 838 

Ahmad, B.: Sevucas: A novel gis-based machine learning software for seismic 839 

https://doi.org/10.1061/(ASCE)EM.1943-7889.0001390
https://doi.org/10.1016/j.eij.2014.03.002
https://doi.org/10.1193%2F1.1585974
https://doi.org/10.1080/01431160600702376
https://doi.org/10.1016/j.jobe.2017.11.022
https://doi.org/10.1080/15583050601125998
https://doi.org/10.1007/s11069-007-9212-4


35 
 

vulnerability assessment, Applied Sciences, 9(17), 3495. 840 

https://doi.org/10.3390/app9173495, 2019.  841 

Li, W., He, C., Fang, J., Zheng, J., Fu, H., and Yu, L.: Semantic segmentation-based building 842 

footprint extraction using very high-resolution satellite images and multi-source GIS 843 

data, Remote Sensing, 11(4), 403, http://dx.doi.org/10.3390/rs11040403, 2019.  844 

Lu, X., Zhang, Q., Weng, D., Zhou, Z., Wang, S., Mahin, S. A., ... and Qian, F.: Improving 845 

performance of a super tall building using a new eddy‐current tuned mass 846 

damper, Structural Control and Health Monitoring, 24(3), e1882, 847 

https://doi.org/10.1002/stc.1882, 2017.  848 

Mazza, F.: Modelling and nonlinear static analysis of reinforced concrete framed buildings 849 

irregular in plan, Engineering structures, 80, 98-108, 850 

https://doi.org/10.1016/j.engstruct.2014.08.026, 2014.  851 

Meier, H. R., and Will, T.: Cultural heritage and natural disasters: risk preparedness and the 852 

limits of prevention Kulturerbe und Naturkatastrophen: Möglichkeiten und Grenzen der 853 

Prävention, 2008. 854 

Mili, R. R., Hosseini, K. A., and Izadkhah, Y. O.: Developing a holistic model for earthquake 855 

risk assessment and disaster management interventions in urban fabrics, International 856 

journal of disaster risk reduction, 27, 355-365, 857 

https://doi.org/10.1016/j.ijdrr.2017.10.022, 2018.  858 

Mir, R. R., Parvez, I. A., Gaur, V. K., Chandra, R., and Romshoo, S. A.: Crustal structure 859 

beneath the Kashmir basin adjoining the Western Himalayan syntaxis, Bulletin of the 860 

Seismological Society of America, 107(5), 2443-2458. 861 

https://doi.org/10.1785/0120150334, 2017.  862 

Mitsova, D., Shuster, W., and Wang, X.: A cellular automata model of land cover change to 863 

integrate urban growth with open space conservation, Landscape and urban 864 

planning, 99(2), 141-153. https://doi.org/10.1016/j.landurbplan.2010.10.001, 2011. 865 

Mouroux, P., and Brun, B. L.: Presentation of RISK-UE project, Bulletin of Earthquake 866 

Engineering, 4(4), 323-339, https://doi.org/10.1007/s10518-006-9020-3, 2006.  867 

Nath, S. K., Adhikari, M. D., Devaraj, N., and Maiti, S. K.: Seismic vulnerability and risk 868 

assessment of Kolkata City, India, Natural Hazards and Earth System Sciences, 15(6), 869 

1103-1121, https://doi.org/10.5194/nhess-15-1103-2015, 2015.  870 

Nengroo, Z. A., Bhat, M. S., and Kuchay, N. A.: Measuring urban sprawl of Srinagar city, 871 

Jammu and Kashmir, India, Journal of Urban Management, 6(2), 45-55. 872 

https://doi.org/10.1016/j.jum.2017.08.001, 2017. 873 

Nyimbili, P. H., Erden, T., and Karaman, H.: Integration of GIS, AHP and TOPSIS for 874 

earthquake hazard analysis, Natural hazards, 92(3), 1523-1546.  875 

https://doi.org/10.1007/s11069-018-3262-7, 2018. 876 

https://doi.org/10.3390/app9173495
http://dx.doi.org/10.3390/rs11040403
https://doi.org/10.1002/stc.1882
https://doi.org/10.1016/j.engstruct.2014.08.026
https://doi.org/10.1016/j.ijdrr.2017.10.022
https://doi.org/10.1785/0120150334
https://doi.org/10.1016/j.landurbplan.2010.10.001
https://doi.org/10.1007/s10518-006-9020-3
https://doi.org/10.5194/nhess-15-1103-2015
https://doi.org/10.1016/j.jum.2017.08.001
https://doi.org/10.1007/s11069-018-3262-7


36 
 

Oliveira, C. S.: Seismic vulnerability of historical constructions: a contribution, Bulletin of 877 

Earthquake Engineering, 1(1), 37-82, https://doi.org/10.1023/A:1024805410454, 2003.  878 

Panahi, M., Rezaie, F., and Meshkani, S. A.: Seismic vulnerability assessment of school 879 

buildings in Tehran city based on AHP and GIS, Natural Hazards and Earth System 880 

Sciences, 14(4), 969-979, https://doi.org/10.5194/nhess-14-969-2014, 2014.  881 

Parry, J. A., Ganaie, S. A., Nengroo, Z. A., and Bhat, M. S.: Spatial Analysis on the provision 882 

of Urban Amenities and their Deficiencies-A Case Study of Srinagar City, Jammu and 883 

Kashmir, India. Research on Humanities and Social Sciences, 2(6), 192-218, 2012.  884 

Pathak, J.: Earthquake vulnerability assessment of Guwahati urban centre, In Proceedings of 885 

the 14th World Conference on Earthquake Engineering, (WCEE’2008). 886 

Priestley, M. J. N.: Performance based seismic design, Bulletin of the New Zealand society 887 

for earthquake engineering, 33(3), 325-346, https://doi.org/10.5459/bnzsee.33.3.325-888 

346, 2000.  889 

Rahman, N., Ansary, M. A., and Islam, I.: GIS based mapping of vulnerability to earthquake 890 

and fire hazard in Dhaka city, Bangladesh, International journal of disaster risk 891 

reduction, 13, 291-300, https://doi.org/10.1016/j.ijdrr.2015.07.003, 2015.  892 

Rajendran, C. P., and Rajendran, K.: The status of central seismic gap: a perspective based on 893 

the spatial and temporal aspects of the large Himalayan 894 

earthquakes, Tectonophysics, 395(1-2), 19-895 

39,https://doi.org/10.1016/j.tecto.2004.09.009, 2005.   896 

Rashed, T., and Weeks, J.: Assessing vulnerability to earthquake hazards through spatial 897 

multicriteria analysis of urban areas, International Journal of Geographical Information 898 

Science, 17(6), 547-576, https://doi.org/10.1080/1365881031000114071, 2003.  899 

Rashid, I., Romshoo, S. A., and Abdullah, T.: The recent deglaciation of Kolahoi valley in 900 

Kashmir Himalaya, India in response to the changing climate, Journal of Asian Earth 901 

Sciences, 138, 38-50, https://doi.org/10.1016/j.jseaes.2017.02.002, 2017.   902 

Rautela, P., Joshi, G. C., Bhaisora, B., Dhyani, C., Ghildiyal, S., and Rawat, A.: Seismic 903 

vulnerability of Nainital and Mussoorie, two major Lesser Himalayan tourist 904 

destinations of India, International journal of disaster risk reduction, 13, 400-408. 905 

https://doi.org/10.1016/j.ijdrr.2015.08.008, 2015. 906 

Rezaie, F., and Panahi, M.: GIS modeling of seismic vulnerability of residential fabrics 907 

considering geotechnical, structural, social and physical distance indicators in Tehran 908 

using multi-criteria decision-making techniques, Natural Hazards and Earth System 909 

Sciences, 15(3), 461-474, https://doi.org/10.5194/nhess-15-461-2015, 2015.  910 

Riedel, I., Guéguen, P., Dalla Mura, M., Pathier, E., Leduc, T., and Chanussot, J.: Seismic 911 

vulnerability assessment of urban environments in moderate-to-low seismic hazard 912 

https://doi.org/10.1023/A:1024805410454
https://doi.org/10.5194/nhess-14-969-2014
https://doi.org/10.5459/bnzsee.33.3.325-346
https://doi.org/10.5459/bnzsee.33.3.325-346
https://doi.org/10.1016/j.ijdrr.2015.07.003
https://doi.org/10.1016/j.tecto.2004.09.009
https://doi.org/10.1080/1365881031000114071
https://doi.org/10.1016/j.jseaes.2017.02.002
https://doi.org/10.1016/j.ijdrr.2015.08.008
https://doi.org/10.5194/nhess-15-461-2015


37 
 

regions using association rule learning and support vector machine methods, Natural 913 

hazards, 76(2), 1111-1141. https://doi.org/10.1007/s11069-014-1538-0, 2015. 914 

Ritchie, H., and Roser, M.: Urbanization, Our world in data, 2018. 915 

Saaty, T. L.: The Analytic Hierarchy Process Mcgraw Hill, New York (1980) 324.   916 

Sana, H., and Nath, S. K.: Liquefaction potential analysis of the Kashmir valley alluvium, 917 

NW Himalaya, Soil Dynamics and Earthquake Engineering, 85, 11-18. 918 

https://doi.org/10.1016/j.soildyn.2016.03.009 2016. 919 

Sana, H.: Seismic microzonation of Srinagar city, Jammu and Kashmir, Soil Dynamics and 920 

Earthquake Engineering, 115, 578-588, https://doi.org/10.1016/j.soildyn.2018.09.028, 921 

2018.  922 

Sandhu, S., Gupta, K., Khatriker, S., Bhardwaj, A., and Kumar, P.: Evaluation of Cartosat-2E 923 

Data for Large-Scale Urban Mapping, Journal of the Indian Society of Remote 924 

Sensing, 49(7), 1593-1602, https://doi.org/10.1007/s12524-021-01337-2, 2021.  925 

Saputra, A., Rahardianto, T., Revindo, M. D., Delikostidis, I., Hadmoko, D. S., Sartohadi, J., 926 

and Gomez, C.: Seismic vulnerability assessment of residential buildings using logistic 927 

regression and geographic information system (GIS) in Pleret Sub District (Yogyakarta, 928 

Indonesia), Geoenvironmental Disasters, 4(1), 1-33, https://doi.org/10.1186/s40677-929 

017-0075-z, 2017.  930 

Shadmaan, M. S., and Islam, M. A. I.: Estimation of earthquake vulnerability by using 931 

analytical hierarchy process, Natural Hazards Research, 932 

https://doi.org/10.1016/j.nhres.2021.10.005, 2021.  933 

Sinha, N., Priyanka, N., and Joshi, P. K.: Using spatial multi-criteria analysis and ranking 934 

tool (SMART) in earthquake risk assessment: A case study of Delhi region, 935 

India, Geomatics, Natural Hazards and Risk, 7(2), 680-701. 936 

https://doi.org/10.1080/19475705.2014.945100, 2016.  937 

Somvanshi, S. S., Kunwar, P., Tomar, S., and Singh, M.: Comparative statistical analysis of 938 

the quality of image enhancement techniques, International Journal of Image and Data 939 

Fusion, 9(2), 131-151, https://doi.org/10.1080/19479832.2017.1355336, 2018. 940 

Stein, A. S.: Kalhana’s Rajatarangini: A Chronicle of the Kings of Kashmir, Constable and 941 

Co, Calcutta 2 (1898), 555. 942 

Stein, S. A.: Kalhana's Râjataran̄giṇī, or Chronicle of the Kings of Kashmir. Education 943 

Society's Press, 1982.  944 

Vigne, G. T.: Travels in Kashmir, Ladak, Iskardo, the countries adjoining the mountain-945 

course of the Indus, and the Himalaya, north of the Panjab (Vol. 1). H. Colburn, 1842 946 

https://doi.org/10.1007/s11069-014-1538-0
https://doi.org/10.1016/j.soildyn.2016.03.009
https://doi.org/10.1016/j.soildyn.2018.09.028
https://doi.org/10.1007/s12524-021-01337-2
https://doi.org/10.1186/s40677-017-0075-z
https://doi.org/10.1186/s40677-017-0075-z
https://doi.org/10.1016/j.nhres.2021.10.005
https://doi.org/10.1080/19475705.2014.945100
https://doi.org/10.1080/19479832.2017.1355336


38 
 

Yariyan, P., Avand, M., Soltani, F., Ghorbanzadeh, O., and Blaschke, T.: Earthquake 947 

vulnerability mapping using different hybrid models, Symmetry, 12(3), 405, 948 

https://doi.org/10.3390/sym12030405, 2020.  949 

Yousuf, M., Bukhari, S. K., Bhat, G. R., and Ali, A.: Understanding and managing 950 

earthquake hazard visa viz disaster mitigation strategies in Kashmir valley, NW 951 

Himalaya, Progress in Disaster Science, 5, 100064,                             952 

https://doi.org/10.1016/j.pdisas.2020.100064, 2020. 953 

Zanini, M. A., Faleschini, F., Zampieri, P., Pellegrino, C., Gecchele, G., Gastaldi, M., and 954 

Rossi, R.: Post-quake urban road network functionality assessment for seismic 955 

emergency management in historical centres, Structure and Infrastructure 956 

Engineering, 13(9), 1117-1129, https://doi.org/10.1080/15732479.2016.1244211, 2017. 957 

https://doi.org/10.3390/sym12030405
https://doi.org/10.1016/j.pdisas.2020.100064
https://doi.org/10.1080/15732479.2016.1244211

