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A B S T R A C T   

“Lifeline of the nation” is the motto of Indian Railways as it connects through a common thread, billion plus 
population in one way or the other. The National Rail Plan for India – 2030 focuses on creating a ‘future ready’ 
Railway system by 2030 by suitably integrating new railway systems like high-speed rails. However, rail 
infrastructure is exposed to multi-hazards and disasters sometimes disrupt safe rail operations. This study ex
plores rail infrastructure risk assessment at a national scale utilizing the UNDRR framework and synthesized 
application of geospatial technologies with a focus on disentanglement of local vulnerabilities of the rail infra
structure assets utilizing factors of health of bridges, visibility obstruction to level crossings, labour wages & their 
regions and GSDP under multi-hazard scenarios. The results revealed that the NR and NFR were identified as 
high-risk routes under the risk analysis of physical and social vulnerability scenarios, followed by CR Railways. 
The average annual frequencies of emergency cases in each zone show a correlation r (17) = 0.4758 with the 
combined mean risk ranks for each zone. In comparison to socioeconomic factors, which contribute to indirect 
losses, physical factors directly affect safety and contribute to direct losses. Further, outcomes depict more ac
cidents on Indian Railways during the monsoon (nearly 50%) and cold weather (29%) seasons. The study sug
gests that with the participation of key stakeholders, including urban and transport planners, an integrated 
approach is helpful in identifying critical rail routes towards risk-informed adaptive disaster-resilient infra
structure planning for providing safety, continuity and reliability of essential rail services.   

1. Introduction 

India is one of the rapidly urbanizing and economically prospering 
nations of Asia [1]. The establishment of transportation infrastructure 
such as railroads is commonly associated with rapid economic expansion 
[2,3]. Indian Railways continues to play an important part in the 
country's economy and integrating markets. It serves as a tool for po
litical integration by connecting enormous territory. Since 2000, rail 
passenger travel has increased by about 200% and freight traffic by 
150% in India, respectively. It demonstrates the country's social and 
economic success [1]. Increased urbanization will inevitably increase 
reliance on rail, with potential for investments in the metro, high-speed 
rails, and freight corridors, in addition to technological advancement 
and the urgent need to replace overdue assets of severely stressed 

existing rail infrastructure [4,5]. However, this spatially distributed 
network is exposed to multi-hazards causing risks in the contexts of 
disasters [6,7]. Of the 36 States and Union Territories in India, 27 are 
hazard-prone, with about 58.6% of the landmass being prone to earth
quakes, 12% to flooding, and 15% to landslides, respectively [8–10]. 
Out of 7516 km of coast, 5700 km are vulnerable to cyclones and tsu
namis [11]. The business continuity planning for rail infrastructure in 
India within the context of multi-hazard risk analysis was examined by 
Joshi, [12]. Emphasizing the significance of disaster-resilient infra
structure planning, it focuses on the primary passenger transport mode, 
including the newly planned High-Speed Rail. Farahani et al., [13] 
advance an integrated probabilistic model to assess seismic multi-hazard 
risk and restoration for railway systems, taking various factors into ac
count. Chouhan, & Mukherjee, [14] unveil a survey form crafted for 
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Indian Himalayan hill communities, assessing multi-hazards and 
emphasize the crucial role of resilient development planning for Hi
malayan communities in facing imminent disasters. The discussion also 
immersed into existing multi-hazard risk assessment survey forms uti
lized in India. As per Koks et al. [15], disruptions to secure train oper
ations in India's rail infrastructure stem from the associated multi- 
hazard risks. This study, against this backdrop, evaluates the risk of 
current rail infrastructure facing natural hazards, considering local 
factors encompassing physical, social, and economic vulnerabilities 
[16]. Previous studies show that, compared to socioeconomic consid
erations, the physical factor significantly impacts safety [17–19]. This 
disentangled approach towards vulnerability is useful in the prioritiza
tion and allocation of limited resources. These finding add to the first- 
ever assessment of local compounding vulnerabilities using the 
UNDRR platform (https://www.undrr.org/) in the framework of multi- 
hazard risk assessment for Indian railway infrastructure zones. Risk is 
defined by UNDRR, formerly known as UNISDR, as the unfavorable ef
fect of a hazard's interaction with an element's intrinsic vulnerability 
and exposure [20]. Risk is viewed by the UNDRR framework as a 
composite function that includes exposure, vulnerabilities, and hazards. 
Disruptions like disasters can interrupt the organization's entire opera
tions and its ability to deliver timely services, preventing them from 
continuing normally. The Great East Japan Earthquake and tsunami of 
2011 severely damaged the nation's infrastructure, including the railway 
infrastructure [21]. The transportation sector was the worst affected 
during the floods of 2015 in Tbilisi, Georgia; repair cost alone contrib
uted 60% of the total damage cost [15]. These disruptions also expose 
the underlying vulnerabilities of a networked society, when due to 
Earthquake in Japan, 2011, there was a lowering of global supply of 
automotive vehicles. The resilience of infrastructures in the event of 
major disruptions is important to sustain the business, which is critical, 
especially in developing countries like India to keep the wheels of the 
economy running. 

The rail transport network in India is extensive, carrying around 
1160 billion passengers annually and over 22 million passengers daily, 
along with >3 million tons of daily freight movement. However, it is 
exposed to multi-hazards, posing risks in the context of disasters. The 
overstrained major routes further exacerbate these risks. Natural haz
ards magnify the challenges faced by the already severely stressed rail 
infrastructure, which is mainly due to overstrained networks [22]. In
dian Railways Disaster Management Plan is based on the overarching 
framework of the National Disaster Management Plan as mandated by 
the Disaster Management Act, 2005. The plan is consistent with ap
proaches promoted by the Sendai Framework for disaster risk reduction. 
As part of checks and balances to oversee the functioning of the various 
systems in place, Comptroller and Auditor CAG is the sole auditor under 
the Constitution of India and CAG DPC (Duties, Powers and Conditions 
of Service) Act, 1971 [23]. The current emphasis on disaster manage
ment over risk management in the Indian railways, as noted in the CAG 
Audit findings, poses challenges for infrastructure managers and poli
cymakers, hindering informed decision-making and strategic planning 
for business continuity due to the absence of a comprehensive risk 
assessment framework. An important takeaway from the CAG audit 
findings is that handling disasters and responding to emergencies are 
prioritized more in India's railways than analyzing and controlling risks. 
Transport system reliability depends on increased funding and gover
nance [22]. As reliable infrastructure is an asset and a lifeline for the 
country, more robust governance makes it easier to grasp the risk of 
disruption and plan for business continuity of the railway in the case of 
disasters. 

The risk to rail infrastructure is dependent on the type of infra
structure itself as well as exposure to hazards and local vulnerabilities. 
Vulnerability is considered local in nature, it varies regionally, and the 
hazards cause immediate effects on the rail infrastructure. This makes 
infrastructure as critical or non-critical across regions, resulting in risks, 
which also differs across different zones in Indian Railways. In India, 

floods are the most severe hazards. There has been a three-fold rise in 
widespread extreme rainfall events across India from 1901 to 2015, 
which resulted in occasional surging with heavy rains and caused 
floodings [24]. In the last 100 years, floods have accounted for around 
50% of the total disasters in India [25] and earthquake risk and 
vulnerability is evident from the fact that about 59% of India's land area 
could face moderate to severe earthquakes [26]. More than 23,000 
people died due to six severe earthquakes in India between 1990 and 
2006. Train accidents are significant emergency cases that can be 
expressed as a measure of risk, as evidenced in the study of Petrova E. 
[27]. Cyclones damage trees on the track, causing traffic to be suspended 
and heavy cyclones can also damage bridges. Fig. 1 illustrates the dis
ruptions are the result of a disaster-management approach, and when 
these occur, these result in a disaster-management process, but business 
continuity planning approaches call for risk management prior to di
sasters in order to improve infrastructure resilience. The interaction 
between each component is grouped in two categories: (i) Proximate 
cause and (ii) Ultimate cause. The proximate factors cause immediate 
effects while the ultimate factors are considered either as root-cause or 
they vary regionally. 

Overall, the study introduces an innovative approach by evaluating 
the risk of national rail infrastructure using the UNDRR framework and 
geospatial technologies. It meticulously examines local vulnerabilities of 
rail assets, factoring in elements such as bridge health, level crossing 
visibility, labor wages, and Gross State Domestic Product (GSDP) within 
a multi-hazard context. Specifically, the research delves into risk 
assessment for floods, seismic events, landslides with varying return 
periods, and severe rainfall hazards impacting visibility of level cross
ings. Moreover, it addresses a critical research gap by providing 
comprehensive risk assessments under local compounding vulnerabil
ities contributing to the advancement of business continuity planning. 

2. Study area 

The Republic of India is taken for study with focus on regional States 
and Union Territories. India is lying entirely in the northern hemisphere, 
fringed by the Great Himalayas in the north it stretches southwards and 
the Tropic of Cancer (23◦30′N) as shown in the Fig. 2, where it tapers off 
into the Indian Ocean to the south between Bay of Bengal on the east and 
Arabian Sea on the west [28]. The boundaries extend between latitudes 
6◦45′ N and 37◦6′ N and longitudes 68◦7′ E and 97◦25′ E [29]. The 
foothills of the Himalayas dominate the north. Winter snowfalls with 
alpine characteristics occur at high altitudes. The monsoon system in 
India was associated with two types namely North-East (NE) and South- 
West (SW) monsoon types [30]. The major rainfall is acquired during the 
SW monsoon and during the summer time (June–September) with large 
areas of western and central India receiving >90% of their total annual 
precipitation [31,32]. The extreme humidity creates an unpleasant 
sticky environment. The Northeast monsoon, which lasts from October 
to April, is less well-known than the rainy summer monsoon. During the 
dry winter monsoon, northeast winds blow [33]. These winds emerge 
from the atmosphere above Mongolia and northwestern China. The 
summers are very hot with temperatures of up to 50 ◦C. In the years 
following 1990, the average annual temperature was around 26.9 ◦C, 
while in the years preceding 2022, it was around 27.4 ◦C (https://www. 
worlddata.info/asia/india/index.php/). 

3. Datasets and methodology 

The workflow of this study was related to assess the multi-hazard 
(landslide, flood and earthquake) risk of railways infrastructure under 
local vulnerability scenario based on methodologies employed from 
previous research [15,18,27,34]. This study includes remote sensing 
observations and geospatial techniques [35] (index-based qualitative 
study) utilizing state-of-the-art hazard mapping combined with inno
vative vulnerability analysis of the rail infrastructure. 
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The datasets of specific needs related to multi-hazard can be acquired 
from the UNDRR [36,37]. We have used datasets such as peak ground 
acceleration (PGA), riverine flood, landslide triggered by rain for the 
parameters like hazard-earthquake, flood and landslide respectively 
from UNDRR (https://www.undrr.org/). 

The liquefaction susceptibility dataset of 1Km resolution was taken 
for the Liquefaction hazard from Global liquefaction susceptibility by 
Zorn and Koks [38]. Bridges health, visibility of level crossing as a 
physical vulnerability dataset whereas labor wage regions, GSDP (con
stant prices) across the States/UTs as socio-economic vulnerability 
datasets were acquired from the Ministry of railways (Govt. of India) and 
Ministry of labor, Ministry of Statistics (Govt. of India) respectively. The 
datasets for the consequential emergency cases in railways was taken for 

the ground truth/emergency cases from the Ministry of Railways (Govt. 
of India), EM-DAT OSM, GitHub Creative Commons. The average annual 
rainfall of 0.25-degree resolution for the rainfall scenario was taken 
from the IMD (https://mausam.imd.gov.in/). The datasets utilized in 
the study for risk assessment of multi-hazards exposed rail infrastructure 
under local vulnerabilities are provided in Table 1. 

The datasets like rail infrastructure routes exposed to multi-hazards 
are spatially identified and mapped for different return periods on GIS 
platform. The usage of hazard datasets like liquefaction susceptibility 
with the coarse resolution makes it convenient for countrywide spatial 
analysis. The liquefaction susceptibility maps provide nationwide 
coverage of hazard-exposed rail infrastructure, eliminating the need for 
the cumbersome approach of conducting soil tests at individual sites. 

Fig. 1. The figure illustrates the mechanism of disruptions to safe rail operations, with the disruptions represented in hexagons. This representation highlights the 
various factors that can impact the safety and continuity of rail operations. 

Fig. 2. The study area map shows the Indian Rail road and its boundary.  

Table 1 
Datasets utilized in the study for risk assessment of multi-hazards exposed rail 
infrastructure under local vulnerabilities.  

Parameter Data Spatial 
Resolution 

Source 

Hazard- 
Earthquake, 
Flood, 
Landslide 

PGA, riverine floods, 
landslide triggered by 
rains 

7Km,1Km, 
8Km 

UNDRR (htt 
ps://www.undrr. 
org/) 

Liquefaction 
hazard 

Liquefaction 
susceptibility 

1Km Zorn, & Koks, E [38] 
(https://research.vu. 
nl/en/datasets/gl 
obal-liquefaction-sus 
ceptibility-map-2) 

Physical Bridges health, 
visibility of level 
crossing 

N/A Ministry of Railways 
(Govt. of India) 

Socio-economic Labour wage regions, 
GSDP (constant 
prices) across the 
States/UTs 

N/A Ministry of labour, 
Ministry of Statistics 
(Govt. of India) 

Ground Truth/ 
Emergency 
cases 

Consequential 
emergency cases in 
Railways 

N/A Ministry of Railways 
(Govt. of India), EM- 
DAT 

Railways 
network 

Railways lines, zones N/A OSM, GitHub 
Creative Commons 
(https://github.com/ 
geohacker/railways) 

Rainfall scenario Annual average 
rainfall-across the 
States/UTs 

N/A IMD (Govt. of India) 
(https://mausam.im 
d.gov.in/)  
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The exposure of railway infrastructure to hazards does not auto
matically result in risks, as consideration of local vulnerability factors is 
critical for risk understanding and assessment. Primarily the actual 
health of railway assets like bridges and tracks play a critical role in 
understanding the physical vulnerability of the system. This study as
sesses the physical vulnerability factor for the bridge health reported as 
ORN numbers in railways. ORN 1, 2 and 3 bridges requiring special 
repairs on priority (ORN 1 being the most critical). For the social 
vulnerability factor, labor wages have a critical impact on the con
struction and maintenance cost of railway infrastructure and is impor
tant to consider for setting priorities for repairs to exposed critical 
railway infrastructure under the multi-hazard scenario. The GSDP is 
taken as an economic factor due to underfunding by respective States to 
Railways. It is an apt parameter to assess economic vulnerability across 
regions for level crossings (with TVU ≥ 100,000) having constraints of 
visibility (which can be there due to various reasons like the presence of 
permanent obstructions, steep gradients etc.) under the heavy rainfall 
hazard scenario. Then, the physical, social, and economic vulnerability 
indicators, namely ORN signifying health of bridges, visibility obstruc
tion of level crossings, labor wages and their regions and GSDP were 
analyzed to prepare vulnerability maps. This study used the risk 
assessment methodology which is considered as function of hazard, 
exposure and vulnerabilities and a framework adopted by UNDRR (htt 
ps://www.undrr.org/) which is as follow; 

Risk = f (Hazard,Exposure,Vulnerability)

Since, risk assessment involves either a qualitative or a quantitative 
evaluation to determine the nature and extent of risks in the context of 
hazards, exposure, and vulnerabilities. Therefore, integrating the direct 
and indirect losses, a qualitatively study based on hazard, exposure, and 
vulnerabilities is carried out in this study towards risk assessment of the 
rail infrastructure in India. An index-based modelling using ranking 
criteria method is used to assess the vulnerabilities of existing local rail 
infrastructure, along with multi-hazard as illustrated in Fig. 3. 

The study further attempts to validate the risks obtained under the 
physical, social, and economic vulnerabilities of existing infrastructure 
by analyzing the consequential emergency cases recorded in the system, 

which serve as ground truth cases and also serve as the comprehensive 
indicator of risk assessment as it combines all the factors of risk: hazard 
by its physical parameters, exposure of facilities in a hazard area and 
vulnerability that links intensity of hazard to undesirable consequences 
[27]. The risk level is estimated for each Zonal Railway by the average 
annual number of emergency situations (accidents) since the year 2005 
to 2020 as recorded in the safety system of the Ministry of Railways. 
Petrova E. [27] qualitatively assesses transport infrastructure risk using 
historical case records, aligning with the UNDRR framework. Under
standing the UNDRR framework involves defining its building blocks. 
Qualitative and quantitative risk profiles aid advocacy in adopting 
strategies [39]. Quantitative risk assessment gauges asset damage value 
and estimates business losses under specific risk conditions. Qualitative 
processes, including ranking criteria and index-based models, assess risk 
and indicate resilience characteristics against disasters. These processes 
rely on ranking criteria tied to threshold paradigms for risk drivers like 
hazard scenarios, exposure, and vulnerability [18,34]. Direct losses 
correlate with ranks in the physical vulnerability driver of risk, while 
indirect losses are ranked under the socio-economic-environmental 
vulnerability driver. However, a significant constraint is the limited 
availability of vulnerability information, particularly for direct loss 
estimation. Vulnerability analysis, especially for diverse elements like 
bridges with varying fragility across types and components, can be 
intensive [39,40]. Additionally, fragility curves differ across assets, 
health conditions, regional variations, and lack specificity for Indian 
Railways. 

4. Results 

The results of the study are presented by analyzing risks for hazard- 
exposed existing rail infrastructure regions under physical, and socio- 
economic vulnerability scenarios and further validation using ground 
truth consequential emergency cases with mapped risks for regions. 

4.1. Risks to existing rail infrastructure under local vulnerabilities 

Vulnerability is a defining local component in the risk assessment 

Fig. 3. The methodology figure illustrates the study's detailed steps for analyzing local vulnerabilities in the existing rail infrastructure.  
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framework as it increases the disruption susceptibility of assets or sys
tems to the impacts of hazards and most of the global risk assessment 
studies have little information regarding this aspect. The levels of 
vulnerability help to explain why some non-extreme hazardous events 
can lead to extreme impacts to existing infrastructures while some 
extreme events do not. 

Vulnerability is the physical, social, economic, and environmental 
susceptibility of assets to suffer loss and damage under a hazard of given 
severity and is indicative of the adaptive or coping capacity of the 
infrastructure under hazard scenario. As the environmental vulnera
bility require spatial assessment on finer scale and owing to limited 
scope, in this study only physical, social and economic aspects of vul
nerabilities are considered for multi-hazard risk assessment of rail 
infrastructure. Koks et al. [15] put a global analysis built around 
transport infrastructure as part of their risk estimate. These factors in 
general relate to infrastructure and talking about Railways in Indian 
context contribute to regional variations and the key to understanding 
local vulnerabilities. The critical local compounding vulnerabilities are 
attached to the underfunding, rising labour costs resulting in high cost of 
maintenance, and physical condition of the assets. 

4.1.1. Risk exposed rail infrastructure regions under physical vulnerability 
The physical factors are related to the design, construction and 

maintenance and is reflective of the health condition of the asset. 

(a) The results of the risk analysis of physical vulnerable rail infra
structure under landslide hazard scenario is shown in Fig. 4. The 
critical railway routes exposed to landslide hazard were ranked 
into five railways zones from low to extreme (rank 1 to rank 5). 
The four different maps of railways zones were created namely 
railways zone: under landslide susceptibility, railways zone: 

exposure of rail infrastructure under hazard (rank 3, 4 and 5), 
railways zone: physical vulnerability ranking (vulnerable zones) 
and railways zone: risk to rail infrastructure respectively. The 
outcomes depicted that railway zones under land slide suscepti
bility were NR, NFR, SWR under low to medium ranking. The 
railway zones under the exposure of rail infrastructure showed 
the rank 3 to 5 for NR, NFR, SWR. Further, the railway zones 
under the physical vulnerability ranking showed the NR, SER and 
WR railways (3 to 5 ranking). Therefore, the results highlight 
critical routes having risks in the zones of NR, NFR, CR, SER and 
WR under physical vulnerable of landslide hazard scenario. The 
risk analysis under landslide hazard scenarios was performed 
over Nilgiri district, India for selecting appropriate landslide risk 
reduction strategies to control risk over the infrastructure [41]. 
Bil et al. [42] and Schlögl et al. [43] also assessed the landslide 
hazard, one among the natural hazards responsible for, disrup
tion in the infrastructure and showed the impacts of interruptions 
caused by landslide hazard scenarios. 

(b) The result of the risk analysis of physical vulnerable rail infra
structure regions under earthquake hazard scenario is shown in 
Fig. 5. The outcome of the study has shown the risk under 
earthquake hazard for five different return periods namely 250 
years, 475 years, 975 years, 1500 years, 2475 years and ranking 
from low to extreme (rank 1 to rank 5). The earthquake hazard 
exposed rail infrastructure under return periods showed the 
critical routes having risks in the zones of NR, CR, WR, ECR, SER 
and NFR. According to Wang et al. [44] the assessment of the risk 
of current and proposed railway assets with regard to two major 
natural disasters, earthquakes and flood across 50 nations 

Fig. 4. Identification of critical railway routes exposed to landslide hazard under physical vulnerability of railway bridges.  
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including Indochina, 22.3% are vulnerable to an earthquake 
event that happens once every 475 years. 

(c) The result of the risk analysis of physical vulnerable rail infra
structure regions under flood hazard scenario is shown in Fig. 6. 
The outcome of the study has shown the risk under flood hazard 
for different return periods namely 25 years, 50 years, 100 years, 

200 years, 500 years,1000 years and ranking from low to extreme 
(rank 1 to rank 5). The risk for flood hazard, the rail infrastruc
ture was found critical in the following zones during different 
periods of 25, 50 years: ECR, SER, ER, NFR; 100, 200 years: ECR, 
SER, NR, ER, NFR; 500, 1000 years: ECR, NR, CR, SER and NFR. 
The outcomes demonstrated that larger portions the study region 
are affected with risk due to flood hazard under different return 

Fig. 5. Identification of critical railway routes exposed to earthquake hazard under physical vulnerability of railway bridges. Here EQ denotes the earthquake and 
PGA depicts the peak ground acceleration during the earthquake shaking a location. 

Fig. 6. Identification of critical railway routes exposed to flood hazard (different return periods) under physical vulnerability of railway bridges.  
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period. The root causes of many sorts of travel accidents and 
delays, including those involving road, rail, air, and waterways 
are revealed, as are the contributions of various natural hazards. 
Among them, studies showed the meteorological hazards namely 
flood and rains as largest contributors to transport accident and 
disruptions [27,45–47]. 

4.1.2. Risk exposed rail infrastructure regions under social vulnerability 
The social factors include social status reflective of income profile, 

age profiles and literacy rate.  

(a) The results of the risk analysis of rail infrastructure regions 
exposed to landslide hazard under social vulnerability scenario is 
shown in Fig. 7. Similar to physical vulnerability, the critical 
railway routes exposed to landslide hazard were ranked into five 
railways zones from low to extreme (rank 1 to rank 5) and four 
different maps of railways zones were created for detailed anal
ysis. The NR, NFR followed by NER were found as more critical 
railways routes under land slide susceptibility. The ER, SWR 
followed by the NR and SR were also found as critical railways 
routes under the social vulnerability ranking (labour wages re
gions). Overall, the results highlight critical routes having risks in 
the zones of NR, SR and CR.  

(b) The results of the risk analysis of rail infrastructure regions 
exposed to earthquake hazard under social vulnerability scenario 
is shown in Fig. 8. Under the social vulnerability, the risk for risk 
for earthquake hazard, during different return periods of 250 
years, 475 years, 975 years, 1500 years, 2475 years, the rail 
infrastructure was found critical in the zones of NR, NER, WR, CR 
and ER.  

(c) The results of the risk analysis of rail infrastructure regions 
exposed to flood hazard under social vulnerability scenario is 

shown in Fig. 9. The results of this study revealed the risk of 
flooding hazard over multiple return periods, including 25 years, 
50 years, 100 years, 200 years, 500 years, and 1000 years, and 
ranked from low to extreme (rank 1 to rank 5). The risk for flood 
hazard, the rail infrastructure was found critical in the following 
zones during different periods of 25, 50 years: NER, ER; 100, 200 
years: NER, ER, ECOR and NFR; 500, 1000 years: NER, ER, NFR, 
SCR and SR. Other zones start reaching moderate level of risks 
under increasing return periods. 

4.1.3. Risk exposed rail infrastructure regions under economic vulnerability 
The economic factor includes GDP health, supply chains including 

materials supply. The results of risk analysis of economically vulnerable 
rail infrastructure regions of level crossings combined with rainfall 
hazard scenarios is shown in Fig. 10. The results show that States which 
have high economic vulnerability their corresponding railway zones 
also have high risks under economic vulnerability. Still, State like Kerala 
in spite of having good economic situation has very high risk owing to 
high presence of rainfall hazard exposed visibility affected level 
crossings. 

Therefore, the critical rail infrastructure routes exposed to multi- 
hazards (landslide, flood and earthquake) are identified and mapped 
through risk assessment under each vulnerability scenarios (physical, 
social and economic) and the results showed zones of NR and CR are 
having extreme risks while the zone of NWR has the lowest risk. 

Plotting risks across IR: The risk obtained under each vulnerability 
scenario is useful for identifying the approaches for vulnerability 
reduction. Further, the combined risk scenarios are further explored in 
this section under the assumption of similar damage occurring under the 
same risk and the results are shown in the box-plot form for mean in
dividual risks for the whole of Indian Railways along with combined 
risks for each hazard and vulnerability scenario are also plotted as 
shown in Fig. 11(A to D). 

Fig. 7. Identification of critical railway routes exposed to landslide hazard under social vulnerability of differential regional labour wages.  
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4.2. Validation of risks of existing rail infrastructure regions with 
consequential emergency cases 

The average annual number of emergency situations recorded in the 

system from the year 2005 to the year 2020 is normalized and the risk 
profile of each Zone in Indian Railways is then mapped as shown in 
Fig. 12 along with the season-wise profile of emergency cases [48]. 

The zone of NR has the highest risk and the zone of NWR is among 

Fig. 8. Identification of critical railway routes exposed to earthquake hazard under social vulnerability of differential regional labour wages.  

Fig. 9. Identification of critical railway routes exposed to flood hazard under social vulnerability of differential regional labour wages.  
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the lowest risk affected zones after analyzing consequential emergency 
cases scenario vide Fig. 12, which is validating with the mean risk rank 
in box plot for each zone in Indian Railways in Fig. 11 (image D). The 

coefficient of correlation of average annual frequencies (AAF) of emer
gency cases in each zone with combined mean risk ranks for each zone, 
is found as, r (17) = 0.4758 and is found moderately correlated 

Fig. 10. Identification of critical railway zones having level crossing infrastructure exposed to heavy rainfall hazard under economic vulnerability of differen
tial GSDP. 

Fig. 11. Plotting risks for vulnerable railway zones in IR exposed to multi-hazards.  
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(significant at p < 0.1). Similarly, for individual correlation of emer
gency cases with risk under physical, social, and economic vulnerabil
ities, the results are obtained as r (17) =0.4605 (significant at p < 0.1), 
0.2946 and 0.0512 respectively. Significant at p < 0.1, the correlation 
was found moderately correlated and the results were indicative of the 
fact that consequential emergency cases not only include natural di
sasters but systemic issues as well besides estimated risk ranks were 
qualitative in nature. The results were indicative of the fact that the 
physical factors contribute to direct losses as they affect safety directly in 
comparison to socio-economic factors which contribute to indirect losses 
as was observed in the study of [18] and most of the emergency situa
tions in Indian Railways are mainly registered in monsoon season 
(nearly 50%) as per Fig. 12 (right image) followed by cold weather 
season [12,49,50]. 

5. Discussion and policy implications 

The study is the first to demonstrate the applicability of the UNDRR 
framework for the rail infrastructure in India wherein, the risk assess
ment is carried out for rail infrastructure regions in India exposed to 
different scenarios of natural hazards under disentangled approach to 
address each local compounding vulnerability. This research used a 
ranking criterion-based assessment approach. Five groups of low to 
extreme patterns are identified for identifying risk-affected critical rail 
infrastructure and railway routes and subsequently mapped. The study 
enables movement towards the key aspect of “understanding risks” 
which is a common link among various frameworks such as Sendai 
Framework, National Disaster Management Plan and Business Conti
nuity Planning and is useful in identifying critical rail infrastructure 
regions in India (extreme risks) and strengthening spatial planning for 
building resilience and system adaptiveness. The consequential emer
gency cases represented by average annual frequency values are inclu
sive of not only natural disasters but other accidents involving technical 
issues besides the risk ranks themselves being qualitative indicators and 
is the reason for moderate correlation with the proposed methodology of 
the study. While analyzing the seasonal variations, it is observed most of 
the emergency situations in Indian Railways are mainly registered in the 
monsoon season (nearly 50%) owing to washout or flooding of railway 
tracks due to heavy rains or floods, accidents at level crossings due to 
poor visibility in heavy rains, other processes contributing such as 
landslides, debris flows, and rockfalls across Indian Railways. However, 
the quantitative outputs for multi-hazards processes can be explored 

further by utilizing advances in remote sensing-based disaster moni
toring and assessment, as suggested by Im et al., [51] and utilizing 
Synthetic Aperture Radar (SAR) technology, as suggested by Aditiya A. 
et al., [52]. Such approaches allowing finer spatial scale, should be in
tegrated for other hazards like cyclones, subsidence etc. Duly incorpo
rating other vulnerability factors like vacancies of maintenance staffs, 
health of assets like embankments, tunnels etc., towards comprehensive 
risk analysis. The hazard maps utilized in the study are based on 
empirical modelling results which have inherited uncertainties and er
rors and results should be carefully used. The results of this study can be 
directly utilized for setting the priority of critical rail infrastructure 
damage reduction projects, including priority elimination of overaged 
assets with high risks and better plan spatially new rail infrastructure for 
safe rail operations either through high-quality quantitative risk analysis 
or heuristic approach by infrastructure managers in assessing damage 
costs (Fig. 13). Thereby through identifying regions of physical, social 
and economic vulnerability separately under the hazard exposure, the 
risk assessment study provides a platform to work towards addressing 
those vulnerabilities. Addressing the identified vulnerabilities requires 
the participation of numerous stakeholders, including urban and trans
port planners, as hazards like floods, earthquakes cannot be dealt in 
isolation but requires an integrated systems approach. This will help in 
identifying key routes towards risk-informed adaptive disaster-resistant 
infrastructure planning for providing safety and reliability of essential 
rail services. 

6. Conclusion 

This study deals with multi-hazard risk assessment of rail infra
structure in India under local vulnerabilities towards adaptive pathways 
for disaster-resilient infrastructure planning. A qualitative study based 
on a ranking criterion for the hazard, exposure, and vulnerabilities is 
carried out towards risk assessment of the rail infrastructure in India. 
The existing rail infrastructure exposure maps are created by over
lapping the railway infrastructure with natural hazard maps of the 
UNDRR project under different return periods utilizing advanced GIS 
techniques. The spatial infrastructure of railways is studied under multi- 
hazards like landslides, seismic coupled with liquefaction susceptibility, 
and flood scenarios of different return periods, including heavy rainfall 
hazards considering the average annual rainfall of India. Therefore, this 
study can be used to better understand risks and further plan, develop 
and manage risk-informed adaptive disaster-resilient rail infrastructure 

Fig. 12. Risks across IR as per consequential emergency cases with seasonal profiling of emergency cases in IR (right image).  
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in India in the near future to work towards business continuity planning.  

(i) The Zones of NR, and NFR, followed by CR, were found as critical 
routes having risks under risk analysis of physical and social 
vulnerability scenarios, while the zone of NWR has the lowest 
risk.  

(ii) Despite having a good economic situation, a state like Kerala has 
very high risk owing to the high presence of rainfall hazard 
exposed visibility affected level crossings.  

(iii) The study further attempts to validate the risks obtained under 
the physical, social, and economic vulnerabilities of existing 
infrastructure by analyzing the consequential emergency cases 
recorded in the system that serve as ground truth cases. The co
efficient of correlation of emergency cases with combined mean 
risk ranks is found as 0.4758 and is found to be moderately 
correlated. 

(iv) Individual correlation of emergency cases with risk under phys
ical vulnerability (0.4605) was higher than social and economic 
vulnerability (0.2946 and 0.0512, respectively), demonstrating 
that physical factors have contributed to direct losses as they 
affect safety directly compared to socio-economic. 

Since this study is an attempt to provide a risk assessment to fill in the 
existing research gaps towards understanding risks under local com
pounding vulnerabilities and is the right first step towards high-quality 
risk analysis for rail infrastructure in India. Therefore, this study can be 
used to better develop railways infrastructure and management plans in 
the near future towards business continuity planning in Indian Railways. 

Author contributions 

D.J. and W.T. designed the study. D.J. collected all the data and 
underlying information and further carried out the hazard, exposure, 
vulnerability and risk analysis. D.J., R.A., N.K. and W.T. contributed to 
conceptualizing the paper, draft preparation and review. All authors 
contributed to the paper and gave final approval for the publication. 

CRediT authorship contribution statement 

Dheeraj Joshi: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Resources, Software, Project Administra
tion, Validation, Visualisation, Writing - original draft, Writing - review 
& editing. Wataru Takeuchi: Conceptualization, Software, Project 
Administration, Supervision, Validation, Writing – original draft, 
Writing – review & editing. Nirmal Kumar: Resources, Validation, 
Writing – original draft, Writing – review & editing. Ram Avtar: Soft
ware, Project Administration, Supervision, Validation, Visualization, 
Writing – original draft, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

Earlier version of this article was presented in the ISRS Conference, 
Seoul, 26–28 May 2021. The Authors express gratitude to the Indian 
Railways for providing the requisite data and information for the study. 
The first author would like to acknowledge the financial support from 
the Monbukagakusho (MEXT) scholarship. This research was partially 
funded by Grant-in-Aid for Scientific Research (c), grant number 
21K05664 and Council for Science, Technology and Innovation (CSTI), 
Japanese government, Cross ministerial Strategic Innovation Promotion 
Program (SIP), Building a Smart Infrastructure Management System 
(Funding agency: Public Works Research Institute).   

Fig. 13. Benefits of risk assessment under UNDRR framework for IR infrastructure.  

D. Joshi et al.                                                                                                                                                                                                                                    



Progress in Disaster Science 21 (2024) 100308

12

Appendix A. Railways and their abbreviation  

Railways Abbreviation 

Central Railway CR 
East Central Railway ECR 
Eastern Railway ER 
North Central Railway NCR 
North Eastern Railway NER 
North Western Railway NWR 
Northeast Frontier Railway NFR 
Northern Railway NR 
South Central Railway SCR 
South Eastern Railway SER 
South Western Railway SWR 
Southeast Central Railway SECR 
Southern Railway SR 
West Central Railway WCR 
Western Railway WR 
Konkan Railway KR 
Gross State Domestic Product GSDP 
United Nations Office for Disaster Risk Reduction UNDRR 
Peak ground acceleration PGA 
General of India Office CAG 
India meteorological department IMD 
Overall Rating Numbers ORN 
Train Vehicle Units TVUs  

References 

[1] IEA. The future of rail franchising. International Energy Agency 2019:3–171. https 
://www.iea.org/reports/the-future-of-rail. 

[2] Wang C, Lim MK, Zhang X, Zhao L, Lee PTW. Railway and road infrastructure in 
the Belt and Road Initiative countries: Estimating the impact of transport 
infrastructure on economic growth. Transportation Research Part A: Policy and 
Practice 2020;134:288–307. 

[3] Banerjee A, Duflo E, Qian N. On the road: access to transportation infrastructure 
and economic growth in China. J Develop Econ 2020;145:102442. 

[4] Sheth PR MEETING REPORT. technology vision 2035. Curr Sci 2016;111(4): 
609–11. 

[5] Technology TIFAC. vision 2035 – Technology roadmap transportation. 2016. 
[6] Roy T, Matsagar V. Multi-hazard analysis and design guidelines: recommendations 

for structure and infrastructure systems in the Indian context. Curr Sci 2021;121 
(1):44–55. 

[7] Komolafe AA, Herath S, Avtar R. Sensitivity of flood damage estimation to spatial 
resolution. Journal of flood risk management 2018;11:S370–81. 

[8] Kamble Tanushri. Earthquake Risk Reduction: Effective Recovery for Building 
Sustainable Community Resilience. New Delhi, India: Taylor & Francis; 2023. 
p. 360. 

[9] Sarkar R, Alam S, Jain S. Ecosystem Based Adaptation and Disaster Risk Reduction 
in Indian Himalayan Region of Darjeeling. IJSREM 2022;06:1–12. 

[10] Kumar D, Bhattacharjya RK. Review of different methods and techniques used for 
flood vulnerability analysis. Nat Hazards Earth Syst Sci Discuss 2020:1–30. 

[11] NDMA. Annual report (2018–19). 2019. 
[12] Joshi D. Business continuity planning for rail infrastructure in India under multi- 

hazard risk analysis. Fifth world congress on disaster management. IV. Routledge 
2023, April:318–23. 

[13] Farahani S, Shojaeian A, Behnam B, Roohi M. Probabilistic seismic multi-hazard 
risk and restoration modeling for resilience-informed decision making in railway 
networks. Sustain Resilient Infrastruct 2023:1–22. 

[14] Chouhan S, Mukherjee M. Design and application of a multi-hazard risk rapid 
assessment questionnaire for hill communities in the Indian Himalayan region. Nat 
Hazards Earth Syst Sci 2023;23(4):1267–86. 

[15] Koks EE, Rozenberg J, Zorn C, Tariverdi M, Vousdoukas M, Fraser SA, et al. 
A global multi-hazard risk analysis of road and railway infrastructure assets. Nat 
Commun 2019;10(1):2677. 

[16] Amiri AM, Naderi K, Cooper JF, Nadimi N. Evaluating the impact of socio- 
economic contributing factors of cities in California on their traffic safety 
condition. J Transp Health 2021;20:101010. 

[17] Kang H, Kim Y. The physical vulnerability of different types of building structure to 
debris flow events. Nat Hazards 2016:1475–93. 

[18] Park Y, Pradhan AMS, Kim U, Kim YT, Kim S. Development and application of 
urban landslide vulnerability assessment methodology reflecting social and 
economic variables. Adv Meteorol 2016. 

[19] Sahoo B, Bhaskaran PK. Multi-hazard risk assessment of coastal vulnerability from 
tropical cyclones–a GIS based approach for the Odisha coast. J Environ Manage 
2018;206:1166–78. 

[20] Nuntikorn K. Assessment of Asian elephant status and human-elephant conflict risk 
under climate change scenarios. University of Tokyo; 2021. 

[21] Mimura N, Yasuhara K, Kawagoe S, Yokoki H, Kazama S. Damage from the great 
East Japan earthquake and tsunami-a quick report Mitig Adapt. Strat Glob Chang 
2011:803–18. 

[22] Hallegatte S., Rentschler J., Rozenberg J. Lifelines: The resilient infrastructure 
opportunity. World Bank Publications; 2019. 

[23] Report 13 Union Railways compliance audit; 2016. https://cag.gov.in/en/audit- 
report/details/23166. 

[24] Saini Atul, Netrananda Sahu, Pankaj Kumar, Sridhara Nayak, Weili Duan, Ram 
Avtar. and Swadhin Behera. "Advanced rainfall trend analysis of 117 years over 
west coast plain and hill agro-climatic region of India. Atmosphere 2020;11(11): 
1225. 

[25] Tripathi P. Flood disaster in India: an analysis of trend and preparedness 
Interdiscipl. J Contemp Res 2015;2:91–8. 

[26] IR DM Plan. Disaster management plan. Ministry of Railways, Government of 
India; 2019. 

[27] Petrova E. Natural hazard impacts on transport infrastructure in Russia. Natural 
Hazards and Earth System Sciences 2020;20(7):1969–83. 

[28] Allaby M. India. Evans Brothers; 2005. 
[29] Nag P, Sengupta S. Geography of India Concept. Publishing Company; 1992. 
[30] Singh D, Ghosh S, Roxy MK, McDermid S. Indian summer monsoon: extreme 

events, historical changes, and role of anthropogenic. forcings Wiley Int Rev 2019. 
[31] Gadgil S. The Indian monsoon and its variability. Annu Rev Earth Planet Sci 2003: 

429–67. 
[32] Turner AG, Annamalai H. Climate change and the south Asian summer monsoon 

Nat Clim. Change 2012:587–95. 
[33] Dimri AP, Yasunari T, Kotlia BS, Mohanty UC, Sikka DR. Indian winter monsoon: 

present and past Earth Sci Rev 2016:297–322. 
[34] Park JY, Lee SR, Lee DH, Kim YT, Lee JS. A regional-scale landslide early warning 

methodology applying statistical and physically based approaches in sequence. 
Engineering Geology 2019;260:105193. 

[35] Avtar R, Aggarwal R, Kharrazi A, Kumar P, Kurniawan TA. Utilizing geospatial 
information to implement SDGs and monitor their Progress. Environmental 
monitoring and assessment 2020;192:1–21. 

[36] Honore C, Kumar A, Speck RM. Global status of multi-hazard early warning 
systems. Target G; 2022. 

[37] Murnane R, Fraser S, Giovando C, Phillips E, Loughlin S, Duncan M, et al. 
Extensible Data Schemas for Multiple Hazards, Exposure and Vulnerability Data. 
2019. p. 12. 01. 

[38] Zorn C, Koks E. Global liquefaction susceptibility map. 2019. 
[39] PreventionWeb UNDRR. Report of the open-ended intergovernmental expert 

working group on indicators and terminology relating to disaster risk. reduction 
2016:1–41. 

[40] Kull D, Mechler R, Hochrainer-Stigler S. Probabilistic cost-benefit analysis of 
disaster risk management in a development context. Disasters 2013:374–400. 

[41] Jaiswal P, van Westen CJ. Use of quantitative landslide hazard and risk 
information for local disaster risk reduction along a transportation corridor: a case 
study from Nilgiri district. India Nat Hazards 2013:887–913. 
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