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Abstract  Climate change and its severe impacts pose a 
number of challenges to transport infrastructure, particu-
larly railway infrastructure, requiring immediate action. A 
railway system is a linear distributed asset passing different 
geographical locations and exposed to heterogeneous vulner-
abilities under diverse environmental conditions. Further-
more, most of the railway infrastructure assets were designed 
and built without in-depth analysis of future climate impacts. 
This paper considers the effects of extreme temperatures on 
urban railway infrastructure assets, including rail, “switches 
and crossings”. The data for this study were gathered by 
exploring various railway infrastructure and meteorologi-
cal databases over 19 years. In addition, a comprehensive 
nationwide questionnaire survey of Swedish railway infra-
structure, railway maintenance companies, and municipali-
ties has been conducted to assess the risks posed by climate 
change. A risk and vulnerability assessment framework for 

railway infrastructure assets is developed. The study shows 
that track buckling and vegetation fires due to the effect of 
hot temperatures and rail defects and breakage due to the 
effect of cold temperatures pose a medium risk. On the other 
hand, supportability losses due to cold temperatures are clas-
sified as high risk. The impact analysis helps infrastructure 
managers systematically identify and prioritize climate risks 
and develop appropriate climate adaptation measures and 
actions to cope with future climate change impacts.

Keywords  Railway infrastructure · Climate change 
adaptation · Climate risk · Vulnerability assessment · Risk 
analysis

1  Introduction

Climate change and its associated impacts are among the 
most critical global problems. A growing body of scientific 
literature suggests that, regardless of the success of global 
climate change mitigation initiatives that aim to reduce 
greenhouse gas emissions(GHG), climate change will con-
tinue for coming decades, and even centuries. (Lemmen 
et al. 2008). The IPCC6 (IPCC 2022) report highlights the 
established fact that human-induced GHGs have led to an 
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increased frequency and/or intensity of some weather and 
climate extremes since 1850.

Railway transport infrastructure is an important mode 
of transport for passengers and freight, and it is expected 
to expand due to the green nature of the electrified rail-
way system. Railway infrastructure assets are vulnerable 
to climate change impacts such as extreme temperature, 
precipitation, snow loads, windstorms, etc. (Norrbin 
2016). Consequently, the increase in the frequency of the 
occurrence of extreme weather events and the interaction 
between multiple natural events and cascading effects of 
failures can create major challenges for the society and 
railway infrastructure (Kaspersen and Halsnæs, 2017; 
Norrbin 2016; Oslakovic et al. 2013; Palin et al. 2021; 
SMHI, 2022) (see Table 1 for more detailed information).

A variety of studies have focused on climate change’s 
impact and its risks to critical infrastructures. For instance, 
the impact of temperature on thermal discomfort in under-
ground railways has been studied by employing different 
climate change scenarios (Jenkins et al. 2014). Different 
models and approaches such as climate-integrated mod-
els for uncertainty and risk management to study pluvial 
flooding (Pregnolato et al. 2017), integrated climate mod-
els for underground flooding (Forero-Ortiz et al. 2020), 
and integrated approach for assessing climate change in 
urban settings (Andersson-Sköld et al. 2015) have also 
been developed. Jain and Singh (2021) studied the impact 
of climate change on metro rails and concluded that fre-
quent delays might change the behaviour of passengers to 
move to other means of transportation. Ye et al. (2021) 
reviewed studies focusing on climate change-induced risks 
for urban systems and highlighted the need to develop 
holistic perspectives. Carter, 2015 (Carter et al. 2015) 
studied climate adaptation during the planning phase. 
However, only a few research studies have focused on the 
impact of climate change on the operation and mainte-
nance of urban transport.

SMHI (SMHI 2022) projected climate change impact 
under different Representative Concentration Pathways 
(RCPs) and the following conclusions have been made for 
Sweden which are directly relevant to the railways and road 
infrastructure:

1.	 Hot temperatures (maximum daily temperatures greater 
than 25°C) will increase, especially in the south with 
largest temperature difference in the north

2.	 Zero-crossing will decrease in the south and increase 
in the north during winter. The northern regions will 
experience more rain and more snow at temperatures 
close to 0°C

3.	 The amount of snow will decrease, in general, but it will 
increase in the north

4.	 The amount of rain will increase throughout the country.

Fig. 1 shows the changes in winter temperature (Decem-
ber, January, and February) in Sweden (Eklund et al. 2015). 
As can be seen, the winter temperature is expected to rise 
above the annual average temperature, with the largest 
increase in northern Sweden. Hence this research focuses 
on the northern part of Sweden.

Zhao et al. (2020) reported that from 2000 to 2016, China 
railway disruptions caused by gales, rainfall, and snow were 
13%, 72%, and 5% of the total reported disruptions, respec-
tively. Furthermore, the effects of snow combined with 
freezing rain or strong winds can lead to the breakage of 
power lines and even transmission towers, resulting in long 
disruptions to the railway service, as happened in China in 
2008, 2015, and 2018 (Gao 2016; Wang et al. 2020; Zhou 
et al. 2017).

Liljegren (2018) emphasized the need to better under-
stand railway infrastructure operation and maintenance 
under several climate scenarios in Sweden. Recently, Nemry 
and Demirel (2012) provided a general EU-wide outlook 
about the future vulnerability of transport systems to climate 
change, focusing on road and rail transport and their infra-
structures in the comprehensive European Commission. In 
addition, Boyle et al. (2013) addressed some climate change 
hazards and illustrated key potential impacts to transport 
infrastructure to be considered for policy making. For heat-
induced failure modes due to climate change, such as rail 
buckling and derailment risks, the most common adaptation 
measures consist of speed limitation. Due to more intense 
and frequent hot days in summer, this could cause more fre-
quent trip delays for rail transport with huge financial loss as 
some studies estimate the cost of speed restrictions as high 
as €31–39 million per year (Ciscar et al. 2014).

Flooding risk will rise with the likelihood of excess 
precipitation: surface water flooding as a result of direct 
accumulation, riverine/fluvial flooding as a result of excess 
runoff and river bank bursts, and groundwater flooding as a 
result of rises in groundwater levels, depending on diverse 
geology factors, land use, drainage condition and succes-
sion of weather events (Marteaux 2016). Some research has 
been conducted to assess the impacts of natural hazards on 
railway systems (see Forzieri et al. 2018; Garmabaki et al. 
2022, 2021; Misnevs et al. 2015; Thaduri et al. 2021)).

These studies highlighted meteorological hazards in 
the transport system based on historical disaster statistics 
or quantitative risk assessments of specific transport lines, 
while there is a lack of detailed risk-level indicators. There-
fore, to increase the resilience of the railway infrastructure 
and fulfill reliability, availability, maintainability, and sup-
portability/safety (RAMS) requirements considering expo-
sure time to an extreme weather event, there is an urgent 
need to conduct a comprehensive risk assessment consid-
ering various meteorological hazards (Calle-Cordón et al. 
2018; Garambaki et al. 2016; Garmabaki et al. 2021).
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In this paper, we have proposed a methodology to ana-
lyze the risk of temperature changes induced by climate 
change posed to railway assets, where we considered the 
asset’s geographical location, asset features, and different 
failure modes. To this aim, various railway infrastructure 
databases, meteorological databases for the duration of 2000 
till 2019 and questionnaire analyses have been explored to 
collect the required data. Integrating comprehensive data 
collection with expert knowledge enables us to perform 
risk assessments considering climate change indicators and 
exposure factors.

The rest of the paper is organized as follows: Sect. 2 high-
lights climate change and its impact on transport infrastruc-
ture. Section 3 presents the research methodology and pur-
poses the framework for analyzing the risk. The framework 
is implemented and validated in Sect. 4. Sections 5 and 6 
present the conclusions and future research.

2 � Climate change and its impact on railway 
infrastructure in the northern regions

The impact of climate change is already evident through 
various observable phenomena, such as an increase in 
extreme weather events like heat waves, floods, and storms. 
It is important to note that climate change affects different 
regions unequally. There are a lot of models and databases 
that investigate climate change’s effects all over the world. In 
this study, we focus on the northern regions of Sweden. The 
utilized data are from ERA5, the fifth-generation European 
Centre for Medium-Range Weather Forecasts (ECMWF) 
atmospheric reanalysis of global climate patterns, covering 
the period from 1979 to 2021, with a spatial resolution of 
30 km (Meteoblue, (2023)).

Figure 2 shows an approximation of the average annual 
temperature for Luleå, in northern Sweden. The dashed blue 
line represents the linear trend of climate change. The trend 
line slopes represent that the temperature in this area has 
been rising steadily over time, and that annual rainfall has 
also increased over the period studied. In the lower section 
of the graph, you can see the representation of warming 
stripes. Each colored stripe corresponds to the average tem-
perature for a particular year, with blue colors denoting years 
colder than the average of 1979–2021 and red representing 
warmer years.

2.1 � Climate change projection scenarios for Northern 
Sweden

The effects of climate change can be seen in changes to local 
weather patterns and extreme weather events, such as heat-
waves, droughts, floods, and storms. RCPs proposed by UN 
Climate Change Panel IPCC 6 can be used to project future 
climate changes (IPCC6 et al. 2022). Four RCP scenarios, 
RCP2.6, RCP4.5, RCP6, and RCP8.5, have been considered, 
which differ in their assumptions about future climate sce-
narios. Figure 3 illustrates the projected winter and sum-
mer temperatures for Luleå for various RCP scenarios. The 
results indicate a rise in temperatures across all scenarios, 
with the most notable surge almost reaching 5 °C under the 
RCP8.5 scenario.

3 � Materials and methods

In this study, we aim to investigate the impact of extreme 
climate and assess its risks to the railway infrastructure. The 
research methodology emphasizes collecting and integrating 
various sources of data/information to map climate risks and 
better evaluate the climatic implications on the railway infra-
structure. A questionnaire has been distributed to multiple 

Fig. 1   Annual average temperature with the largest increase in north-
ern Sweden, 2021–2050
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experts to collect their opinions on climate change hazards 
to railway transport. A framework is proposed to identify 
vulnerable assets considering different climatic parameters, 
as illustrated in Fig. 4. The expected outcomes of the frame-
work are:

1.	 Enhancing the level of awareness by stimulating differ-
ent scenarios.

2.	 Assessment of extreme temperature risks and its conse-
quences considering exposure factors.

3.	 Identification of appropriate climate adaptation meas-
ures.

The framework consists of four different steps as 
described in the following:

Fig. 2   Yearly Temperature Change in Luleå (Meteoblue, (2023))

a. Projected winter at Luleå b. Projected summer at Luleå

Fig. 3   Projected winter and summer temperature (°C) in Luleå city 
in Sweden in the historical period 1971–2000 grey boxes, and the 
periods 2011–2040, 2041–2070, and 2071–2100 according to RCPs. 
The boxes represent the interquartile range (IQR) of the data, the line 

within represents the median, and the whiskers extend from the box 
by 1.5xIQR. Data points outside the whiskers are marked by circles. a 
Projected winter at Luleå. b Projected summer at Luleå
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3.1 � Step 1–Collecting railway infrastructure asset data 
and meteorological parameters.

Different types of data, including failure data, asset registry 
data, geographical and meteorological data for the period 
2001 till 2022 have been collected. The Swedish transport 
infrastructure (TRV) collects all operation and maintenance 

data of switches and crossings. Meteorological observation 
datasets were created from SMHI open-access database and 
VViS database. Swedish Transport Administration has its 
own weather stations, “VViS database” which are mainly 
distributed across the road infrastructure.

For the present study, a questionnaire with 38 questions 
was designed (see supplementary materials Garmabaki 

Fig. 4   Research methodology 
framework (A.H.S Garmabaki, 
2023)

o
#

Table 2   Description of the 
questionnaire and its structure

Questions Description

Q1–Q5 General description of the experts and their domain of expertise
Q6–Q11 Risk of high temperature to railway network (temperature greater 

than 27 degree)
Q12–Q15 Risk of low temperature to railway network
Q16–Q25 Risk of snowstorms, snow & ice to railway network
Q26–Q31 Risk of flooding, landslide and groundwater level to railway network
Q32–Q38 Risk of high wind to railway network
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et al. 2020, 2021). The target groups for the question-
naire were TRV experts, municipalities, maintenance 
contractors, academics, and other related stakeholders. 
The general description of the questionnaire and its struc-
ture is summarized in Table 2. It should be noted that 
this research is focused on the extreme temperature risks 
expressed using Q6–Q11 and Q12–Q15. However, the 
developed framework is designed to cover all the threats 
posed by climate change. The detailed description and 
analysis of these responses are presented in subsequent 
sections.

In this study, we are exploring only extreme temperature 
impacts on railway infrastructure asset, switches-crossing, 
located in northern Sweden.

3.1.1 � Questionnaire data

The selection of the use cases is based on TRV interest and 
the availability of the data for the selected assets. For the 
study, the selected assets are rail track and switches-cross-
ing. Five extreme climate parameters were identified for the 
Swedish railway network based on interviews with experts 
and a literature review. The selected climate parameters 
include High Temperature, 2) Low Temperature, 3) Snow 
and Ice, 4) Flooding/Landslide and 5) High Wind. The ques-
tionnaire was designed to evaluate the likelihood of failure 
and its consequences on the selected assets while consider-
ing exposure time for the above-mentioned climatic hazards. 
Therefore, various exposure times have been defined based 
on the literature review and according to expert opinions.

3.1.2 � .Selection of experts

We define the expert as “a person who has a background in 
the subject matter at the desired level of detail and who is 
recognized by his/her peers or those conducting the study as 
being qualified to solve the questions” (Naseri & Barabady 
2016a, 2016b); Otway and Winterfeldt (1992). To select 
the study experts, we considered various features e.g., hav-
ing work experience in the operation and maintenance of 
transport infrastructure or having knowledge on climate 
change impacts on transport infrastructure. In the study, the 
total number of experts in Swedish transport infrastructure 
with related backgrounds and expertise is not exceeding 
500 (population size) and our targeted sample size based 
on ± 10% margin of error where 82 experts. The response 
rate of questionnaire is around 27%. In the survey, several 
experts were asked to assess the likelihood of the occurrence 
of certain failures and their associated consequences.

The pie chart in Fig. 5 shows the distribution of differ-
ent professions of the experts. We received responses from 
25 experts, of which three were later removed from the 
study due to quality issues and missing information in the 

responses. There were three female and 19 male experts in 
the study.

3.1.3 � Expert opinion elicitation

The risk analysis results depend on expert opinions as a key 
source of data. Expert opinion elicitation is “the process of 
obtaining the subjective opinions of experts through specifi-
cally designed methods of communication, such as surveys, 
interviews, group meetings, and questionnaires” (Meyer & 
Booker 1991). In this research, a qualitative approach was 
utilized for expert opinion elicitation, and experts expressed 
their opinions about a parameter in the form of a five-scale 
rating, in addition to the option, “I do not know” to reduce 
guess impact) (Cooke & Shrader-Frechette 1991). In addi-
tion, to check the reliability of the questions, Cronbach’s 

Project 
manager

18%
Environmental,  

Strategist
9%

Na�onal Planner 
Strategist

18%

Infrastructure 
Engineer, 
Railway 

Specialist 
37%

Opera�ons Manager, 
Technical Manager

18%

Fig. 5   Participant expertise and their ratios in the questionnaire study

Table 3   Failure mode frequency and causes due to climate change 
for the period 2001 till 2022

Climate ID Traffic is 
interrupted

Traffic is 
not inter-
rupted

Total

Abnormal temperature 461 3902 4363
Accessibility in track due to 

weather
0 2 2

Buckling 11 4 15
Drainage 0 3 3
Fire 23 205 228
Flood 1 1 2
Heavy wind / Storm 11 77 88
Natural events 212 48 260
Platform weather 14 7 21
Slippery track 0 10 10
Snow and ice 3879 19,631 23,510
Storm 0 116 116
Switch failure snow storm 59 753 812
Thunderstorm 89 259 348
Total 4760 25,018 29,778
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alpha was calculated as 0.75 and 0.91, which indicates an 
acceptable to good consistency range.

3.2 � Step 2: Asset climate‑induced failure mapping

In the next step, Climate ID for asset failure data is designed 
to identify climate-related failures utilizing error codes 
and cross-checking with various databases. For this study, 
29,778 climate-related failures were identified. The failure 
modes, causes, and their associated consequences are tabu-
lated in Table 3. Snow and ice, thunderstorms, and abnormal 

temperature are the dominant factors. At the time of each 
failure, the last 24 h of whether conditions were collected 
from the nearest weather stations belonging to Trafikverket 
(VViS) and/or SMHI.

Figure 6 represents the distribution of climate-related 
failure over the country. Each Climate ID is represented by 
color, and the circle’s magnitude represents the occurrence’s 
frequency.

Fig. 6   County-wise spatial distribution of the reported failure events
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3.3 � Step 3: Risk assessment modelling framework

Mapping the climate risks to transport infrastructure 
networks, overlain by the spatial distribution of climate 
change projections in Geographic Information Systems 
(GIS) helps us better assess the climatic implications on 
the railway infrastructure.

3.3.1 � Identify climate change KPI affecting assets

About 60 different climate KPIs have been utilized for 
climate prediction. To identify the most relevant climate 
change KPI that impacts switches and crossings, we have 
followed Delphi approaches considering various failure 
modes.

To identify climate change KPIs, five different failure 
modes have been selected in collaboration with the experts 
and the data analysis outcomes. For this task, we interviewed 
six experts in 3 rounds. In this group, the temperature and 
precipitation was selected as the first two important climate 
factors, see Table 4. In the assessment, the climate factor 
selection is based on the lowest rank after aggregation of 
the stakeholder’s views. Finally, those factors with a ranking 
index of less than 10 have been selected for the next analysis. 
In this analysis, we emphasize temperature-related KPIs and 
their impacts on railway infrastructure asset.

3.3.2 � Modelling the natural hazard risks

Let us consider some railway infrastructure that is exposed to 
natural hazards X caused by climate change impacts. Based 
on the outcome from Delphi approach, the extreme tem-
perature impacts, cold ( L ) and hot ( H ) have been selected 
for this study, i.e., X ∈ {H, L} . These hazards can lead to a 
certain failure Φ(X) that may occur via a range of specific 

exposure scenarios, �j

Φ(X)
 , j = 1,… , nΦ

(X)

�
 , where nΦ(X)

�
 is the 

total number of scenarios for the occurrence of failure Φ(X) 
due to hazard X . Scenarios may be defined, for instance, 
as the period of time that the infrastructure is exposed to a 
specific hazard. The set of failure types and scenarios are 
elicited from experts.

Since the established scenarios are mutually exclusive, the 
probability of occurrence of failure Φ(X) , can then be obtained 
using the total law of probability, as given by Eq. (1),

Further, let us consider that failure Φ(X) can lead to some 
consequence CΦ(X) , which can be expressed as a weighted 
arithmetic average of damage to the infrastructure and capac-
ity loss, denoted by CI

Φ(X)
 , cost of damage to the environment, 

denoted by CE

Φ(X)
 , and costs related to the safety and health 

consequences for the public, denoted by CS

Φ(X)
:

where �I
C
 , �E

C
 and �S

C
 are the normalised weighting factors 

for consequence categories of infrastructure, environment, 
and safety, respectively, in such a way that 

∑

x∈{I,E,S}

ωx
C
= 1.

In practice, quantifying the values of P
(
Φ(X)|||

�
j

Φ(X)

)
 and 

CΦ(X) is rather complex and associated with large uncertainties. 
Thus, one may use qualitative ranks for the likelihood of the 
occurrence of failure Φ(X) given scenario �j

Φ(X)
 , denoted as 

�

(
Φ(X)|||

�
j

Φ(X)

)
 , and for its associated consequences, denoted 

by �
(
CΦ(X)

)
 . If such ranks are given in linear scales, one can 

define the level of risk by adding the ranks of the likelihood of 

(1)P
(
Φ(X)

)
=

∑

j∈�
Φ(X)

P
(
Φ(X)||

|
�
j

Φ(X)

)
P
(
�
j

Φ(X)

)

(2)CΦ(X) = �ICI

Φ(X) + �ECE

Φ(X) + �SCS

Φ(X)

Table 4   Selection of climatic KPI and its ranking based on the aggregation of TRV and InfraNord expert’s opinion

Short name Climate parameter Climate index Final

TX Temperature Daily maximum temperature 1
TN Temperature Daily minimum temperature 7
DTR Temperature Diurnal amplitude (warmest minus coldest) 2
Warmdays Temperature Hot days/high summer days (Maximum temperature > 20 ºC) * 9
Conwarmdays Temperature Heat wave (consecutive days with maximum temperature > 20ºC) 3
Vegseasondayend-5 Temperature Length of the growing season (average temp > 5ºC) 5
Colddays Temperature Cold days (maximum temperature < -7ºC) 2
PRRN Precipitation Total rain 5
PRSN Precipitation Total snow 5
PR7Dmax Precipitation Highest rainfall during 7 days 4
Prgt25days Precipitation Extreme precipitation > 25 mm/day 1
Drydays Precipitation Dry days (with precipitation < 1 mm) 7
Lnstdrydays Precipitation Longest dry period (with < 1 mm/day) 10
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the occurrence of the conditional failures and the ranks of their 
associated consequences, as given by Eq. (3),

where rΦ(X)

∈ {1,… , 5} is the level of risk. The likelihood 

rank γ
(
Φ(X)|||

π
j

Φ(X)

)
∈ {1,… , 5} is given in Table 5. In addi-

tion, Tables 6, 7 and 8 present the rank of the consequence 
severity for different attributes, whose weighted linear com-
bination is used for the rank of the total consequences, i.e., 
�
(
CΦ(X)

)
∈ {1,… , 5} . In Eq. (3), P

(
�
j

Φ(X)

)
 can be obtained 

using historical data on natural hazards or extracted from 
meteorological databases.

3.3.3 � Expert judgments for risk estimation

Let �(e) denote the value of parameter � that is elicited from 
expert e = 1,… ,M , where M is the total number of experts. 
In order to account for the uncertainties associated with 
expert opinions, one can use the probability mass function of 
parameter � , which can be obtained by counting the number 
of experts who assign Λ = � divided by the total number of 
experts, given by Eq. (4),

Thus, if one elicits expert opinions on likelihood rank 
γ
(
Φ(X)|||

π
j

Φ(X)

)
 and consequence severity rank ψ

(
CΦ(X)

)
 cor-

(3)rΦ
(X)

=

∑
j∈�

Φ(X)
�

�
Φ(X)��

�
�
j

Φ(X)

�
× P

�
�
j

Φ(X)

�
+ �

�
CΦ(X)

�

2

(4)P(Λ = �) =
Number of expets who assignΛ = �

M

responding to failure Φ(X) conditional on scenario �j

Φ(X)
 , 

j = 1,… , nΦ
(X)

�
 , the probability distribution of the rank of 

risk rΦ(X) , denoted by FR

(
rΦ

(X)
)

 , can be obtained using 
Eq. (5),

where FΦ

(
�
(
CΦ(X)

))
 can be obtained a composite distri-

bution of the ranks of consequence attributes, as given by 
Eq. 6,

In Eq. (5), FΓ(⋅) and FΦ(⋅) are the probability distributions 

of ranks � and �  . FΦ

(
�
(
CΦ(X)

))
 and FR

(
rΦ

(X)
)

 can be 
obtained using a Monte Carlo simulation technique without 
loss of generality. One should note that, Eq. (5) gives the 
distribution of the rank of the risk of failure Φ(X).

(5)FR

(

rΦ(X)
)

=

∑

j∈�Φ(X)
FΓ

(

�
(

Φ(X)|
|

|

�j
Φ(X)

))

Freq
(

�j
Φ(X)

)

+ FΦ
(

�
(

CΦ(X)

))

2

(6)

FΦ
(

�
(

CΦ(X)

))

= �IFI
Φ
(

�
(

CI
Φ(X)

))

+ �EFE
Φ
(

�
(

CE
Φ(X)

))

+ �SFS
Φ
(

�
(

CS
Φ(X)

))

Table 5   Ranks for the likelihood of occurrence of failure per sce-
narios

Likelihood rank 

�

(
Φ(X)|||

�
j

Φ(X)

)
Linguistic variable Probability of occurrence of 

failure Φ(X) given scenario �j

Φ(X)

(%)

1 Very low Around 10
2 Low Around 30
3 Moderate Around 50
4 High Around 70
5 Very high Around 90

Table 6   : Ranks for the 
severity of the consequences of 
the failures in terms of damage 
to the infrastructures

Consequence severity rank 
�

(
CI

Φ(X)

) Linguistic variable Infrastructure

1 Negligible The damage to infrastructure and loss of 
capacity are less than 1MSEK;

2 Minor The damages is valued between 1–5 MSEK
3 Major The damages is valued between 5–10 MSEK
4 Critical The damages is valued between 10–25 MSEK
5 Catastrophic The damages is valued more than 25 MSEK

Table 7   Ranks for the severity of the consequences of the failures in 
terms of damage to the environment

Consequence sever-

ity rank 
�

(
CE

Φ(X)

) Linguistic variable Environment

1 Negligible Less than 10% of total 
damages

2 Minor Between 10–20% of total 
damages

3 Major Between 20–30% of total 
damages

4 Critical Between 30–50% of total 
damages

5 Catastrophic More than 50% of total 
damages
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3.3.4 � Operationalising the risk model

Let us consider rail infrastructure asset located in a certain 
geographical region. To estimate the risks due to failure Φ(X) 
occurring as a result of natural hazard X for a given period of 
time � . The distribution of the risk rank of the infrastructure 
due to Φ(X)

i
 as a result of natural hazard X ∈ {H, L} can be 

obtained by following the step-by-step framework proposed 
in Fig. 7.

3.4 � Step 4: Remedy actions

In order to maintain the safety and functionality of the rail-
way infrastructure, adapting to extreme temperatures is 
essential. Here the following are some of the strategies that 
can be used to adapt to extreme temperature scenarios:

	 1.	 Track design: The use of materials that can withstand 
temperature changes with an acceptable range of ther-
mal expansion.

	 2.	 Expansion joints: Installing expansion joints allows the 
track to expand and contract with temperature changes, 
preventing buckling or misalignment.

	 3.	 Heat-resistant coatings: The effects of extreme tem-
peratures can be reduced by applying heat-reflecting 
or heat-absorbing coatings to tracks and infrastructure. 
In Italy, white rail coatings are already in use. Their 
evaluation is promising.

	 4.	 Insulation: The use of insulating materials around criti-
cal components such as signals, switches and control 
systems helps to maintain their functionality during 
temperature fluctuations.

Table 8   Ranks for the severity 
of the consequences of the 
failures in terms of safety and 
health

Consequence severity rank 

�

(
CS

Φ(X)

)
Linguistic variable Safety

1 Negligible No injuries
2 Minor Minor injuries and no loss of life
3 Major Injuries and loss of less than 5 lives;
4 Critical Many injurers/and loss of 5–10 lives;
5 Catastrophic Major injurers/and loss of 5–10 lives or more

Fig. 7   Estimating the distribution of risk associated with rail infrastructure due to failure �(�) occurring as a result of natural hazards X for a 
given period of time
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	 5.	 Shade structures: Reducing direct exposure to sunlight 
and extreme snowfall by installing shelters or galleries 
along the tracks.

	 6.	 Monitoring systems: Implementing advanced moni-
toring systems that detect changes in temperature 
and track conditions in real-time can enable proactive 
maintenance and timely intervention.

	 7.	 Cooling technologies: Implementing cooling sys-
tems, such as water sprays or embedded cooling pipes 
along the track, can help regulate temperatures during 
extreme heat.

	 8.	 Weather-responsive operations: Implementing weather-
responsive operating protocols allows adjustments to 
speed limits, track inspections and maintenance sched-
ules during extreme temperature conditions.

	 9.	 Vegetation Management: The management of vegeta-
tion in the vicinity of tracks can prevent the obstruction 
of air flow and reduce the heat island effect that con-
tributes to higher temperatures around railway infra-
structure.

	10.	 Community awareness: Awareness raising through 
education and demonstration of the impact of extreme 
events can be a catalyst for co-operation.

Combining these strategies can enhance the resilience 
of railway infrastructure against extreme temperatures and 
mitigate hazards associated with heat-induced deformations 
or malfunctions.

4 � Framework validation

The aim of the proposed framework is to map the risk of rail-
way assets posed by climate change. Therefore, an illustrat-
ing case from Luleå railway station in northern Sweden has 
been selected. In the first step, the infrastructure asset data, 
including failure date, type of failures, train interruption by 
failure, maintenance duration, and asset location, are col-
lected from the Ofelia and BIS datasets. In this research, we 
have focused only on the hourly temperature feature which 
is extracted from SMHI open databases. The temperature 
data for 18 years from 2001 until 2018 from Luleå-Kallax 
Airport weather station, as the closest weather station to the 
asset, is extracted.

Two scenarios for the temperature have been defined, 
including:

1.	 Temperature greater than 27 ℃
2.	 Temperature less than − 20 ℃.

Thereafter, the exposure times of the asset have been 
divided into four different categories:

1.	 Exposure time less than 1 h (S1)
2.	 Exposure time less than 2 h (S2)
3.	 Exposure time between 2 and 5 h (S3)
4.	 Exposure time greater than 5 h (S4)

For instance, consider hazard X = H  (i.e., High-tem-
peratures). Three different failures may occur due to this 
high-temperature hazard, as given in Table 9, ie., “Track, 
switches-crossing” buckling Φ(H)

1
,Vegetation fire Φ(H)

2
 , and 

Supportability loss, denoted by Φ(H)

3
.

There are four different exposure scenarios:

1.	 �1

Φ
(H)

i

, i = 1, 2, 3 : High-temperature exposure for less than 

1 h.
2.	 �2

Φ
(H)

i

, i = 1, 2, 3 : High-temperature exposure between 1 

and 2 h
3.	 �3

Φ
(H)

i

, i = 1, 2, 3 : High-temperature exposure between 2 

and 5 h.
4.	 �4

Φ
(H)

i

, i = 1, 2, 3 : High-temperature exposure for more 

than 5 h.

4.1 � Risk of extreme high/low temperature to railway

For the period 2001–2022, the number of weather incidents 
in which temperature is above 27 ℃ and below − 20℃ have 

Table 9   Selected failure modes of railway infrastructure asset due to 
extreme temperature

Hazard Induced failure

High temperature,H Φ
(H)

1
 , “Track, switches-crossing” buckling

Φ
(H)

2
 , Vegetation fire

Φ
(H)

3
 , Supportability loss

Low temperature,L Φ
(L)

1
 , Rail defect and breakage

Φ
(L)

2
 , Supportability loss

Table 10   Frequency of scenarios for H( High temperature), and L( 
Low temperatures) hazards

Hazard H: High temperatures for all 
failures ( i = 1, 2, 3)

Hazard L: Low temperatures for all 
failures ( i = 1, 2, 3)

Scenario S1, �1
Φ(H)
i

: 0.380952381 Scenario S1, �1

Φ
(L)

i

∶ 1.954545455

Scenario S2, �2
Φ(H)
i

: 0.142857143 Scenario S2, �2

Φ
(L)

i

∶ 0.727272727

Scenario S3, �3

Φ
(H)

i

 : 0.19047619 Scenario S3, �3

Φ
(L)

i

 : 0.863636364

Scenario S4, �4

Φ
(H)

i

 : 0.19047619 Scenario S4, �4

Φ
(L)

i

 : 4.272727273
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been identified according to the predefined exposure sce-
narios S1-S4 for the asset located at Luleå. The frequency 
of occurrence of each scenario, as presented in Table 10, 
is estimated for month July as the hottest month for the 
high-temperature hazard, and for February as the coldest 
month of the year for the low-temperature hazard.

4.1.1 � “Track, switches‑crossing” buckling failure due 
to high temperatures

To illustrate the Probability Distribution Functions (PDF) 
of the likelihood of failures and their consequences, we 
present the detailed results for the failure Φ(H)

1
 , “Track, 

switches-crossing buckling”. The likelihood of failure occur-
rence under scenarios S1-S4 are asked from the experts as 
described in Table 5. We also elicited expert opinions on 
the severity ranks of three different consequences related to 
the failure occurrence using the descriptions in Tables 6–8. 
For this specific example, 15 experts provided their opin-
ions. The distribution of the ranks given by the experts is 
presented in Fig. 8 for the failure Φ(H)

1
 , “Track, switches-

crossing buckling”.
In the next step, the likelihood of the occurrence of 

each failure, considering the probability of occurrence in 
all exposure scenarios, is estimated using the total law of 
probability. Figure 9 shows the probability density function 
of the likelihood of the occurrence of failure Φ(H)

1
 , “Track, 

switches-crossing” buckling. The Mean of the failure occur-
rence frequency and consequence severities of extreme haz-
ards H and L temperatures associated with different failure 
modes are presented in Table 11. The Mean for track buck-
ling is 0.63 times per month due to high-temperature effects.

Furthermore, the severity of failure consequences is esti-
mated using Eq. (6). As an example, Fig. 10 shows the dis-
tribution of the severity ranks for the combined consequence 
of Φ(H)

1
 , “Track & switches-crossing” buckling. It should be 

noted that we have aggregated three different consequence 
attributes, i.e., damage and capacity loss, the consequence 
for the environment, and the safety consequence, using 
weighted arithmetic methods, with weighting factors [0.4 
0.2 0.4], respectively.

4.1.2 � Risk matrix for extreme temperature hazards

The risk matrix, presented in Table 12, maps the failure 
modes of hazards at high and low temperatures. Here, the 
first row is associated with the consequences as C1: Negligi-
ble, C2: Minor, C3: Major, C4: Critical, C5: Catastrophic).

5 � Conclusion

This study assessed climate risk associated with extreme 
hot and cold temperatures on railway assets. We gathered 

Fig. 8   Distribution of the ranks of the likelihood of failure �(H)

1
 , “Track switches–crossing” buckling due to high temperature hazard, under dif-

ferent exposure scenarios
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data through expert interviews, questionnaire studies, and 
exploration of multiple databases sourced from Trafikverket 
and the SMHI. Subsequently, we developed a framework to 
identify vulnerable assets by considering various climatic 
parameters.

The study shows that hot temperature impacts, which 
cause track bucking and vegetation fire, have received a 
medium level of risk, while supportability losses are not an 
issue for the asset located in North Sweden. However, sup-
portability lost in the same area due to extreme cold envi-
ronments is identified as high risk. In addition, extreme 
cold temperatures lead to rail defects and breakage with 
a medium level of risk in Luleå area. In addition, the risk 
analyses were performed for four different exposure sce-
narios; however, we aggregated the predefined scenarios to 
simplify the analyses. Impact analysis helps infrastructure 
managers and maintenance entrepreneurs to identify and 

Fig. 9   PDF of the frequency 
of “Track, switches-crossing” 
buckling considering different 
exposure scenarios, Mean = 0.71

Table 11   Mean of failure occurrence frequencies given all four scenarios for high-temperature, and low-temperature hazards

Hazard Induced failure Mean of failure occurrence frequency, 
given all four scenarios

The Mean of conse-
quence severity ranks

High- temperature,H Φ
(H)

1
 , Track, switches-crossing buckling 0.63 3.04

Φ
(H)

2
 , Vegetation fire 0.71 2.75

Φ
(H)

3
 , Supportability loss 0.59 2.70

Low-temperature,L Φ
(L)

1
 , Rail defect and breakage 3.24 2.83

Φ
(L)

2
 , Supportability loss 3.60 2.47

Fig. 10   Aggregation of consequence for “Track, switches-crossing” 
buckling- consequence scale (Negligible, Minor, Major, Critical, Cat-
astrophic), Mean (consequence) = 3.04
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prioritize climate risks. This will help decision-makers 
identify appropriate climate adaptation measures and 
actions to cope with future climate change effects.

6 � Future research

We are working to implement different future scenarios 
to map climate risks and hazards for all railway switches 
and crossing assets, considering the geographical location 
and exposure factors. In addition, we are extending our 
research domain to assess the extreme wind and extreme 
precipitation, including rain snow and windstorms.
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