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SOCIETAL VULNERABILITY TO IMPACTS OF EXTREME
WEATHER EVENTS ON LAND TRANSPORT INFRASTRUCTURE

The paper is focused on understanding how failure of land transport infrastructure leads to societal vulnerability. It presents the multi-
level approach to societal vulnerability measuring. The level of the societal vulnerability is expressed through the Vulnerability Index, which
is calculated based on the vulnerability indicators. Identification and selection of those indicators are based on definition of vulnerability as
a function of exposure, susceptibility to change and capacity to adapt to that change.
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1. Introduction

Transport infrastructure and services provided in transport
are integral parts of everyday life of the population. Transport
provides comprehensive service to the state territory and the
functioning of the economy in the country [1]. It has a significant
impact on socio-economic development and increases the standard
of living and prosperity of society, increases the competitiveness of
the country and its individual regions, contributes to elimination
of unemployment and helps to reduce disparities between regions
and states. It is also a key factor for the inflow of foreign
investment and the development of tourism [2].

Enhancing safety and security in transport infrastructure is
a key objective of the European Commission [3]. At present,
one of the biggest threats facing the transport sector are extreme
weather events and their impact on transport infrastructure [4],
[5]. Over the past years, a variety of extreme weather events have
threatened and disrupted transport infrastructure across many
European countries and worldwide. The frequency of those
events is expected to increase [6]. In this regard several projects,
that addressed the sensitivity of transport system to extreme
weather, were funded by the European Commission within the
7th Framework Programme for Research and Technological
Development.The Project Risk Analysis of Infrastructure
Networks in response to extreme weather (RAIN), solved within
the call of FP7-SEC-2013-1, topic SEC-2013.2.1-2: Impact of
extreme weather on critical infrastructure is one of them. It was
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focused on research of transport and energy/telecommunication
infrastructures exposed to the impact of extreme weather hazards.
The principal objective of the RAIN project was to provide an
operational analysis framework to minimize the impact of major
weather events on land based transportation and energy and
telecommunications critical infrastructure in the EU. A holistic
risk-based decision making framework was developed to establish
the key components of those infrastructure networks and to assess
their sensitivity to extreme weather events, as well as to facilitate
identification of the impact of alternative mitigation measures [7].

University of Zilina, Faculty of Security Engineering
participated in the RAIN project as a leader of the work package
entitled “Land Transport Vulnerability”. This work package
was focused on the identification of critical land transport
infrastructure, a review of failures as a result of extreme weather
events, the current means of critical land transport infrastructure
protection and development of an understanding how failure of
this infrastructure leads to societal vulnerability.The aim of this
paper is to present the scientific and technical results related
to the work performed on assessing the Effects on Societal
Vulnerability represented by the definition of Indicators of
Societal Vulnerability and in the developed approach to measure
vulnerability and specifically societal vulnerability due to the
failure of critical land transport infrastructure elements.
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Figure 1 Multilevel Approach to the Vulnerability Index Identification

2. Background

The concept of vulnerability has emerged, discussed and
continuously developed over almost past five decades, especially
in the fields of geographic development and poverty research
and hazard and disaster risk research. In the 1970s, research
focused on disasters and crises associated with droughts in Africa,
significantly contributed to development of social and societal
vulnerability concept in geographic development and poverty
research. Hazard and disaster risk research, associated with
the disaster risk reduction, started in the 1980s. In the last two
decades vulnerability has become also a key topic in the climate
change science, as well [8].

The term “vulnerability” is used very loosely in dependence
on an individual’s background and the applied context [7], [8]. In
the context of the transport network in connection with effects on
society one can define societal vulnerability as an extent to which
society is likely to be susceptible resulting from a lack of reliability
of critical infrastructure [8], [9], [10], [11]). In this approach to
development of understanding how a failure of the land-based
critical infrastructure leads to societal vulnerability, that idea
was followed. Moreover, for measuring the societal vulnerability,
the structural approach was used, based on understanding of the
vulnerability as a function of three core factors [8]:

e exposure to extreme weather events,
e susceptibility to change,
e capacity to adapt to that change.

Components of society, which can be in danger (Exposure),
components, which are more sensitive to effects of extreme
weather events (Susceptibility), as well as capacities (Adaptive
Capacity), which assessed region is in disposal of, in order to

manage the impacts of extreme weather events, were taken into
consideration [12].

Therefore, it is proposed that the Societal Vulnerability
should be expressed as a function of the mentioned core factors:

Societal Vulnerability = f (Exposure, Susceptibility, Adaptive
Capacity) (1)

3. Multilevel approach to societal vulnerability
measuring

The content of the individual core factors was questionable.
This problem was solved within the RAIN by a structural,
multilevel, big data approach (Figure 1). The approach was
formulated by gradual splitting of Societal Vulnerability
(represented by Vulnerability Index) into lower levels and, at
the same time, the requirement for performing the vulnerability
assessment by definition of relevant vulnerability indicators was
fulfilled (Figure 2):

o  Vulnerability Core Factors (3 factors).
e Vulnerability Societal Categories (9 categories).
e  Vulnerability Indicators (31 indicators).

Within the proposed approach each Vulnerability Core
Factor stands for one component of vulnerability which describes
the actual state in a target region. According to assessment of the
actual state, it is possible to subsequently determine the level of
vulnerability in given region (exposure, susceptibility, adaptive
capacity).

For each Vulnerability Core Factor it was necessary to
define categories [13]; in this case Societal Categories. Societal
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- Children aged under 5

- Children and adolescents aged from 5 to 18
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- Susceptibility of road transport objects
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- Susceptibility of rail transport objects

- Detour

- Ambulance rescue system

- Fire fighting and rescue system

- Police force

- Evacuation

- Distribution of essential food and goods

- professional units of rescue system
- voluntary units of rescue system

- access to sources from the state budget
- insurance

- area coverage with warning signal
- preparedness rate

Figure 2 Multilevel approach to the Vulnerability Index calculation (example of given values)[4], [15], [16], [17], [18], [19], [20], [21]

Categories stand for those parts of society which form the main

interest/centre of this research. They concern mainly transport

critical infrastructure and society, hence, performing the functions
of transport infrastructure operation for society.

Individual Societal Categories are formed by Vulnerability
Indicators. Those Indicators describe concrete specific
characteristics of each society, which are significant considering
their vulnerability to extreme weather impacts.

As the selection of relevant indicators was the very important
part of the research, the selection based on the following three
sources was conducted:

e the indicators were selected based on the previous projects
and investigations (ESPON CLIMATE [14]; ATEAM),

e related articles,

e indicators were also discussed with the subject matter experts
in vulnerability task-related workshops (in the Netherlands,
Spain, Slovakia). Experts were from the Dutch USAR-team
(Urban Search and Rescue), Dutch police academy, United
Kingdom Network Rail asset management, expert involved in
EC and UN-assessments and other researchers.

All selected indictors and societal categories within each core
factor are shown in Figure 1.

4. Vulnerability index calculation

The Vulnerability Index (VI) is calculated by assessment of the
mentioned levels (upwards). By assessment of the Vulnerability
Indicators and integration of the Vulnerability Societal Categories
and henceforth, within the Vulnerability Core Factors, one
obtains the resulting value of VI. The Vulnerability Index
represents unlimited value (values from 1 to 5 were proposed).
Increasing values indicate increasing vulnerability. VI values have
no strict interpretation, but if the given approach is applied on
more sectors (areas) simultaneously, it is possible to compare
them and it allows the identification of more vulnerable areas.

The Societal Vulnerability is so complicated to define in
regard to society and transport that it was necessary to consider
many factors and relations, which affect this vulnerability. It
was found out that Vulnerability Indicators are so different
that it was not possible to find a unifying unit to express the
societal vulnerability (e.g. determination through money or
other). Therefore, it was suggested to use the point’s assessment
for each Vulnerability Indicator. Each Indicator was given a value
from 1 to 5. As the relevance of indicators does not need to be the
same, the indicators were given also weights of importance (w,).
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Table 1 Vulnerability Index values

The level of societal vulnerability is minimal. Indicators of societal vulnerability indicate that the examined region (area) is minimally
vulnerable in comparison to the average vulnerability in the country. It can be said that the examined region shows a negligible rate of
possible impacts caused by specific extreme weather event. Preparedness in terms of material resources and personnel capacities is at

In the long-term planning tasks aimed at maintaining the preparedness level of the society and monitoring the risk factors, changes that

The level of societal vulnerability is low. Indicators of societal vulnerability indicate that the examined region (area) is less vulnerable
in comparison to the average vulnerability in the country. It can be said that the examined region shows an acceptable rate of possible
impacts caused by specific extreme weather event. Preparedness in terms of material resources and personnel capacities is at a sufficient

In the long-term planning tasks, aimed at reducing the risk factors that could endanger the examined region and maintaining a required

The level of societal vulnerability is medium. Indicators of societal vulnerability indicate that the vulnerability of examined region (area) is
comparable to the average vulnerability in the country. It can be said that the examined region shows a moderate rate of possible impacts
caused by specific extreme weather event. Preparedness in terms of material resources and personnel capacities is at a tolerable level, but

Within the crisis planning, in the medium-term aspect, tasks aimed at reducing the societal vulnerability level and increasing the level of

The level of societal vulnerability is high. The society contains several parts which are very sensitive to extreme weather event. Transport
network and society are poorly prepared to cope with the potential extreme event and very sensitive towards the impacts of that event
almost in every aspect. The transport network can be so disturbed that it is not possible to provide essential services for society.

It is necessary to adopt measures to reduce the society susceptibility and to ensure the higher level of resources and personnel capacities

Vlvalue  Description
<L;1.8>
a high level.
could increase the vulnerability level should be included.
(1.8;2.6>
level.
level of capacities for solving possible crisis, events should be included.
(2.6;3.4>
in the case of large-scale disasters could be insufficient.
preparedness for coping with extreme weather, events should be included.
(3.4,4.2>
to cope with an extreme weather event.
(4.2;5>

The level of societal vulnerability is very high. The transport network and society contain many critical parts, which make them more
vulnerable. In addition, the transport network and society are minimally prepared to cope with respective crisis event and they are also
very sensitive towards the effects of the crisis event almost in every respect. Transport networks can be so disturbed that it is not possible
to provide essential services for society.

It is necessary to make measures to reduce vulnerability as soon as possible because in the case of crisis event, extensive impacts on
society can occur.

To set the resulting value of Vulnerability Index, it is necessary to CF, = XZ,-1ws,SC, (3)
assess the weight of all the Core Factors, Societal Categories, as
well as of all indicators (w,, . where:

w_).
sC’ U CF

By summing the values of Vulnerability Indicators and
considering indicator weights, values of Vulnerability Societal

Category will be calculated according to relation:
SC, = Z;:lwlnln (2)

where:

SC = Societal Category,

x = designation of Societal Categories,

i = number of indicators within Societal Category (from 1 to nx),
w, = weight of Indicators,

[ = value of Indicators.

Similarly, values of Societal Categories were added to the
value of the Core factor. As in the case of other indicators, even all
the Societal Categories needed their weight (w.) to be assessed.
The aggregated value of the Core Factor is calculated according
to relation:

CF = Core Factor,

y = designation of Core Factors,

j=number of Societal Categories within Core Factor (from 1 to ny),
w_ = weight of Societal Category,

SC, = value of Societal Category.

The resulting value of the VI is obtained in a similar way
as it was done in previous steps. The final calculation of the
VI is preceded by an extra step, which lies in the calculation of
Potential Impact (PI). Potential Impact represents possible level
of impacts on society after considering all the aspects which can
be in danger (Exposure) and after considering all the societal
groups, which are more sensitive to extreme weather impacts
(Susceptibility). The weights of Exposure and Susceptibility (W,
w,) are counted as well. Sum of weight factors should be equal to
1. The Potential Impact is calculated according to relation:

Pl =wiE+wsS 4)
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where:
PI =Potential Impact,
E= Exposure,
S = Susceptibility,
w, = weight of Exposure,
w, = weight of Susceptibility.
The resulting value for the VI is the sum of the PI weight value
and the weight value of Adaptive Capacity:

VI = Wp[P[+ WAcAC (5)

where:

VI = vulnerability index,

AC = Adaptive Capacity,

w,, = weight of P,

W, = weight of Adaptive Capacity.

The proposed Vulnerability Index can obtain value from
1 to 5. The higher VI value indicates the higher societal
vulnerability. The index and related interpretations (Table 1)
serve for evaluation of the current state in specific region, as
well as for decision making purposes. In describing VI values,
some recommendations for vulnerability reduction in terms of
crisis planning, risk management and preparedness enhancing
are provided. With increasing values of the VI, the time pressure
for immediate reaction (vulnerability reduction), as well as the
necessity of a higher level of resources and personnel capacities to
cope with extreme weather events, is rising. If the given approach
was applied to more sectors simultaneously, it is possible to
compare them and it allows the identification of more vulnerable
areas.

Authors [22], [23] argue that a system might be vulnerable to
certain events, but be resilient to others; therefore it is important
that while defining vulnerability one must consider hazardous
events characteristic to the area under consideration. There could
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be significant differences between vulnerabilities of the same area
to the same hazard with different intensity, e.g. windstorm with
speed of 70km/hour or 140km/hour; flood with probability of
occurrence 1 in 10 years, and flood with probability of occurrence
1 in 1000 years. Therefore, it is necessary to evaluate vulnerability
for each threat or danger separately as it is illustrated in Figure 2.

Other methods for vulnerability analysis based on network
modelling are suggested by authors of [24], [25].

5. Conclusions

Measuring and assessing vulnerability is a prerequisite
for effective risk analysis and risk reduction, which was also
confirmed within the RAIN project execution. If one is able
to measure the societal vulnerability, one can adopt adequate
measures for a target region and define disaster-risk management
and disaster-relief priorities. Moreover, objective information
to decision-makers (policy makers and public authorities - at
all levels) and for all the relevant stakeholders (community as
well) are provided. If the given approach is applied to more areas
(regions) simultaneously, it is possible to compare them and it
allows identification of the more vulnerable areas or communities.
Exploring and understanding of societal vulnerability can
addresses social, economic, security and environmental changes
within the society, which can help to protect the most vulnerable
parts of the society.
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