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Executive Summary 

This deliverable presents an extended literature review on existing exposure datasets and vulnerability 

data and models on Critical Infrastructure (CI) assets. Moreover, state-of-the-art frameworks and tools to 

assess vulnerability and losses of CI in a single and multi-hazard environment are reviewed. It satisfies the 

remit of Task 1.1 within the Work Package 3 (WP1) Multi-hazard Infrastructure Risk Assessment for 

Climate Adaptation (MIRACA) project. The focus is to identify the gaps in existing data needs on CI 

exposure and vulnerability and create the building blocks for a pan-European harmonised exposure and 

vulnerability database.      

Concerning the exposure data, OpenStreetMap seems the most complete database. For roads and rails, 

OSM can be used for both direct damage estimates (because it is rather complete and geometrically 

precise) and indirect network effects (because it returns a good quality and consistent network graph). 

On the other hand, OSM data is insufficient for an analysis of the energy systems: for electrical power, 

natural gas and oil pipelines, too much information is missing. This also holds true for the 

telecommunication system as well as for single critical assets such as schools and hospital buildings. 

Concerning vulnerability data, although there is a substantial increase of the studies quantifying the 

vulnerability of CI assets due to different natural hazards, significant gaps on vulnerability data and models 

still exist depending on the considered network (electric power, gas, oil, road, port, etc.) or the specific 

asset (e.g., telecommunication tower or school building). Generally, more vulnerability models are 

available for hazards such as earthquake or floods, while for other climate related hazards the available 

models are principally based on empirical data and judgement and they tend to be more qualitative.  
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1. Introduction 

Critical infrastructure (CI) refers to the assets, networks and systems that are vital for society, and 

whose damage or destruction can lead to serious consequences to the health, safety, and socioeconomic 

well-being of the population (Council Directive 2008; PCCIP 1997, Hall et al. 2016, Poudel et al. 2023). 

When natural hazards strike, the importance of these systems becomes apparent: a disruption of a single 

CI service can quickly result in a knock-on effect to households, companies, and other CI systems, thereby 

causing widespread impacts on society. For instance, the direct economic impact of infrastructure 

disruption due to natural disasters has been estimated at least $90 billion per year (Hallegatte et al. 2019). 

Within MIRACA, we focus on Europe’s CI aiming at providing a multi-hazard risk assessment framework 

and appropriate tools for climate adaptation. Table 1 summarises the CI assets, networks and systems 

that are considered in D1.1 of MIRACA. 

 

Table 1. List of assets, networks and systems that are considered in D1.1. of MIRACA. 

System Network Asset 

Energy 

Electric power 
network 

Transmission electric power grid, substations, 
distribution networks, power plants 

Natural gas network 
Buried/elevated pipelines, compressor stations, 
natural gas storage 

Oil network 
Pipelines, refineries, pumping plants, storage tank 
farms 

Transportation 

Roadway network Road segment, bridge, tunnel  

Railway network Railway bridge, tunnel, track, roadbeds, facilities  

Port network 
Waterfront structures, buildings (warehouse, 
sheds), fuel facilities 

Airport network 
runways, control towers, terminal buildings, 
maintenance facilities and hangars, air route traffic 
control system and fuel facilities 

Telecommunication  Stations and transmitters 

Healthcare  Hospitals and medical centres 
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Education  Schools 

 

The objective of Work Package 1 (WP1) is to identify and possibly fill gaps in CI exposure and 

vulnerability data and models, and to collect single and multi-hazard models that capture both present-

day and climate change. Specifically, in D1.1 an extended literature review on existing exposure datasets 

and vulnerability data and models on different CI assets is performed with the focus to identify existing 

gaps. Moreover, state-of-the-art frameworks and tools to assess vulnerability and losses of CI in a multi-

hazard environment are reviewed. 
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2. Definitions and Concepts 

D1.1 is critical as it lays the foundation for MIRACA project. For this reason, it is important to clearly define 

the various concepts concerning hazard, infrastructure and risk herein. MIRACA follows the definitions 

per the ‘D1.2-Handbook of Multi-hazard, Multi-Risk Definitions and Concepts’ (Gill et al. 2023) of the 

MYRIAD-EU project. The definitions and concepts are grouped into three major categories namely the 

hazard definitions, infrastructure definitions, and disaster impact/risk definitions. 

2.1 Hazard definitions 

The following hazard-related definitions will be used in the project. 

● Hazard: A process, phenomenon, or human activity that may cause loss of life, injury or other 
health impacts, property damage, social and economic disruption, or environmental degradation 
(UNDRR 2016). 

● Natural hazards: Hazards that are predominantly associated with natural processes and 
phenomena (UNDRR 2016). 

● Hydrometeorological hazards: Hydrometeorological hazards are of atmospheric, hydrological, or 
oceanographic origin (UNDRR 2016). 

● Geological / Geophysical hazards: Geological or geophysical hazards originate from internal earth 
processes (UNDRR 2016). 

● Hazard severity: the potential of a hazard to cause damage to critical infrastructure 

● Multi-hazard: The selection of multiple major hazards that the country faces, and the specific 
contexts where hazardous events may occur simultaneously, cascadingly or cumulatively over 
time, and taking into account the potential interrelated effects (UNDRR 2016). 

● Cascading hazard: Cascading hazard processes refer to an initial hazard followed by a chain of 
interrelated hazards (e.g., earthquake-triggering landslide, landslide triggering flooding, flooding 
triggering further landslides) (UNDRR 2019).  

2.2 Infrastructure definitions 

The following infrastructure-related definitions will be used in the project. 

● Exposure: refers to the location, attributes, and value of important community assets that are 
exposed to the hazard, such as people, buildings, agricultural land, and infrastructure1. 

 
1 https://www.gfdrr.org/riskier-future/ 
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● Elements at risk: are categorised as populations, communities, built environment, natural 
environment, economic activities, and services, which are under the threat of hazard in a given 
area (Alexander 2000). 

● Asset: a specific element within an infrastructure system.  

● Network: An interconnected set of assets in a specific infrastructure system.  

● System:  The interdependent technical, economic, social and environmental entities that deliver 
CI services and/or may be disrupted by CI failure through knock-on effects from a single asset 
within a single infrastructure network, to the impact on other infrastructure networks and the 
economy.  

● Infrastructure: A network of independent, mostly privately owned, man-made systems and 
processes that function collaboratively and synergistically to produce and distribute a continuous 
flow of essential goods and services (Roche 1998). 

● Critical infrastructure (CI): Infrastructures whose incapacity or destruction would have a 
debilitating impact on the defense and economic security. 

● Interdependencies: a) Physical - The state of one infrastructure system is dependent on the 
material output(s) of another infrastructure system b) Cyber:  The state of one infrastructure 
system depends on information transmitted through the information infrastructure c) 
Geographic: A local environmental event can create state changes in two or more infrastructure 
systems and d) Logical: The state of one infrastructure system depends on the state of others via 
a mechanism that is not physical, cyber, or geographic (Rinaldi et al. 2001). 

2.3 Disaster impact/risk definitions 

The following disaster impact-related definitions will be used in the project. 

● Disaster: A serious disruption of the functioning of a community or a society at any scale due to 
hazardous events interacting with conditions of exposure, vulnerability, and capacity, leading to 
one or more of the following: human, material, economic, and environmental losses, and impacts 
(UNDRR 2016). 

● Consecutive disasters: Two or more disasters that occur in succession, and whose direct impacts 
overlap spatially before recovery from a previous event is completed (Ruiter et al. 2020). 

● Criticality: A comprehensive measure of consequences resulting from disruptions, either 
individual or groups of disruptions, used to measure the risk of CI (Šarūnienė et al. 2024). 

● Robustness: The ability of an asset, network or system to recover after the occurrence of a 
disruptive event and its capacity to adapt to previous disruptive events (Rehak et al. 2019) 
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● Vulnerability: The conditions determined by physical, social, economic, and environmental 
factors or processes which increase the susceptibility of an individual, a community, assets, or 
systems to the impacts of hazards (UNDRR 2016). 

● Risk assessment: A qualitative or quantitative approach to determine the nature and extent of 
disaster risk by analysing potential hazards and evaluating existing conditions of exposure and 
vulnerability that together could harm people, property, services, livelihoods and the 
environment on which they depend (UNDRR 2016). 

● (Residual) Risk: The disaster risk that remains in unmanaged form, even when effective disaster 
risk reduction measures are in place, and for which emergency response and recovery capacities 
must be maintained (UNDRR 2016). 

● Systemic risk: Risk of a ‘System’ due to interaction effects of elements of a system. WP2 (MYRIAD-
EU), UNDRR (2022) 

● Multi-hazard Risk: Risk generated from multiple hazards and the interrelationships between 
these hazards (but not considering interrelationships on the vulnerability level) (Zschau, 2017). 

● Direct economic loss: The monetary value of total or partial destruction of physical assets existing 
in the affected area. Direct economic loss is nearly equivalent to physical damage. 

● Economic loss: Total economic impact that consists of direct economic loss and indirect economic 
loss. 

● Indirect economic loss: A decline in economic value added as a consequence of direct economic 
loss and/or human and environmental impacts. 

● Cascading failures: “the uncontrolled successive loss of system elements triggered by an incident 
at any location” [Vaiman et al. 2011].        

● Resilience: The ability of a system, community or society exposed to hazards to resist, absorb, 
accommodate, adapt to, transform, and recover from the effects of a hazard in a timely and 
efficient manner, including through the preservation and restoration of its essential basic 
structures and functions through risk management (UNDRR 2016).  

● Climate change adaptation: In human systems, the process of adjustment to actual or expected 
climate and its effects, in order to moderate harm or exploit beneficial opportunities. In natural 
systems, the process of adjustment to actual climate and its effects; human intervention may 
facilitate adjustment to expected climate and its effects. 
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3. Review on existing information gaps on exposure 

data 

Considerable effort has been made in the last few decades towards the development of exposure 

datasets of single CI assets (e.g., healthcare, and educational facilities) and assets within more complex 

networks and systems (e.g., road, rail, ports, power, gas). Such datasets can be used within a synergetic 

risk assessment framework to evaluate the damages and losses of CI assets and networks due to different 

natural hazards in a single or multi-hazard environment considering also systemic effects and cascading 

failures. The usefulness of the available datasets for risk assessment purposes, however, depends on the 

completeness of the data at systemic level, data quality as well as on the existence of the main attributes 

(e.g., construction type, material, quality, and cost) necessary for the risk calculations. The goal of this 

section is to collect the available in literature exposure data and methods and after a critical review to 

identify the existing gaps. This section will pave the way for the development of the European harmonised 

exposure database (D1.4). 

One of the most well-known database with a variety of exposure datasets is OpenStreetMap (OSM). 

It is a powerful and freely accessible global geographic database. This open data download service is 

offered free of charge by, for example, Geofabrik GmbH2. OSM is a Voluntary Geographic Information 

(VGI) project3 launched in 2004 with continuously increasing data coverage and data quality currently 

including over 1.75 million different user contributors around the globe4. OSM data contains geo-

referenced vector (line and point) features which can be mapped, e.g., administrative boundaries, 

buildings, roads, power plants, ports, airports, health care and educational facilities, rivers, forests, etc. 

There are several ways to collect geo-references data (Bennet 2010). The OSM database is available under 

the share alike Open Database License 1.0 (ODbL)5 allowing data download, modification and sharing. The 

open access policy of OSM is a very important advantage, as it contributes to many research areas, such 

as risk assessment studies. For example, in the field of energy system modelling, it has been used 

successfully in the creation of power grid models (Medjroubi et al. 2017). OSM data are hierarchically 

structured and categorized in three types: nodes, ways, and relations. Fig. 1 presents an example of 

visualization of raw OpenStreetMap data. OSM nodes are geo-referenced points in space. They are used 

to represent smaller standalone features, e.g., telecommunication towers. They are also referenced in 

OSM ways, to define the shape of a way. OSM ways represent none-closed linear features (such as roads 

or rivers) or closed linear features (such as buildings or electrical substations). OSM relations are ordered 

 
2 https://download.geofabrik.de 
3 www.openstreetmap.org 
4 https://wiki.openstreetmap.org/wiki/Stats 
5 https://opendatacommons.org/licenses/odbl/ 

https://download.geofabrik.de/
https://wiki.openstreetmap.org/wiki/Stats
https://opendatacommons.org/licenses/odbl/
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lists of nodes, ways and/or other relations. A relation is the most complex data type in OSM. Relations are 

used to represent a logical or spatial association relating their different components, like a bus route that 

contains multiple bus stops and road parts. All OSM data types are also associated with tags, that are 

dictionary-like entries which have two attributes (i.e., a key and a value text) and describe a specific detail 

of the data.  

 

 
Fig. 1. Visualization of raw OpenStreetMap data of a given area, with a breakdown by the datatypes 

(Nirandjan et al. 2022). 

 

In the following paragraphs the existing information on the exposure data for each network separately is 

analysed and the information gaps are highlighted. 

3.1 Energy system 

The energy system is composed of different networks, namely electric power, natural gas, and oil, 

each of which consists of a variety of assets. Regarding the electric power network, it consists of 

transmission electric power grid, substations, distribution networks, power plants and transmission lines 

with towers. Their classification depends on the asset, e.g., substations are classified to low, medium, or 

high voltage; with anchored or standard components, distribution networks to seismically designed or 

with standard components, power plants to small or medium/large, with anchored or unanchored 

components. In the case of the natural gas network, the main assets are buried/elevated pipelines, 

compressor stations and natural gas storages. Compressor stations are distinguished between those who 

have anchored or unanchored components. Oil network comprises pipelines, refineries, pumping plants, 

and tank farms. Refineries, pumping plants, and tank farms are classified to small or medium/large 

depending on their capacity and with anchored or unanchored components. To date, only limited 

information on the structure of the European transmission networks is available for research and other 

scientific purposes. The lack of these data impedes scientific attempts to analyse, characterise and 

compare high resolution energy system models (Matke et al. 2012). Energy infrastructure data are crucial 



 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

13 

 

 

for an integrated risk assessment of the energy system components and for enabling the EU to meet its 

broader climate and energy goals. Some of the most important efforts gathering European energy system 

exposure data concentrated on the electric power, natural gas and oil networks are described below, 

while existing information gaps on these data are also identified. 

3.1.1 Electric power network 

The Transparency Platform6 is a public information system available to every EU citizen in line with 

the TEN-E Regulation (EU No 347/2013), Art.18, that provides detailed information about Projects of 

Common Interest (PCIs), including their geographical representation, technical description, 

implementation plan and dates, the benefits they bring to the Member States and local communities and 

the European Union financial support. In particular, the PCI Transparency Platform provides up to date 

information on the geographic location for the networks of electricity, natural gas, smart grids, cross-

border carbon dioxide and oil. The user can download the information displayed at the viewer and reuse 

them if reference is mentioned. Fig. 2 displays the electric power, natural gas, and oil networks in Europe. 

However, the data and metadata are not downloadable. 

The ENTSO-E Transparency Platform7 is designed and developed by Unicorn Systems A.S. in order to 

provide free, continuous access to pan-European electricity market data for all users, across six main 

categories: Load, Generation, Transmission, Balancing, Outages and Congestion Management. Registered 

users can download data tables and graphs and customise their own dashboard and data views, but the 

spatial data is not easily accessible. 

The Global Power Plant Database8 is a comprehensive, open-source database of power plants around 

the world (Byers et al. 2021). It leverages existing data sources and methodologies to build a 

comprehensive and open-access power sector database. Approximately 35.000 power plants from 167 

countries are contained, including thermal plants (such as gas, oil, coal, geothermal, waste, biomass, 

nuclear) and renewables (such as solar, wind, hydro). Each power plant is geolocated and entries contain 

information on fuel type, technical characteristics (fuel, technology, ownership), operational 

characteristics (generation), and plant capacity. The database is published under a Creative Commons-

Attribution 4.0 International license (CC BY 4.0), allowing it to be used and republished in any fashion, 

with source attribution. There is also the European Joint Research Centre Open Power Plants Database9 

(JRC-PPDB-OPEN), which is mainly based on information from ENTSO-E's lists of installed capacity in 

Europe, extended through information contained in other open datasets, as well as analysis of historical 

 
6 https://ec.europa.eu/energy/infrastructure/transparency_platform/map-viewer/main.html 
7 https://transparency.entsoe.eu/ 
8 https://datasets.wri.org/dataset/globalpowerplantdatabase 
9 https://data.jrc.ec.europa.eu/dataset/9810feeb-f062-49cd-8e76-8d8cfd488a05 

https://ec.europa.eu/energy/infrastructure/transparency_platform/map-viewer/main.html
https://transparency.entsoe.eu/
https://datasets.wri.org/dataset/globalpowerplantdatabase
https://data.jrc.ec.europa.eu/dataset/9810feeb-f062-49cd-8e76-8d8cfd488a05
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hourly generation time series data (Kanellopoulos et al. 2019). The JRC-PPDB-OPEN is a first attempt 

towards a more detailed and coherent, albeit still incomplete, dataset of European power plants. It 

contains production unit name, generating unit name, production unit capacity net (MW), generating unit 

capacity net (MW), ENTSO-E classification for the generation unit, Latitude (WGS84), Longitude in the 

range -180 (WGS84), name of the country, NUTS2 code according to the NUTS 2016 definition, status of 

the generating unit, year of commissioning, year of decommissioning. In addition, the Europe Beyond 

Coal database10 maintains information on all major coal power plants covering 27 EU countries, UK and 

Turkey, as well as all countries in the Western Balkans. This database includes key information such as 

geodata, capacity, status, commissioning year, ownership, historic emissions of CO2 and pollutants, 

modelled plant-level health impacts on population caused by pollutants and more. The minimum plant 

size included in the repository is 15 MWe. The Europe Beyond Coal database is under an Open Database 

License (ODbL) v1.0, while the data are updated quarterly. 

The Global Transmission Network dataset11 contains a vector shapefile of global transmission 

networks from OSM power lines from 2016. However, except for the geo-location, no metadata are 

included. In addition, regarding transmission network datasets, a short comparison among the various 

existing databases, related to their license and format, the year they were published, the region they refer 

to, the data they contain as well as if their data are downloadable can be found in 12. From these 

databases, only two are openly licensed, the PyPSA-Eur which is published under a Creative Commons-

Attribution 4.0 International license (CC BY 4.0) and the SciGRID which is available under the Open 

Database License (ODbL). 

The PyPSA-Eur13 is an open model repository of the European transmission power system which 

covers the full ENTSO-E area (Hörsch et al. 2018). The database consists of 6001 lines (all high voltage 

direct current lines as well as alternating current lines at and above 220kV voltage level), 3657 substations, 

an open database of conventional power plants, time series for electrical demand and variable renewable 

generator availability, and geographic potentials for the expansion of solar and wind power. It is proper 

for both operational and generation and transmission expansion planning studies. 

 

 
10 https://beyondfossilfuels.org/database/ 
11 https://energydata.info/dataset/global-transmission-network 
12 https://wiki.openmod-initiative.org/wiki/Transmission_network_datasets 
13 https://zenodo.org/record/7646728#.Y_8alnZBy3B 

https://beyondfossilfuels.org/database/
https://energydata.info/dataset/global-transmission-network
https://wiki.openmod-initiative.org/wiki/Transmission_network_datasets
https://zenodo.org/record/7646728#.Y_8alnZBy3B


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

15 

 

 

 

Fig. 2. Electricity, natural gas, and oil networks in Europe (figure downloaded from the PCI Transparency 

Platform) 

 

The SciGRID database14 is free, open-source code and contains open data, which builds on OSM 

transmission network data (Medjroubi et al. 2017). It was initiated in October 2014 for scientific purposes 

to address lack of transmission grid data. OSM power data is represented by the OSM types mentioned 

above, i.e., nodes, ways, and relations. OSM nodes represent electrical poles and line-carrying towers. 

OSM transmission lines and underground cables are depicted by open ways, while power plants, 

generators and substations are depicted by closed ways. OSM power relations represent electrical circuits 

and are constituted of one or several transmission lines, substations, and towers, while they have the 

key=value combination route=power. The SciGRID vertices of the transmission network represent the 

geometrical centers of the OSM substations. The SciGRID transmission lines between two vertices are 

 
14 https://www.power.scigrid.de/pages/downloads.html 

https://www.power.scigrid.de/pages/downloads.html
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abstracted to direct connections with individual lengths calculated from the detailed layout in OSM. The 

abstracted transmission lines constitute the links (or edges) of the transmission network. Additionally, the 

voltage level, number of cables and wires of the transmission lines are adopted from OSM data. To ensure 

a better quality of OSM data, there are some quality assurance tools that can be used to automatically 

detect bugs15. A main drawback of the dataset is that for the high, medium, and low voltage levels the 

data coverage and quality decreases. This is due to the higher complexity and extent of the power grid at 

the lower and medium voltages, as well as the restricted access to the lower voltage power elements 

(especially underground cables and transformers boxes). 

3.1.2 Natural gas network 

Regarding gas networks, there is the project “Open-Source Reference Model of European Gas 

Transport Networks for Scientific Studies on Sector Coupling” with the acronym “SciGRID_gas”. This 

project intends to develop methodologies to create an automated network model of the European gas 

transportation network. The IGGIELGN dataset16 is a collection of open-source European gas network data 

produced by the SciGRID_gas team. The database contains geographical and meta information on the 

European gas transport network. The IGGIELGN database contains data about 241.000km of European 

gas pipeline network as well as production, liquefied natural gas (LNG) terminals, storages, compressors, 

interconnection points and entry points. Within the SciGRID_gas project, esy-osmfilter was used to extract 

the European gas transport pipelines from OSM and to further identify the other relevant components 

(such as gas storages, pipeline marker, gas compressor stations) of the European gas transport network 

(Pluta and Ontje Lünsdorf 2020). 

The ENTSOG Transparency Platform17 is a Union-wide platform where all Transmission System 

Operators for gas shall make their relevant data publicly available according to Regulation (EC) № 

715/2009 and its amendments. It provides technical and commercial data on gas transmission systems, 

which include interconnection points and connections with storages, LNG facilities, distribution networks, 

final consumers, and production facilities. 

3.1.3 Oil network 

Regarding oil network, there is an open and complete database including also EU oil pipelines18, 

published under a Creative Commons Attribution license (CC BY), allowing the data to be visible and 

 
15 https://wiki.openstreetmap.org/wiki/Quality_assurance 
16 https://www.gas.scigrid.de/downloads.html 
17 https://transparency.entsog.eu/ 
18 http://catalogue.msp-supreme.eu/dataset/emodnet-pipelines 

https://wiki.openstreetmap.org/wiki/Quality_assurance
https://www.gas.scigrid.de/downloads.html
https://transparency.entsog.eu/
http://catalogue.msp-supreme.eu/dataset/emodnet-pipelines
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downloadable. The database contains lines representing the actual routes of offshore pipelines (where 

available) in the following countries: Croatia, Denmark, Estonia, Finland, Germany, Ireland, Netherlands, 

Norway, Poland, Russia, Spain (Andalucía). Each line has the following harmonized attributes (where 

available): code, country, name, year, length (metres), size (inches), medium (oil, gas, air, condensate, 

'control', cooling water, geothermal heating, glycol, methanol, sewage, water), operator, from and to 

locality or facility, and status (in service, decommissioned, under construction, proposed, planned). 

3.2 Transportation system 

The transportation infrastructure as a system comprises different networks, namely roadway, railway, 

port, and airport, each of which consists of various assets.  

In the case of the roadway network, the main asset is the road itself, which passes over bridges or through 

tunnels and other civil works. Different classification schemes exist based on its function and capacity, 

speed limits, number of lanes and other criteria. The key assets of the railway network are the railway 

tracks and roadbeds, railway bridges and tunnels as well as other different railway facilities. The 

classification schemes for the rail network are commonly based on speed limits, construction materials, 

usage of track and other parameters (Argyroudis and Kaynia 2014). Port transportation networks contain 

a wide variety of facilities for passenger operations and transport, cargo handling and storage, rail and 

road transport of facility users and cargoes, communication, guidance, maintenance, administration, 

utilities, and various supporting operations. In a port system, the key assets are the waterfront 

components, the cargo handling and storage components, the infrastructures, the buildings, and 

transportation lifelines. Airports include runways, control towers, terminal buildings, maintenance 

facilities and hangars, air route traffic control system and fuel facilities. Below some of the most important 

efforts are described for the European transport system; exposure concentrated on the roadway and 

railway networks, ports and airports and existing gaps are identified. 

The Trans-European Transport Network (TEN-T) policy addresses the implementation and 

development of a Europe-wide network of railway lines, roads, inland waterways, maritime shipping 

routes, ports, airports, and railroad terminals. The TEN-T policy is based on Regulation (EU) No 1315/2013 

that is currently being revised to make the network greener, more efficient, and more resilient. EU 

Regulation 1315/2013 provides the creation of a network based on two levels for the development of the 

international network: i) The Comprehensive Network, i.e., a global network (to be created by 2050) 

aimed at guaranteeing full coverage across the EU and accessibility to all regions. The Comprehensive 

Network consists of all the existing and planned transport infrastructure aimed at achieving the territorial 

cohesion objectives and integrates and interconnects the Core Network. It comprises road, rail, port, and 

airport network as well as Intermodal centers. ii) The Core Network, i.e., a central EU network (to be 

created by 2030) which includes the global network sections most strategically important for achieving 
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the development objectives of the trans-European transport network. Its completion is based on a 

“corridor approach”. The Core Network is the strategic part of the Comprehensive Network consisting of 

densely populated urban areas (urban nodes), the most important intermodal nodes (ports, airports, 

terminals) and relevant multimodal connections. High resolution maps of the nine TEN-T Core Network 

Corridors are available in pdf format19 (Fig. 3). A TENtec Interactive Map Viewer maintained by DG Mobility 

and Transport of the European Commission is available presenting the TEN-T trajectories and TEN-T nodes 

consisting of all existing and planned transport infrastructure20. 

The OpenStreetMap (OSM) has collected an enormous amount of free spatial data including 

transportation infrastructures e.g., road and rail networks, ports and airports, and the database is growing 

every day.  

 

Fig. 3. TRAN-European transport network including roads, ports, rail-road terminals and airports17  

 
19 https://ec.europa.eu/transport/infrastructure/tentec/tentec-portal/site/en/maps.html 
20 https://ec.europa.eu/transport/infrastructure/tentec/tentec-portal/map/mobile.html 

https://ec.europa.eu/transport/infrastructure/tentec/tentec-portal/site/en/maps.html
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The RRG GIS Database21 builds upon and is a direct successor of the IRPUD GIS database of trans-

European transport networks by mutual agreement between RRG and IRPUD. The RRG GIS Database is 

subdivided into the following branches: transport networks, regions and administrative boundaries, 

geography layers and interaction data and regional data. The transport network layers form the core part 

of the RRG GIS Database. They comprise roads and railway lines, railway stations (including intercity train 

stations, high-speed train stations, regional and local train stations), inland waterways and shipping 

routes, inland ports and seaports, and airports and flight networks, as well as transport terminals and 

intermodal transshipment facilities for the whole of Europe. The RRG European road network layer 

contains all motorways, highways, dual-carriageway roads, E-roads, and national roads as well as 

additional principal roads in agglomerations and important car ferries. The RRG European rail network 

layer contains all passenger and freight railway lines under operation today, and rail ferries of 38 European 

countries. The database contains all passenger train stations which are in operation today, plus planned 

(future) ones (as far as information are available) and many of those that are currently closed or 

abandoned. The RRG European road and railway network layers are not publicly available and can be 

ordered upon request.  

The GRIP dataset (Meijer et al. 2018) consists of global and regional vector datasets of road 

infrastructure in ESRI file geodatabase and shapefile format, and global raster datasets of road density at 

a 5 arcminutes resolution (~8x8km). GRIP dataset covers 222 countries and includes over 21 million km of 

roads, which is two to three times the total length in the currently best available country-based global 

roads datasets. Regarding the European road network, crowdsourced OSM data was used to cover 

Europe, as best available seamless dataset. GRIP dataset is publicly available in order to ensure that the 

GRIP database can be easily shared with others. 

To support the visualization of collected data and to give higher visibility to CEDR’s Performance 

Report on the Pan-European Road Network (2021 Pan European Road Network Performance Report, 

CEDR, September 2022), a GIS web map of the road network has been developed. The Pan-European 

Road Network Performance GIS web map22 comprises motorways and high-quality roads that are part of 

the European Union’s TEN-T (Roads) network and their equivalent strategic routes in non-EU countries. 

The most comprehensive European-wide dataset of railway infrastructure is OpenRailwayMap23, a 

detailed online map of the world's railway infrastructure, built on OSM data. The OpenRailwayMap 

includes all rail-mounted and automotive vehicles, e.g., railways, subways, trams, miniature railways, and 

funiculars. OpenRailwayMap is Open-Source software and is freely available for download. 

 
21 http://www.brrg.de/database.php?language=en&cId=2 
22 https://cedr.eu/ten-t-roads-performance-gis-web-map 
23 https://www.openrailwaymap.org/ 

http://www.brrg.de/database.php?language=en&cId=2
https://cedr.eu/ten-t-roads-performance-gis-web-map
https://www.openrailwaymap.org/
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EuroGlobalMap24 (EGM) (last release January 2022) is a pan-European dataset updated annually 

containing basic geographic information at the scale 1:1 million covering 47 European countries and 9 

administrative areas. The data is seamless and harmonized and is produced by the EGM Project 

Coordinator (IGN France) in cooperation by the National Mapping Agencies of Europe. EuroGlobalMap 

contains five themes: Administrative Boundaries, Hydrography, Named Location, Settlement and 

Transportation. EGM is provided under an open data license and may be used for any legal purpose, 

including commercial exploitation. EuroGlobalMap allows cartographic visualisation across Europe 

enabling a wide range of applications from planning, monitoring and network analysis to presenting 

environmental policies. The transportation theme holds information on European roads and railways, 

ferry lines, and airports as well as connections between ferry stations and other transport modes. 

The official portal for European data25 comprises the major road and rail networks of different 

European countries at national or regional level. For instance, in the catalogue data.gov.uk one may freely 

download OS (Ordnance Survey) Open Roads Shapefile containing links pertaining to the Major Road 

Network of UK, as created by the Department for Transport in 2018.      

The topic of bridges and tunnels in the road and rail network deserves some special attention. Data 

about bridges is essential for accurate assessment of flood damage, for two reasons. Firstly, because 

bridges are intended to cross water, which is a challenge for the commonly applied depth-damage 

approach in flood risk assessment. Normally, one assumes damage upon inundation of a road/rail 

segment, but this does not work in the case of the bridge (Van Ginkel et al. 2021). Secondly, during actual 

flood events, bridge damage is a major source of overall damage to transport infrastructure (Jongman et 

al. 2012, Koks et al. 2022). Bridge data is present in OSM as a separate attribute for a road segment. In 

countries like The Netherlands, this data looks quite complete.  

The Global Airport Database26 is a comprehensive database of airports around the world, maintained 

by the International Civil Aviation Organization (ICAO). The database includes information on airport 

location, runway length and orientation, and other important features. The National Oceanic and 

Atmospheric Administration (NOAA)27 provides a range of GIS data related to ports and coastal areas, 

including data on coastal bathymetry, shorelines, and maritime boundaries. The United Nations 

Conference on Trade and Development (UNCTAD) maintains a database of port statistics, including 

information on port throughput, cargo volumes, and other important indicators. The OpenFlights28 is an 

open-source database of airports around the world, providing information on airport location, runway 

 
24 https://www.mapsforeurope.org/datasets/euro-global-map 
25 https://data.europa.eu/data/ 
26 https://www.partow.net/miscellaneous/airportdatabase/ 
27  https://www.noaa.gov/ 
28 https://openflights.org/ 

https://www.mapsforeurope.org/datasets/euro-global-map
https://data.europa.eu/data/
https://www.partow.net/miscellaneous/airportdatabase/
https://openflights.org/
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data, and other features, using data from OpenStreetMap. The Eurostat29 provides a range of statistical 

data on European transport infrastructure, including data on ports and airports. This includes information 

on passenger and cargo traffic, as well as data on transport infrastructure investments and performance.  

The European Maritime Safety Agency (EMSA)30 provides a range of data on European ports and 

maritime transport, including information on port infrastructure, maritime traffic, and environmental 

risks. The OpenSeaMap31 is a free, open-source map of European and global seaports, using data from 

OpenStreetMap. The map includes data on port location, infrastructure, and other features. The 

European Environment Agency (EEA)32 provides data on air quality and other environmental indicators 

across Europe, including near airports and ports. This can be used to assess the environmental risks 

associated with these transportation hubs. These data sources can be used in a variety of ways, including 

analyzing transportation flows, identifying infrastructure gaps, and assessing environmental risks 

associated with ports and airports. However, it is important to note that not all data sources are 

comprehensive or up-to-date, and users should exercise caution when interpreting and using the data.      

The United Nations Economic Commission for Europe (UNECE)33 has a dedicated regional 

commission that works on Transport in Europe. The geographical coverage of this initiative reaches 

beyond the 27 EU member states. They have undertaken a project to map Pan-European and Euro-Asian 

transport corridors, that gives some insight in the major trade flows that reach beyond the European 

Union. This data is only as visualisations (UNECE 2019). 

3.3 Telecommunications 

A telecommunication system consists of several basic components that work together to enable the 

transmission, reception, and processing of information. Two main types of telecommunication 

infrastructure are communication networks and telecommunication towers. The former can be 

categorized into various types, such as wired networks (e.g., copper cables, fiber optics) and wireless 

networks (e.g., cellular, satellite, Wi-Fi). These networks interconnect devices and facilitate the exchange 

of voice, data, and multimedia. Telecommunication towers or masts are tall structures that support 

antennas and equipment for wireless communication over long distances. In particular, communication 

towers, constructed from concrete or steel, are utilized for transmitting various      applications such as 

radio, mobile phone, television, and official radio. These towers can reach heights of up to 100 meters. In 

contrast, masts are typically dedicated to a single application. According to a dataset compiled by 

 
29 https://ec.europa.eu/eurostat/data/database 
30 https://www.emsa.europa.eu/ 
31 https://www.openseamap.org/index.php?id=openseamap&L=1 
32 https://www.eea.europa.eu/en 
33 https://unece.org/DAM/trans/doc/2019/wp5/ECE-TRANS-265e_re.pdf 

https://ec.europa.eu/eurostat/data/database
https://www.emsa.europa.eu/
https://www.openseamap.org/index.php?id=openseamap&L=1
https://www.eea.europa.eu/en
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Nirandjan et al. in 2022, there are approximately 141,478 communication towers and 80,750 masts 

worldwide. 

Open Infrastructure map34  (Fig. 4) visualizes world’s infrastructures mapped in the OpenStreetMap 

database. Through this website, the user is capable of exploring the communication towers and cables all 

over the world. The cables are represented with lines while communication towers and masts with 

discrete points. A commercial export service is available to fetch and process large amounts of data from 

OSM. 

OpenCeIIID35 is a large community project that collects GPS positions of cell towers. The whole 

database is free of charge and provides data which can be used for either commercial or private purposes. 

Actually, it’s a data source for GSM localization, and as of October 2017, the database contains almost 36 

million GSM Cell IDs. 

 

Fig. 4. Global dataset on communication cables and towers/masts32  

3.4 Single assets 

Within MIRACA, healthcare facilities and education systems will be considered as single CI assets 

focusing mainly on exposure data for schools and hospitals. Healthcare facilities play a vital role in 

providing accessible, efficient, and effective healthcare services to individuals and communities and may 

 
34 https://openinframap.org 
35 https://opencellid.org 

https://openinframap.org/
https://opencellid.org/
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vary in size, scope, and the types of services offered. A healthcare system comprises several key 

components including hospitals, clinics and medical centres, long-term care and ambulance facilities, as 

well as diagnostic centres. Hospitals      belong to the so-called ‘’complex-social’’ systems (Pitilakis et al. 

2014) since they depend on several components of different nature to function properly. These complex 

medical facilities provide a wide range of services and amenities to support patient care and treatment. 

Some common hospital facilities are emergency and operating rooms, laboratories, administrative areas, 

cafeterias, warehouses, etc.  It's important to note that the availability of specific facilities may vary from 

one hospital to another, as some hospitals specialise      in certain areas of care or have different resources 

and capacities. An education system encompasses various types of facilities and resources that support 

the delivery of education. In particular, the main infrastructure types of the education system are the 

following: college, kindergarten, library, school, and university. 

Eurostat36 is the statistical office of the European Union, dedicated to providing accurate and reliable 

statistics and data on Europe. It collaborates with National Statistical Institutes and other national 

authorities in EU Member States through the European Statistical System (ESS). This partnership extends 

to include the statistical authorities of European Economic Area (EEA) countries and Switzerland. One of 

the datasets offered by Eurostat focuses on healthcare information, aiming to facilitate spatial analysis at 

the European level for services within the European Commission and other users of Geographic 

Information Systems (GIS). This geospatial dataset specifically provides the locations of major healthcare 

services across several European countries (Fig. 5). The locations are represented as point geometries, 

denoting their geographic coordinates (longitude and latitude) based on the WGS84 coordinate system 

(EPSG:4326). It's important to note that the position of a healthcare service is sometimes determined 

automatically through geocoding, which relies on postal addresses and may result in potential 

inaccuracies. Moreover, it is noted that the dataset is not complete as the healthcare facilities in several 

European countries (e.g., Germany) are not available. 

 
36 https://ec.europa.eu/eurostat/ 

https://ec.europa.eu/eurostat/
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Fig. 5. Healthcare services in Europe34  

 

The Global Healthsites Mapping Project37 offers an online map containing information on existing 

healthcare facilities worldwide. During natural disasters or disease outbreaks, it becomes crucial to quickly 

establish accurate data on healthcare locations to provide support on the ground. This urgency has been 

highlighted in past events like the Haiti earthquake and the Ebola epidemic in West Africa. Healthsites.io 

ensures easy accessibility to this data through various formats, including an API, GeoJSON, Shapefile, KML, 

and CSV. The project collaborates with users, trusted partners, and OSM to validate the location of each 

facility and provides the data freely under an Open Data License (ODBL). As a result, users can explore the 

available healthcare facilities, services, and resources at any global location. The dataset encompasses a 

 
37 https://healthsites.io/ 
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range of facility types, including doctors, pharmacies, hospitals, clinics, dentists, physiotherapists, 

alternative healthcare providers, laboratories, optometrists, rehabilitation centers, and blood donation 

centers. 

The ESPON 2020 Database38 provides access to numerous data and information resources that are 

stored in various formats. Initially developed in 2006, the database has undergone continuous 

enhancements, accommodating different types of data and functionalities related to territorial analysis 

and monitoring. It efficiently stores and distributes a wide range of data, including local and global data, 

tabular and GIS data, as well as administrative and gridded data. Within the available datasets, there is 

comprehensive information on hospital and school locations across Europe. This information has been 

compiled by utilizing OSM as the primary data source, supplemented by additional national data sources. 

The locations of hospitals, as well as primary and secondary schools are represented as point geometries 

with geographical coordinates, specifically longitude and latitude, using the RRG Lambert Conformal Conic 

projection. 

There are also some initiatives in Europe focusing at developing exposure data for single critical assets 

at regional scale. For example, as part of the RiskSchools project39, a novel and user-friendly product has 

been developed to facilitate rapid visual inspection, seismic vulnerability assessment, and seismic risk 

evaluation of school buildings in the Region of Central Macedonia and beyond. This product comprises 

two main components: a smartphone application at the prototype stage, designed in accordance with 

European Union standards (Technology Readiness Level 6 - TRL6), and a unified platform for managing 

and processing diverse data and information. The smartphone application enables on-site data collection 

through pre-seismic building rapid visual screenings. It allows inspectors to assess the vulnerability and 

risk of school buildings of various forms and types. The collected data can be combined with existing files 

and applications available on the internet, providing a comprehensive platform for vulnerability and risk 

assessment. To validate the effectiveness of the product, a pilot application is implemented in the school 

buildings within the Region of Central Macedonia. This initiative aims to enhance the safety and resilience 

of school infrastructure in the face of seismic events. 

3.5 Discussion and gaps on the exposure data  

In Table 2, the most robust datasets per CI network that may be further exploited within MIRACA are 

summarized. Among them, the most complete datasets per CI network that could be used as a basis for 

the EU-wide analysis in MIRACA are shown in bold. As also evident in the table, although several efforts 

have been made to develop exposure datasets for CIs, a pan-European harmonized, accessible, and 

 
38 https://database.espon.eu/ 
39 www.riskschools.gr 

https://database.espon.eu/
http://www.riskschools.gr/
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complete dataset of the different CI assets also containing the appropriate attributes to be used within 

the risk calculations is not available. 

 

Table 2. Exposure datasets per CI network that may be used in MIRACA 

System Network Exposure data 

Energy 

Electric power network 

OSM, Transparency Platform, ENTSO-E 
Transparency Platform, Global Power Plant 
Database, European Joint Research Centre 
Open Power Plants Database, Europe Beyond 
Coal database, Global Transmission Network 
dataset, PyPSA-Eur, SciGRID database 

Natural gas network 
OSM, Transparency Platform, IGGIELGN 
dataset, ENTSOG Transparency Platform 

Oil network 
OSM, Transparency Platform, 
http://catalogue.msp-
supreme.eu/dataset/emodnet-pipelines 

Transportation 

Roadway network 

TEN-T, OSM, RRG European road network, 
GRIP dataset, Pan-European Road Network 
Performance, EuroGlobalMap, official portal 
for European data, UNECE data      

Railway network 
TEN-T, OSM, RRG European rail network, 
OpenRailwayMap (OSM), EuroGlobalMap, 
official portal for European data  

Port network 

TEN-T, OSM, RRG GIS Database, official 
portal for European data, National Oceanic 
and Atmospheric Administration, Eurostat, 
European Maritime Safety Agency, 
OpenSeaMap, European Environment 
Agency 

Airport network 

TEN-T, OSM, RRG GIS Database, 
EuroGlobalMap, official portal for European 
data, Global Airport Database, OpenFlights, 
Eurostat, European Environment Agency 
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Telecommunications  Open Infrastructure map, OpenCeIIID, OSM 

Healthcare  
Global Healthsites Mapping Project 
(Healthsites.io), Eurostat, OSM, ESPON 2020 
Database 

Education  OSM, ESPON 2020 Database 

 

As seen, OSM datasets include all considered systems and constitute the base for several of the above 

databases. However, the fact that they are based on Voluntary Geographic Information (VGI) collected 

data implies issues with the data accuracy, completeness, and quality. These issues are known and have 

already been dealt with in several studies in literature, such as for buildings footprints mapping (Fan et al. 

2014; Herfort et al. 2023) and road mapping (Haklay 2010). The risks associated with these issues need to 

be considered when using OSM data. In addition, the simplifications or assumptions made to infer 

erroneous or missing OSM data should be given to the users of databases or models built with or using 

OSM data (Medjroubi et al. 2017). 

Despite these limitations, OSM data seems to be the most complete. The OSM data is directly usable 

for analysis of the transport network: both the road and rail network are nearly complete. On the other 

hand, OSM data is insufficient for an analysis of the energy systems: for electrical power, natural gas and 

oil pipelines, as too much information seems to be missing. This also holds true for the telecommunication 

system as well as for the single critical assets such as schools and hospitals.      

More specifically, regarding energy system exposure datasets, an important gap for power elements 

is that many attributes are insufficient or completely missing for their detailed use in a vulnerability or risk 

assessment study. For example, there are no mandatory fields for mapping power lines or natural gas and 

oil pipelines. This also holds true for power substations and power plants. Thus, various metadata may be 

missing that are useful in specific analysis such as vulnerability assessment. Circuit breakers, switches and 

transformers are some of the elements in a power substation that may be important when more 

modelling analysis is required. However, such details cannot be extracted from the above databases and 

are missing due to the layout of power substations. These elements are included in the models and 

databases within companies, but never shared in some publicly available databases, since it is too detailed 

and not really needed for some general analyses. The same is with gas and oil networks. Another example 

specifically for the OSM electric power database, that is the base for many of the databases, is also the 

missing electrical branching details of transmission lines referring to an explicit definition and allocation 

of electric networks. Transmission lines are mapped with different voltage levels, which need to match 

the cable taggings. However, mappers do not follow this recommendation in all cases resulting in the 

difficulty of defining the number of circuits present (Medjroubi et al. 2017). Nevertheless, despite the 

above limitations, PyPSA-Eur and SciGRID databases seem to be the most complete databases for electric 
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power networks, as they include more information compared to the others and address lack of power and 

transmission grid data. In addition, the IGGIELGN database data produced by SciGRID_gas team and the 

open database available in EMOD-NET40, which also includes EU oil pipelines, even not fully complete, 

seem to be the most proper databases for gas and oil networks respectively. 

Concerning the transportation system OSM datasets, recent studies have shown that their accuracy 

has increased substantially over the last few years. According to Barrington -Leigh and Millard-Ball (2017) 

the globally mapped road network in OSM is more than 80% complete, and more than 40% of countries 

including several in the developing world have a fully mapped street network. Moreover, recent studies 

of European countries have found that the road network in OSM is virtually complete and is comparable 

to or even better than official or proprietary data sources (Neis et al. 2011, Graser et al. 2014, Sarretta 

and Minghinib 2021). Koks et al (2019) have recently used OSM road and railway asset data for a global 

multi-hazard risk assessment. Although OSM can be considered a globally reliable and complete source 

of road and rail infrastructure data (Koks et al. 2019), various metadata are still missing that are useful in 

risk assessment studies. Furthermore, there are several gaps in the main attributes needed for a complete 

vulnerability assessment of specific CI transportation networks such as ports or airports. For instance, 

information regarding the cargo and container movements or airport operations is not available. These 

existing information gaps on exposure data of port and airport networks make it difficult to assess in detail 

their vulnerability and losses both in a single- and multi-hazard environment. At the same time, the many 

attributes that are frequently available especially for roads (and rails), e.g., the road type, number of lanes, 

tunnels and bridges etc., and the other attributes such as street lighting that are sometimes available, 

make OSM a natural starting point for EU-wide analysis of the transport infrastructure. 

While the telecommunication infrastructure has evolved significantly in the last decades, there are 

still gaps in exposure data or information related to telecommunications. Some of the common gaps 

include limited geographic coverage, insufficient data sharing and accessibility, as well as limited spatial 

resolution.  OpenStreetMap database seems to be the most appropriate resource for obtaining 

information about the telecommunications network. Although, the quality and completeness of telecom 

infrastructure data in OSM may vary, depending on the region and the contributions of local mappers. In 

some areas, there is detailed information, while in others, data could be sparse or outdated. 

Databases of single critical assets (e.g., schools and hospitals), mainly include data concerning the 

coordinates or the surface of the buildings. Especially, Global Healthsites Mapping Project, for hospitals, 

as well as OSM, for educational buildings, provide the most valuable information about the locations of 

the above buildings. While these databases offer valuable insights, they may not always have the same 

level of detail or coverage as national or local databases in some areas. Also, there is a general lack of 

attributes that influence their vulnerability and losses such as the age of construction, the building height, 

 
40 http://catalogue.msp-supreme.eu/dataset/emodnet-pipelines 

http://catalogue.msp-supreme.eu/dataset/emodnet-pipelines
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the construction material, the lateral load resisting system and the ductility level. Finally, there is no 

information and data on schools’ and hospitals’ non-structural components that can affect their overall 

performance during a natural hazard. Hence, there is a general lack of big data integration for both 

telecommunication systems and single assets. 

While data exists regarding CI assets that connect different modes of transportation (e.g., ports 

connecting inland waterways with railways in the TEN-T interactive map), this information is lacking across 

systems. This makes it difficult to understand interdependencies among systems, such as which power 

lines feed telecommunications equipment and how rail lines are electrified.  

Finally, for all systems CI assets, one significant information gap is the lack of standardised data 

collection methods and reporting frameworks. There are no globally agreed-upon standards for collecting 

and reporting exposure data. This makes it challenging to compare and analyse data across different 

locations, and it limits the ability to make informed decisions about risk assessment. Another significant 

gap is the limited availability of long-term exposure data. Most existing data on exposure are short-term 

measurements taken during specific events or in response to specific concerns. Long-term exposure data 

are necessary to understand the chronic effects of exposure to natural hazards and climate change. These 

gaps pose significant challenges to understanding and mitigating the risks associated with natural hazards 

and climate change. Addressing these gaps will require a collaborative effort from governments, industry, 

and research institutions to develop standardized data collection methods and reporting frameworks and 

conduct further research on the impacts of natural hazards and climate change on CI. However, it is 

important to note that not all data sources are comprehensive or up-to-date, and users should exercise 

caution when interpreting and using the data. 
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4. Review on existing information gaps on vulnerability 

data and methods for the different hazards 

Critical infrastructure (CI) is vulnerable to natural hazards such as earthquakes, floods, wildfires or other 

climate-change related hazards. If the CIs were to undergo significant damage, the social and economic 

welfare of society could be jeopardised. Thus, the issue of vulnerability of CI has attracted considerable 

attention from both the academic and policy-making spheres. Vulnerability data and methods are 

important as they provide the authorities or stakeholders with details on the performance and 

weaknesses of the CI under their responsibility. Vulnerability information is the roadmap for enhancing 

security preparedness, also providing direction on how to assess the risks associated with these 

weaknesses. Thus, the goal of this section is to compile and critically review the available in literature 

vulnerability data and methods to improve our understanding of CI vulnerability and identify the existing 

gaps.  This effort aims to support more effective mitigation and adaptation strategies. Additionally, this 

section will pave the way for the development of the MIRACA harmonized European vulnerability 

database (D1.5). 

Risk assessment to natural disasters may be defined as ‘a qualitative or quantitative approach to 

determine the nature and extent of disaster risk by analysing potential hazards and evaluating existing 

conditions of exposure and vulnerability that together could harm people, property, services, livelihoods 

and the environment on which they depend’ (UNDRR 2016). An extension to risk assessment is the 

‘criticality assessment’ (Fekete 2019). Criticality is a comprehensive measure of consequences resulting 

from disruptions, either individual or groups of disruptions, used to measure the risk of CI (Šarūnienė et 

al. 2024). It is based on the overall consequence of failure; higher consequences mean higher criticality. 

Vulnerability represents a key component in the risk assessment procedure. Vulnerability is generally 

defined as ‘the conditions determined by physical, social, economic and environmental factors or 

processes which increase the susceptibility of an individual, a community, assets or systems to the impacts 

of hazards’ (UNDRR, 2016) (see also Section 2.3 for the definition of other main terms). 

Vulnerability of CI under a given natural hazard is commonly quantified using fragility/vulnerability 

(or damage) functions (Figure 6) or vulnerability indices (VI). Vulnerability (or damage) functions describe 

the degree of losses on a scale from 0 to 1 (e.g., monetary costs, casualties, down-time, environmental 

degradation etc.) of a given asset (or system of assets) as a function of the hazard level. Fragility functions 

express the probability that the asset exceeds some predefined damage limit states (e.g., serviceability, 

severe damage) for a given level of hazard intensity. A two-parameter lognormal distribution function is 

usually adopted, due to its simple parametric form, to represent a fragility curve for a predefined 

damage/limit state. The vulnerability and fragility functions can be derived using empirical, analytical, 

expert elicitation and hybrid methods (FEMA 2024b, Pitilakis et al. 2014, Argyroudis et al. 2018). 
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Vulnerability index approaches assess CI damages and losses based on different parameters, which 

describe its vulnerability. Weighting factors are commonly employed to assess the contribution of each 

parameter to the CI vulnerability. The VI method is considered important in rating and prioritisation of 

assets (El‐Maissi et al. 2021). 

 

 

   

Fig. 6. Example of fragility curves (left) for different damage states (Slight, Moderate, Extensive, 

Complete) and of a vulnerability (or damage) curve (right) 

 

4.1 Floods 

One of the most destructive and frequent natural hazards worldwide are floods (Waseem and 

Manshadi 2020). Every year, the flood frequency increases, ruining lives and properties. Most structures 

are vulnerable to floods due to several reasons, including their location, the type of infrastructure they 

have, and the impact of climate change. CI are often located in low-lying areas, such as river deltas, 

estuaries, and coastal plains, that are susceptible to flooding. In addition, the proximity to the water 

makes these facilities more vulnerable to flooding caused by storm surges, tidal waves, and heavy rainfall. 

Climate change is causing more frequent and intense weather events, including heavy rainfall and storm 

surges, which increase the probability of flooding. Rising sea levels also increase the probability of flooding 

and coastal erosion, which can affect any kind of infrastructure. Overall, the vulnerability of CIs to floods 

is influenced by a combination of factors related to their location, characteristics, and climate. 

Implementing adaptation measures to improve resilience, such as improving drainage systems and 

elevating infrastructure, is essential for reducing the risk due to flooding events, but initially we need to 

define appropriate vulnerability models of the different assets per system due to flood hazard, which is 

done In the following paragraphs. 
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Energy system 

The assessment of potential flood damage is a widely accepted process for studying the vulnerability 

of energy systems in view to assisting the decision-making processes (Merz et al. 2010). Hazus (FEMA 

2024a) provide damage (vulnerability) functions for electric power network components (i.e., substations, 

transmission lines and power plants), which relate the flood hazard intensity (flood depth) to the damage 

ratio of the component, which is expressed as the expected value of the ratio between the component’s 

repair cost over its replacement value. According to Karagiannis et al. (2017), for flood risk analysis 

damage functions are preferable to fragility functions, because, once a facility is inundated, water 

damages all the equipment and buildings inside. Hazus (FEMA 2024a) also provides damage functions for 

natural gas and oil network components (namely, exposed and buried transmission pipelines, control 

valves, control stations and compressor stations). One weakness of these damage functions is that they 

provide information for flood depths of up to 10 ft (3,048 m) only. Additionally, Eleuterio et al. (2013) 

present a methodology for evaluating potential network infrastructure and damage in cases of flooding, 

resulting in the construction of damage matrices based on expert interviews. Power supply and gas 

distribution are among the network components analysed for the construction of damage matrices. The 

flow velocity, duration of submersion, and the amount of sediment/debris carried by floodwater are 

found to be crucial parameters affecting damage. A drawback of this method is the amount of data 

needed for the application of damage matrices. Moreover, Espinoza et al. (2016) present a multi-phase 

resilience assessment framework that can be used to analyse any natural threat that may have a severe 

single, multiple and/or continuous impact on the electric power network. They provide fragility functions 

for electrical components (lines and towers) with respect to accumulated rainfall expressed in millimetres 

(mm). 

Energy sector is considered one of the most complicated due to complex configuration and automatic 

generation control among all systems (Augutis et al. 2016). Failure of critical national infrastructures, such 

as energy infrastructure can cause disruptions with widespread economic impacts. Thus, the scientific 

community also uses other methods to assess flood vulnerability and risk in energy infrastructure, 

focusing on the asset-level vulnerabilities of energy individual components and/or on a more systemic 

approach resulting to the estimation of ‘business disruption’ and ‘economic losses’. A method to 

quantitatively investigate the vulnerabilities of the electric grid against floods based on the Hazus 

methodology (FEMA 2009) is proposed by Vasenev et al. (2016) providing a detailed risk framework. In 

addition, Pant et al. (2018) propose a method to evaluate the flood risk of the electrical assets, where 

through spatial network models identified and compared the risk of CI on flooded areas. Also, Karagiannis 

et al. (2017) propose a methodology for the assessment of the risk posed by floods to electrical assets 

given the change in flood hazard (severity and frequency) due to climate change. More recently, Koks et 

al (2019) presented an integrated modelling framework combining geospatial information on electricity 

infrastructure and flood hazard and geospatial modelling of the reliance of businesses upon infrastructure 
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services to assess flood risk in terms of business disruption (either direct due to the flood hazard or 

systemic due to infrastructure failure) and economic losses (either due to direct or systemic business 

disruption) in the event of electricity failures. Sánchez-Muñoz et al (2020) present a method able to 

analyse flood hazard maps quantifying the probability of failure risk of the electrical assets (i.e., 

Distribution Centres (DCs)) and their potential impacts using a probabilistic approach. The method can be 

implemented to any city where the locations of the DCs and a flooding model are available. 

Transportation system 

Flood vulnerability of transportation infrastructure is usually defined as the relationship between the 

characteristics of the transportation components (i.e., the physical structure, traffic flow and traffic 

velocity) and the variables characterizing the intensity of the flood hazard (i.e., flood depth and flood 

velocity) (Pregnolato et al. 2017) using flood intensity–damage (vulnerability) functions (e.g., Green et al. 

2011). Flood intensity–damage functions represent relationships between flood intensity (typically the 

flood depth) and the resulting monetary damage. For a given flood intensity, the function gives expected 

losses to a specific property or land use type, either as a percentage of a pre-defined asset value (relative 

function) or directly in financial terms (absolute function). Many flood damage assessments rely on flood 

depth as intensity parameter, though sometimes other intensity measures (or a combination of measures) 

have been used such as the duration of flood or the flow velocity (e.g., Scawthorn et al. 2006). According 

to NRE (2000), the main aspects that influence the level of damage for road infrastructure are the water 

depth, the velocity of the flow, the period of inundation, the condition of the road, the classification of 

road, the direction of flowing water relative to the pavement and the presence of structures and bridges. 

In the following, a brief description of the available flood damage models is made with a focus on the 

transportation infrastructure. 

A first pan-European damage model has been developed on the request of the European Commission 

– Joint Research Centre (Huizinga 2007; Huizinga 2017) which is considered appropriate for (coarse) grid-

based assessments but lack detail for accurate assessment of damage to transportation infrastructure 

(Jongman et al. 2012). They estimate the maximum damage to their ‘infrastructure’ class at some 25 

euro/m2 for Europe (2015 price level). Multi-Coloured Manual (MCM) is one of the most advanced 

methods for flood damage estimation within Europe (e.g., Penning-Rowsell et al. 2013; Jongman et al. 

2012). Therein, direct flood damages in the transport infrastructure sector are only roughly estimated by 

a percentage share of property losses based on empirical data of the summer floods in the UK in 2007 

(Jongman et al. 2012). However, the focus of the MCM lies on the estimation of indirect losses due to 

traffic disruptions (e.g., additional travel time). A few established flood damage models, e.g., the Rhine 

Atlas damage model (RAM) or the Damage Scanner model (DSM) (Klijn et al. 2007), do also consider direct 

damage to infrastructure by use of flood depth-damage curves. However, only aggregated Coordinated 

Information on the European Environment (CORINE) land-use data containing a large variety of urban 
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infrastructure and lifeline elements are used therein (Bubeck et al. 2019; Jongman et al. 2012). The HAZUS 

Flood Model (FEMA 2024a, Scawthorn et al. 2006) has been applied in different settings, to assess 

potential flood risk or plan actual emergency support for upcoming flood events including various 

applications at city, country, and state scale. The flood model default data includes over 700 depth-

damage functions for buildings, essential facilities, transportation and utility systems, agricultural 

products and vehicles developed based on modelling, expert opinion and historical data that relate water 

depth to structure and content percent damage. The damage functions for transportation system are 

estimated based on the vulnerabilities of the various components to inundation, scour/erosion, and 

debris impact/hydraulic loading. The impact on system functionality, the relative cost of components, and 

the overall time to recover from damage are also taken into consideration. Based on an extensive review 

of road (re)construction costs in Europe, van Ginkel et al. (2021) have recently developed a set of new 

damage functions for the European roadway network, which differentiate between three dimensions: 

road type, road accessories and flow velocity. The proposed damage functions include several aspects of 

the direct tangible costs (e.g., clean-up costs, resurfacing of top and deeper asphalt layers, repairs of road 

embankments, and where applicable also the repair of electronic signalling and lighting.) Van Ginkel et al. 

also provide an object-based (instead of the original grid-based) version of the Huizinga (2007, 2017) 

damage curves, showing that these likely underestimate damage to highways/motorways and 

overestimate damage to the underlying road network. 

The so-called RAIL model developed by Kellermann et al. (2015) can estimate structural flood damage 

to the railway infrastructure and the resulting direct economic losses. The development of the flood 

damage model is essentially based on the significance of the correlation between the hydraulic flood 

impact and empirical damage patterns that occurred in the Northern Railway in Lower Austria caused by 

the March River flood in 2006. In Bubeck et al. (2019) the RAIL model is first applied at the European scale 

using three vulnerability indicators to rank the vulnerability of the European railway network, namely the 

length of the rail network (per kilometer), freight volumes (per thousand tons), and passengers (per 

thousand passengers) for the historic period. Espinet et al. (2018) calculated the flood vulnerability of the 

road infrastructure expressed as the cost of repairing or rebuilding bridges, culverts and road surface 

when a flood occurs. They also considered two supplementary parameters, namely drainage capacity rate 

(dc) and condition rate, to be applied to the damage functions. The damage cost on the road surface was 

based on three thresholds depending on the water depth above surface. For each of the three water level 

thresholds, a percentage % of total replacement cost was defined differently for paved or unpaved roads. 

Several researchers use an index-based approach to assess flood vulnerability and risk. For instance, 

Benedetto and Chiavari (2010) present an analytical model for the vulnerability assessment of roads based 

on Multi-Criteria Analysis (MCA). The model assigns a vulnerability value to each road element 

(embankments, viaducts, etc.) depending on its structural and functional characteristics. Moreover, the 

RIMAROCC method (Bles et al. 2010) apply a multi-criteria analysis that couples hazard, exposure and 
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vulnerability indicators (e.g., age of the infrastructure, design standards, maintenance practice, flood 

intensity and duration) to assess the flood risk of roads. Bil et al. (2014) use the ‘criticality’ term to address 

vulnerability as the impact of interruption of a specific segment on the serviceability of the whole network 

(repair costs will be directly proportional to the length of an affected road and will differ according to the 

types of objects at the location of the interruption; repair costs will be highest in the case of repairs of 

bridges and tunnels). Another example of the use of the criticality concept in the vulnerability analysis of 

roads is the use of the Network Vulnerability Index, which considers the serviceability and criticality of 

each road link in the network (Balijepalli and Oppong 2014).  

A system-level perspective is highly recommended to properly assess transportation system 

vulnerability due to flooding. Recently, Zhu et al. (2021) present a simulation framework to analyse the 

system vulnerability and risk of the railway system to floods. System vulnerability curves are generated to 

present the relationship between performance loss (the percentage of daily affected trains/passengers 

and increased time) and flood intensity.  

Several research efforts to assess flood vulnerability and risk have recently been developed within a 

multi-hazard environment. For example, Koks et al. (2019) present a global multi-hazard risk analysis of 

road and railway infrastructure assets. The most frequently recorded and costliest disasters, namely 

tropical cyclones (wind speed only), earthquakes, surface flooding, river flooding, and coastal flooding are 

considered. Results are presented in terms of the annual cost of repairing transport infrastructure 

damaged by natural hazards (globally and by country). The direct economic benefits of improving 

infrastructure standards against flooding are also assessed. 

There have been few research efforts to estimate the flood vulnerability of bridge assets. The typical 

depth-damage approach in flood risk management is unsuitable for bridges since these are intentionally 

designed to withstand some amount of water without damage. Therefore, there have been some 

attempts to calculate damage by comparing extreme event return periods to design return periods. See 

for example, Lamb et al. (2019), for railways bridges crossing rivers in the UK. In the USA, it is often 

assumed that bridges collapse starting from the 1:100 year event, see Flint et al. (2017) for a critical 

reflection on this assumption. Among them, Kim et al. (2017) propose flood fragility curves for bridges 

accounting for multiple failure modes, including lack of pier ductility or pile ductility, pier rebar rupture, 

pile rupture, and deck loss. Hung and Yau (2017) investigated the effects of scour depths and foundation 

retrofitting work on the failure mechanism and vulnerability of bridges subjected to flood-induced 

loading. A complex nonlinear three-dimensional finite element model that accounts for the interactions 

between bridge structures, soils, water flow, and pile foundations has been utilised. Ahamed et al. (2020) 

propose a comprehensive fragility analysis framework that can effectively incorporate both flow 

hydraulics (i.e., the hydraulic model of the river) and geotechnical uncertainties (i.e., the geotechnical 

model of the bridge foundation), in addition to commonly considered structural components in flood-
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fragility analysis of bridges. Argyroudis and Mitoulis (2021) propose new fragility models for flood-critical 

bridges for single hazards (flood) and combined hazards (flood-earthquake).   

As described above in detail, there are many studies on flood vulnerability of transportation 

infrastructure, but most of them focus on road and railway infrastructure assets. For road and rail, bridges 

over the water are particularly challenging. The infrastructure of ports and airports have not received the 

same attention in the literature. Yesudian et al. (2021) performed a global analysis for the risk assessment 

of airports in terms of expected annual disruption to routes. The method integrates globally available data 

of airport location, flight routes, extreme water levels, standards of flood protection and scenarios of sea 

level rise. Pulupula and Solanki (2023) developed a model for integrating flooding resilience analysis into 

water-sensitive spatial planning in airports in India.  

Single assets 

Most of the studies that are analysed in the following paragraph concern residential buildings as there 

are only few available damage (vulnerability) models for schools and healthcare systems against floods. 

Among them, Nofal et al. (2020) develop fragility and vulnerability functions for different occupancy 

classes including school and hospital buildings. They extended the typical single-variable flood 

vulnerability function (based on flood depth) to a multi-variate flood vulnerability function (that is based 

on both flood depth and flood duration) creating fragility surfaces. 

Jongman et al. (2012) and Merz et al. (2010) have developed vulnerability models for residential 

buildings in flood situations. The predominant type of vulnerability model employed is known as a stage-

damage curve, which establishes a relationship between the depth of floodwater and the resulting 

damages. Depending on the specific model, damages can be expressed in terms of absolute monetary 

values (absolute damage curve) or as a proportion relative to the value of the building (relative damage 

curve). Examples of relative damage curves, both empirically based on flood damage databases and/or on 

expert judgment, can be found in Germany with Flood Loss Estimation MOdel (FLEMO) (Thieken et al. 

2008), in the Netherlands with the Standard Method (Kok et al. 2005) or in the USA with HAZUS 

(Scawthorn et al. 2006). The HAZUS Flood Model (FEMA 2024a) has been applied in different settings, to 

spatially assess potential flood risk or plan actual emergency support for upcoming flood events. The 

damage module of the model relies on two main inputs to estimate building damage, including the 

building's occupancy type and first floor elevation, as well as the depth of flooding. By combining these 

inputs, the HAZUS Flood Model can generate estimates of the potential damage to buildings, providing 

valuable insights for flood risk assessment and mitigation planning. 

The level of damage to buildings caused by floods depends on various factors, the most important 

being the flood characteristics (primarily water depth, water velocity, inundation duration) and the 

building characteristics (type of structure, material, etc.) (FEMA 2024a). Although depth is the most 

common variable used in the calculation of flood damage, the importance of velocity is likely to have been 
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undervalued in countries where high water velocity is relatively rare. Scouring of foundations, debris 

entrained within flood flows, contamination and post-event aeration of a flooded building are also 

important factors in the overall level of damage that occurs (Gissin and Blong 2004). 

Fedeski and Qwilliam (2007) develop a methodology for assessing the impact of climate change on 

the risk from floods and geological instability, using GIS. The presented method involved collecting data 

on a building-by-building basis through the examination of GIS maps and field observations. This data was 

then aggregated to provide estimates for specific regions within the city.  

Arrighi et al. (2020) develop empirical vulnerability curves for residential buildings based on a flash 

flood incident that took place in Livorno, Italy. These curves were derived by analysing the hydrologic and 

hydraulic aspects of the flood, as well as the documented damages suffered by residential properties. 

It has been assumed that fragility curves developed for residential dwellings can be extended to 

include commercial buildings such as offices and schools, given their comparable construction and use of 

similar materials. Research conducted in Germany has demonstrated that the average flood damage 

experienced by both residential and commercial buildings was comparable (Reese 2003). Although 

commercial buildings typically feature higher ceiling heights, any notable differences in terms of structural 

damages are not anticipated. 

4.2 Earthquakes 

Experience from devastating earthquakes worldwide (e.g., 1994 Mw 6.7 Northridge, 2010 Mw 8.8 

Maule, 2011 Mw 9.1 Tohoku, 2011 Mw 6.2 Christchurch, 2015 Mw 7.8 Gorkha, 2017 Mw 7.1 Puebla) have 

revealed that even CIs at developed societies are quite vulnerable to them affecting many people’s lives 

and producing significant economic losses. Therefore, the vulnerability assessment of CI to earthquakes 

represents a crucial step towards effective risk assessment mitigation. Some factors that can affect the 

vulnerability of CIs to earthquakes are summarized below: i) The location of the CI can affect its 

vulnerability to earthquakes. For example, CIs located in regions with high seismic activity, such as along 

tectonic plate boundaries or near fault lines, are at a greater risk of damage from earthquakes. Secondly, 

the age and design of the CI can also affect its vulnerability to earthquakes. Older CIs may not have been 

built to withstand seismic events, while newer CIs may have been designed to meet modern seismic safety 

standards. iii) Next, the type of soil and foundation on which CI is built can also affect its vulnerability to 

earthquakes. Soil liquefaction, in which soil loses its strength and stiffness during seismic activity, can 

cause significant damage to infrastructure built on top of it. iv) In addition, the CI may be located near 

other infrastructure, such as buildings or bridges, which can also be vulnerable to earthquakes. Damage 

to these adjacent structures can also affect the operation of the CI. Among others, Pitilakis et al. (2014) 

present in a comprehensive way an extensive literature review of seismic fragility functions for all 

elements at risk, such as buildings, lifelines (e.g., energy system), transportation system (e.g., tunnels, 
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embankments/cuts, slopes, retaining walls, bridges) and other critical facilities subjected to seismic 

shaking and ground failure (e.g., due to earthquake triggered landslide or soil liquefaction). Commonly 

used intensity measures are the Peak Ground Acceleration (PGA) when ground shaking is the main cause 

of earthquake damage or the Permanent Ground Displacement (PGD) in case of ground failure. In the 

following, some of the most important contributions to quantify the seismic vulnerability of the different 

assets per system are discussed. 

Energy system 

Regarding energy CI, it is vulnerable to high impact low-probability events such as earthquakes 

(Waseem and Manshadi 2020). An extensive framework for modelling earthquakes, seismic vulnerability 

analysis of electric power systems, and mitigation techniques to ensure operational resiliency is proposed 

in Nazemi and Dehghanian (2019). In the literature there are several studies providing seismic fragility 

functions of electric power system components, such as electric micro-components, substations, 

distribution circuits or generation plants (e.g., Hwang and Huo 1998; Hwang and Chou 1998; Anagnos 

1999; Rasulo et al. 2004; Duenas-Osorio et al. 2007; Shinozuka et al. 2007; Straub and Der Kiureghian 

2008; FEMA 2024b; Baghmisheh and Estekanchi 2019). In most of the studies, the fragilities are expressed 

in terms of PGA but in the study of Vanzi et al. (2004) for 420 kV circuit breaker, they are a function of 

spectral acceleration. Hwang and Chou (1998) used the event tree/fault tree technique to assess the 

seismic behaviour of an electric substation. A substation is considered as a combination of components 

(equipment and structures). Using the component fragility data, the failure probabilities of the substation 

at various levels of seismic shaking can be determined. In addition, using the minimum cut set technique 

the most vulnerable component in the substation can be identified. Duenas-Osorio et al. (2007) 

investigate the effect of seismic disruptions on the performance of real interdependent networks and 

present fragility curves related to the entire electric power grid. However, Pitilakis et al. (2014) has noted 

that a fragility function of the entire power grid can be considered a result of an ad hoc study for a 

network, rather than a “portable” function which can be used for other systems. Shinozuka et al. (2007) 

study seismic effects on electric power systems by identifying the possibility of sequential failures of 

receiving station components. Such failures progressively degrade the power network performance, and 

potentially lead to a system blackout. The transformers, disconnect switches, circuit breakers and buses 

critical to the operation of the transmission network are incorporated into the systems analysis and 

appropriate fragility curves are developed. 

HAZUS (FEMA 2024b) proposes fragility curves for substations, distribution circuits and generation 

plants, resulting from a combination of expert judgement models and empirical models based on 

statistical analysis of damage data from previous events. Damage states describing the level of damage to 

each of the electric power system components are defined (i.e., minor, moderate, extensive, or 

complete). For instance, for generation plants, minor damage is defined by turbine tripping, or light 
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damage to diesel generator, or by the building being in minor damage state; moderate damage is defined 

by the chattering of instrument panels and racks, considerable damage to boilers and pressure vessels, or 

by the building being in moderate damage state; extensive damage is defined by considerable damage to 

motor driven pumps, or considerable damage to large vertical pumps, or by the building being in extensive 

damage state; complete damage is defined by extensive damage to large horizontal vessels beyond repair, 

extensive damage to large motor operated valves, or by the building being in complete damage state. The 

classification of these facilities is done based on voltage level for substations and power output for 

generation plants. Different sets of curves are also provided for facilities with anchored or unanchored 

components, meaning designed with special seismic tiedowns or tiebacks, and designed with 

manufacturer’s normal requirements, respectively. When necessary (i.e., for substations, generation 

power plants, etc.) HAZUS fragility curves account for the probabilistic combination of subcomponent 

damage functions, using Boolean expressions to describe the relationship between components and 

subcomponents. 

Moreover, Poljanšek et al. (2010) present an overview of the results obtained through the application 

of GIS-based probabilistic vulnerability assessment methods for Europe and how this type of information 

can be of use in decision-making for mitigation, preparedness, and emergency resource deployment. 

Buritica (2013) developed a novel methodology for seismic vulnerability assessment of power 

transmission systems. The analysis is carried out from the perspective of both the system’s form (i.e., 

topological-electrical importance of elements) and system’s strength (i.e., probability of failure). The form 

combines the electrical properties of the network (e.g., electrical distance, power flow) with the systems 

approach via hierarchical network decomposition. On the other hand, the strength focuses on evaluating 

the probability of failure by means of the physical consequences of multiple earthquakes scenarios. 

Therefore, the vulnerability measure presents a trade–off between strength and form. More recently, 

Liang et al. (2022) propose a modular quantitative assessment method to assess the seismic vulnerability 

of a substation. In this method, the relation between the functionality state of a substation and the 

damage state of its components is established through the connection matrix technique. A substation is 

viewed as a network system, whose topology is defined by the connections among various pieces of 

electrical equipment (i.e., the components), represented in the connection matrix. 

Regarding gas and oil systems, the various elements composing them can be roughly classified into 

three categories, namely the pipelines, the storage tanks, and the different processing facilities such as 

compression or pumping stations. Concerning pipelines, there are two categories of fragility models for 

estimating potential seismic damage: empirical fragility models (e.g., Isoyama et al. 2000; American 

Lifelines Alliance (ALA) 2001; Eidinger 2020; FEMA 2024b; O’Rourke et al. 2014; Piccinelli and Krausmann 

2013; Lanzano et al. 2013; 2014) and numerical fragility models (e.g., Lee et al. 2016; Jahangiri and Shakib 

2018; Ashrafi et al. 2019; Tsinidis et al. 2020). Empirical fragility models are typically developed from data 

collected after past earthquakes and yield the average number of repairs per length of pipeline, while 
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numerical fragility models are typically developed from finite element simulations of pipelines subjected 

to a range of conditions and yield probabilities of damage state exceedance. Tsinidis et al. (2019) present 

a thorough critical review of available fragility relations for the vulnerability assessment of buried natural 

gas pipelines subjected seismically-induced transient ground deformations. The ALA (2001) provides 

damage functions for buried water pipelines that take into consideration different damage sources (i.e., 

ground shaking and ground failure), materials, diameters, and joint typologies. According to HAZUS (FEMA 

2024b), two damage states are considered for pipelines, i.e., leaks and breaks. If the damage is induced 

by ground failure, the percentage of leaks and breaks is estimated as 20 and 80%, respectively. Conversely, 

if the pipeline is damaged by ground shaking, the percentage of leaks and breaks is reversed to 80 and 

20%, respectively. Lanzano et al. (2014) presented fragility curves as lognormal functions of peak ground 

velocity (PGV) and PGA for different joint typologies for ground shaking and ground failure corresponding 

to three damage states: DS0, corresponding to no damage; DS1, corresponding to longitudinal and 

circumferential cracks and potential compression joint breaks; and DS2, for tension cracks along 

continuous pipelines and joint loosening in segmented pipelines. 

Concerning the storage tank farms, the type of European atmospheric storage tanks may be mainly 

on-grade steel tanks with anchored or unanchored components. The existing fragility curves cover this 

typology (e.g., O’Rourke and So 2000; ALA 2001; FEMA 2024b). HAZUS (FEMA 2024b) fragility curves for 

“tank farms” account for the complexity of the electrical and mechanical equipment. More recently, 

Bakalis et al. (2017) also provide seismic fragility curves for cylindrical liquid storage tanks. Nevertheless, 

the case of gas storage is less straightforward and the very specific features of the different storage 

facilities (such as LNG tanks, air-tight cylindrical or spherical tanks for special gases, underground cavities 

for seasonal storage) obstruct the use of generic fragility curves. Kim et al. (2019) provide specific seismic 

fragility curves for cylindrical base-Isolated LNG storage tanks for various target periods and friction 

coefficients in terms of PGA. Concerning the processing facilities (i.e., compression or reduction stations), 

their role is to treat the gas and oil to the required quality standards through various processes (separation 

of sediments and water; heating and chemical operations, etc.). Pumping / compressor stations may have 

the same damage states as a usual building, the loss index being defined by the percentage of failed 

structural elements (criterion also used in HAZUS methodology). For gas stations similar to Greek ones, 

which consist of low-rise masonry buildings with anchored components, the fragility curves developed 

from the project SRMLIFE (2003-2007) can be used. For other typologies of European gas stations that 

their typology is not known, the generic fragility curves of the HAZUS methodology (FEMA 2024b) can be 

used, as they are based only on the distinction between anchored and unanchored components. FEMA 

(2024b) also provide generic fragility curves for oil refineries according to their capacity (small or 

medium/large), for oil system pumping plants and tank farms as well as for fuel facilities with buried tanks. 

Finally, Karaferis et al. (2022) propose seismic fragility curves for high-rise stacks in oil refineries. 
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Transportation system 

Recent devastating earthquakes have shown quite dramatically the (direct and indirect) damage that 

earthquakes can inflict on roads, bridges, rails, ports, airports and other assets and networks of the 

transportation system resulting in significant socio-economic losses. El‐Maissi et al. (2021) present an 

extended review on the seismic vulnerability assessment methods for roadway assets and networks also 

providing a description of the main types of roadway asset damage. They divided the methods into two 

main categories, i.e., physical (that are based on fragility functions and vulnerability indexes) and traffic‐

based approaches (that use the accessibility and link importance index). 

Numerous studies have assessed the seismic vulnerability of individual transportation assets, such as 

embankments/cuts, tunnels, and bridges resulting in the construction of probabilistic fragility functions 

for different damage states (e.g., minor/slight, moderate, extensive/complete). Empirical fragility curves 

for road embankments have been generated by Sasaki et al. (2000), Maruyama et al. (2010) and Nakamura 

(2015) as a function of PGA or PGV based on damage observations in Japan. Argyroudis et al. (2013) and 

Argyroudis and Kaynia (2015) develop analytical fragility curves for cantilever bridge abutments-backfill 

system and embankments and cuts respectively due to seismic shaking considering different soil 

conditions. Yin et al. (2017) investigate the influence of retaining walls on embankment seismic fragility 

using incremental dynamic analysis while Tsubaki et al. (2016) developed fragility curves for railway 

embankment fill and track ballast scour based on recorded observations of railway damage in Japan and 

simulated overtopping water depth. HAZUS (FEMA 2024b) provide expert judgement generic seismic 

fragility and vulnerability functions for the main components of the road network (i.e., roadways, bridges, 

tunnels) and the railway network (i.e., railway bridges, fuel facilities, dispatch facilities, and urban stations 

and maintenance facilities) subjected to ground shaking and ground failure. Tsinidis et al. (2022) present 

an extended state-of-the-art review of seismic vulnerability models of tunnels and underground 

structures against seismic ground shaking and earthquake-induced ground failure. They highlight that 

studies on seismic vulnerability assessment of tunnels due to seismically induced ground failure are very 

limited compared to those referring to ground shaking. Many studies focus on the development of seismic 

fragility curves for bridge assets using analytical or empirical/expert judgement approaches (Kwon and 

Elnashai 2010, Ghosh and Padgett 2010, Tsionis and Fardis 2014, Billah and Alam 2015, Gidaris et al. 2017, 

Stefanidou et al. 2017). Soil-structure interaction (SSI) effects on fragility analysis of bridges have been 

considered in several studies (e.g., Stefanidou et al. 2017, Stefanidou and Kappos 2023) while liquefaction-

sensitive fragility curves were constructed using the analytical approach including SSI effects (Kwon and 

Elnashai 2010).  

Several authors have contributed towards the multi-hazard fragility assessment of transportation 

infrastructures. Argyroudis et al. (2019) propose a methodological framework for the development of 

numerical fragility functions of transport systems of assets under multiple hazards considering also hazard 

interactions and cascading effects. Gehl and D'Ayala (2016) developed multi-hazard fragility functions for 
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bridge assets using system reliability methods and Bayesian networks. Stefanidou et al. (2022) present a 

methodology for the estimation of seismic and flood fragility for bridges resulting in the construction of 

multi-hazard fragility curves. 

Various vulnerability index (VI) based methods have been proposed to assess the vulnerability of the 

transportation infrastructure (e.g., Elnashai et al. 2004, Zanini et al. 2013, Francini et al. 2020, Adafer and 

Bensaibi 2017, Djemai et al. 2019). For instance, Francini et al. (2020) use four parameters to develop a VI 

for urban roads: the length of the road, the width of the road, the redundancy level of the road, and 

various critical elements (bridges, intersections, underpasses, tunnels, and other elements that could 

affect the vulnerability of the system). Adafer and Bensaibi (2017) propose an index‐based method, based 

on excessive literature review from past earthquakes worldwide, including ground motion 

characterization, fragility curves, and traffic analysis during earthquakes. This VI has been developed 

based on different factors, e.g., the number of lanes, the ground type, the embankment height, the 

maintenance conditions, pavement type and pavement conditions, that are weighted according to the 

analytical hierarchy process (AHP) method.  

Concerning the vulnerability of ports and airports to earthquakes, there are also several studies in 

literature for their seismic vulnerability assessment. Empirical lognormally distributed fragility functions 

for waterfront structures, cargo handling and storage components were proposed in HAZUS (NIBS, 2004), 

where for the quay walls there is no distinction between the different wall typologies and the earthquake 

intensity measure is PGD. For the cargo handling and storage components there is a classification between 

anchored and unanchored  cranes and the earthquake descriptors are PGA and PGD. In literature there 

are also several other analytical fragility curves for the assessment of direct earthquake-induced damage 

to gravity-type quay walls using 2D dynamic finite element analysis, considering the occurrence of 

liquefaction phenomena (Karafagka et al. 2022, Ichii 2003, 2004), or without the occurrence of 

liquefaction (Kakderi and Pitilakis 2010). Chiou et al. (2011) proposed a procedure for developing 

analytical fragility curves for typical pile-supported wharfs using the capacity spectrum method (CSM). 

Miraei and Jafarian (2013) developed analytical fragility curves for gravity quay walls. Torkamani et al. 

(2014) developed seismic fragility curves of an idealised pile-supported wharf with batter piles through a 

practical framework. Kosbab (2010) presented an analytical method for application to seismic fragility 

analysis of container cranes. Nonlinear dynamic analyses were performed for the three representative 

container cranes and pushover analyses of 2D finite element models were performed. Özcebe et al. 

(2002), developed fragility curves of critical port infrastructure components by modelling the soil-wharf-

crane interaction. Roark et al. (2000) propose six classification criteria applied to define the seismic 

vulnerability of airports. The six classification criteria include general structural concerns, general non-

structural concerns, life safety, cost, construction time and fragility.  

Engineering practice for seismic risk assessment and the management of port facilities currently relies 

on the performance of specific critical components. However, the resilience of a port, i.e., its ability to 
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promptly recover to a serviceable status after an earthquake, depends not only on the performance of its 

individual components but also on their location and physical and operational connectivity, as well as on 

the port system as a whole (Werner 2004). The consideration of the interactions and contributions of all 

components of a port, such as waterfront structures, cargo handling and storage components, buildings, 

utility systems, and transportation infrastructures to the seismic vulnerability assessment is the subject of 

many other studies in literature (e.g., Pachakis and Kiremidjian 2005, Pitilakis et al. 2014, 2019). Pitilakis 

et al. (2019) propose an engineering risk-based methodology for stress testing CI, which is applied to the 

port of Thessaloniki in Greece exposed to seismic, geotechnical and tsunami hazards. Fotopoulou et al. 

(2022) present a methodology for the seismic risk assessment of port facilities, which considers the 

combined effects of ground shaking and liquefaction as well as various interdependencies among port 

elements that may affect the port’s operation and, consequently, the total risk impact. Conca et al. (2020) 

investigated the effect of interdependencies in a seismic risk analysis of ports. They compared the results 

for specific seismic scenarios obtained in the assessment of the seismic vulnerability of the seaport, 

considering and neglecting the interactions among its components, and they found that the modelling of 

the port system without considering interdependencies led to less conservative results. 

Telecommunications 

Telecommunication infrastructure provides essential services during an emergency caused by a 

seismic event as it can guarantee communication among users and facilitate search and rescue 

operations. Few efforts have been made so far to assess the vulnerability of the telecommunication 

network. 

Cardoni et al. (2022) present a methodology for modelling and assessing the seismic vulnerability and 

resilience of wireless telecommunication networks, which play a critical role in providing essential services 

to urban communities. To capture the interdependencies between telecommunication networks and the 

built environment, they associate the failure of network components with the collapse of the buildings 

hosting them. This approach allows accounting for the impact of structural damage on network 

functionality. Three vulnerability indexes are defined to analyse the resilience of urban 

telecommunication networks. These indexes consider the failure of telecommunication towers, 

throughput capacity, and the number of users supported by each base station.  

Jimenez and Medina (2023) conducted a study to assess the operability of the Venezuelan 

telecommunications network in the event of earthquakes. To achieve this, a model was developed to 

calculate spectral acceleration and simulate ground motion, taking into account the infrastructure's 

characteristics and the geographical factors. The aim was to evaluate the likelihood of surpassing pre-

defined damage states (specifically light and extensive damage) and determine the marginal probability 

of each network component experiencing a certain level of damage. The network was tested using 

selected earthquakes ranging from 6 to 8 magnitude on the Richter scale. The results indicated that the 
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probability of network nodes suffering slight or extensive damage was influenced by the geographic 

location of the earthquakes. In general, there was a higher likelihood of experiencing slight damage 

compared to extensive damage. 

Single assets 

Seismic fragility curves are commonly used to assess the seismic performance and vulnerability of 

single assets. In most vulnerability and risk assessment studies in the literature that concern hospitals and 

healthcare systems against earthquakes, the available fragility curves for residential buildings are used. 

However, fragility curves for residential buildings may be inappropriate for structures such as school 

buildings and hospitals, potentially leading either to an underestimation or an overestimation of their 

actual vulnerability.    

Schools and hospitals encompass a range of building types, such as single-story structures, multi-story 

buildings, and specialised facilities (e.g., operating theatres, laboratories). Fragility curves should account 

for the specific characteristics of these building types. As design data, they require information such as 

the quality of the construction materials, the building age, the level of maintenance etc., which is not 

always available and, therefore, onsite surveys may be required. One of the most influencing factors that 

affect fragility curves is the building’s typology and in particular the height. This factor is not always 

available and, therefore, it may be collected through inspections and surveys. The Global Human 

Settlement Layer (GHSL)41  project can help in this direction allowing the production of new global spatial 

information and tools for assessing the human presence on the planet. The developed GHSL datasets are 

available for open and free download. Specifically, GHS-BUILT-H-R2023A–GHS building height is a spatial 

raster dataset that depicts the distribution of the building heights as extracted from the filtering of a 

composite of global digital elevation models (DEM) and the filtering of satellite imagery using linear 

regression techniques generalised at the resolution of 100m and referred to the year 2018. 

Romao et al. (2021) presents the new model for vulnerability assessment of the European building 

stock, developed as part of the 2020 European Seismic Risk Model ESRM20. Martins and Silva (2021) 

develop new vulnerability functions for the most common typologies of building categories globally. This 

model was used to estimate economic losses due to earthquakes as a key component of the global seismic 

risk estimation model under the support of the Global Earthquake Model (GEM). Building typologies were 

classified based on (i) construction material, (ii) lateral load resisting system, (iii) level of ductility and (iv) 

height. Vulnerability curves were extracted for different levels of damage (minor, moderate, extensive 

and complete damage) considering different measures of seismic intensity (PGA, SA(0.3 s), SA(0.6 s) and 

SA(1.0 s)). 

 
41 https://ghsl.jrc.ec.europa.eu/ 

https://ghsl.jrc.ec.europa.eu/
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Borzi et al. (2008b) and Borzi et al. (2020) use SP-BELA methodology to evaluate the seismic behaviour 

of Italian buildings through a non-linear static analysis.  In particular, this simplified pushover-based 

methodology allows us to estimate the structural vulnerability of buildings through the definition of 

fragility curves. These curves are derived by comparing estimated and observed damage levels across 

various seismic scenarios, considering five damage levels. 

Seismic fragility curves based on direct damage observation have been recently developed, primarily 

focusing on residential buildings (e.g., Dolce et al. 2021). However, empirical fragility curves specifically 

for public buildings, such as schools, are still relatively scarce. For school buildings, empirical fragility 

curves can be found in Munoz et al. (2007) for Peruvian schools and in Giordano et al. (2021a, b) for 

Nepalese schools. These studies provide valuable insights into the vulnerability and potential damage 

levels of school buildings in those specific regions. 

Bhakuni (2005) uses the visual assessment method to determine the vulnerability levels of school 

buildings. The selection of schools is based on location, size, economic levels and building types. The 

structural types examined were reinforced concrete and confined masonry structures, as they constitute 

around 90% of the total school building stock. Vulnerability levels were determined by correlating building 

types with the school’s population.  

Fotopoulou et al. (2022) conducted 3D incremental dynamic analysis (IDA) and nonlinear pushover 

analysis to investigate whether existing fragility curves for residential buildings are appropriate for 

assessing the vulnerability of individual school buildings. It was shown that the literature fragility curves 

may lead to significant differences in fragility and loss estimation for the case of critical buildings such as 

schools, highlighting the need to develop building-specific fragility functions for the most common 

typologies of strategic and important structures. 

Ludovico et al. (2023) construct fragility curves of Italian reinforced concrete and unreinforced 

masonry public school buildings based on observational and heuristic approaches. The main 

characteristics of the school buildings were analysed in terms of frequency distribution of the construction 

age, number of stories above ground and average surface area. Three different approaches (i.e., empirical, 

empirical-binomial, heuristic) were considered in order to derive the fragility curves, which were discussed 

and compared with other fragility curves available in the literature for the Italian residential building stock. 

Lang et al. (2009) conducted a questionnaire survey for the seismic vulnerability assessment of 

hospitals and schools. These questionnaires provide the user with a powerful and quick tool in order to 

identify weak structural and non-structural features of the structure which are important in case of an 

earthquake disaster. The questions are intended to find out the primary structural system. 

Infrastructure systems are essential to the operation of healthcare facilities and do not exist in 

isolation of one another - telecommunications networks require electricity, transportation networks 

require systems information to operate, emergency systems require transportation networks, and so 

forth. During a disaster event, health care facilities are expected to operate efficiently to provide sufficient 
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care to injured patients. Physical damage to critical facilities or disruption of their operations or supply 

chain could prevent a full, effective response and aggravate the consequences of an emergency. 

Therefore, an essential component in the vulnerability assessment of critical facilities (i.e., hospitals) is 

the analysis of interdependencies between the different infrastructure systems that supply resources for 

the operation of the facility (Arboleda et al. 2009). 

The seismic assessment of a single hospital facility is studied in Lupoi et al. (2008) through a 

probabilistic methodology. Hospital is a complex system made of several components such as human, 

organizational, physical, environmental, and medical services, each including a large variety of elements. 

Their behaviour has been studied, but capacity models and fragility curves are not available for all of them. 

A general methodology for the evaluation of the ‘’probability of failure’’ of hospital systems is the fault-

tree technique (Pitilakis et al. 2014). Fault-tree analysis concerns CI, where multiple conditions are 

necessary for the systems to ensure its function. This approach aims to evaluate the remaining operating 

capacity of objects such as health-care facilities. The system is broken down into structural, non-structural 

or human components and is generally used for the derivation of fragility curves for specific components 

that comprise a set of sub-components (e.g., health care facilities, water treatment plants). 

Karapetrou et al. (2016) assess the seismic vulnerability of an eight-story RC hospital building. Ambient 

noise measurements were utilised to assess the dynamic characteristics. These measurements were 

obtained by a temporary seismic network that was installed within the hospital. The methodology resulted 

in the      construction of time- and building-specific fragility functions based on incremental dynamic 

analysis of the updated finite element models. 

4.3 Landslides 

Landslides represent one of the most devastating natural hazards, as they may result in significant 

direct and indirect losses to the population and built environment (Shano et al. 2020). A lot of researchers 

have explored the landslide impacts including human losses, property damage, and infrastructure 

damages (e.g., Davies 2022, Spegel and Ek 2022). CIs can be vulnerable to landslides, depending on their 

location, their specific structural characteristics, and the surrounding topography. More specifically, CIs 

that are located on or near steep slopes may be vulnerable to landslides if the slopes are unstable. 

Unstable slopes can be caused by a variety of factors, including geological conditions, erosion, and human 

activity such as excavations or construction. Heavy rainfall or snowmelt can increase the likelihood of 

landslides, particularly in areas with steep slopes or poor drainage. Prolonged periods of rainfall or rapid 

snowmelt can saturate the soil and increase the weight of the slope, making it more likely to fail. Seismic 

activity, such as earthquakes, can trigger landslides in susceptible areas. Earthquakes can cause ground 

shaking, liquefaction, or slope failure, leading to landslides in nearby areas. In many cases CIs are located 

near water bodies such as rivers or lakes and may be vulnerable to landslides if the slopes adjacent to 

these water bodies are unstable. The water can erode the slope, increasing its instability and the likelihood 
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of landslides. Finally, infrastructure subject to the same landslide event may exhibit different levels of 

damage owing to their differing structural characteristics (e.g., typology, construction quality and 

material, foundation type, state of maintenance and use). Overall, the vulnerability of CI to landslides is 

influenced by a combination of factors related to the location, structural characteristics, topography, and 

climate of the area. Mitigating the risk of landslides requires careful consideration of these factors and 

implementation of measures such as slope stabilisation, drainage systems, and early warning systems to 

reduce the risk of damage and disruption due to landslides. 

Energy system 

Regarding the electric power network, landslide hazards may cause serious threats to the safe 

operation of the power transmission system, as it has a long transmission span and passes through wide 

areas with complex topography settings and various human engineering activities (Liu et al. 2021). 

However, most of the available literature is concentrated on other natural hazards and does not address 

landslide hazards. To the author’s knowledge, only Ghorani et al. (2021) present a novel approach that 

quantifies the landslide hazard, its damage to power system components, and the impacts on the overall 

system performance to prioritise reinforcement activities and mitigate the landslide vulnerability. 

Regarding natural gas and oil networks, landslides constitute a significant threat for pipelines because 

they can generate permanent ground displacements along or across the pipeline alignment (Marinos et 

al. 2019). However, although there is some literature related to the assessment of landslide hazard or 

susceptibility along or across a pipeline, there are not many studies related to the vulnerability. According 

to Marinos et al. (2019), vulnerability due to landslides constitutes a difficult expression to represent 

quantitatively as it cannot be measured objectively, although there are various approaches to assess 

landslide vulnerability. In general, fragility curves can be calculated using empirical or numerical methods. 

According to Pengpeng et al. (2022) empirical fragility curves for the landslide-pipeline interaction 

problem are not available due to the lack of field data. In the available literature, Feris et al. (2016) is 

found to present the development of a statistical and judgment-based screening level vulnerability model 

for pipeline crossings of slopes that are subject to landslides that can be used to provide an estimate, of 

the relative importance of slope crossing sites based on parameters that can be obtained without detailed 

site-specific studies. When vulnerability is combined with probability of landslide impact, it can be used 

to give an estimate of the probability of pipeline failure. Numerically, Pengpeng et al. (2022) is only found 

to suggest a simplified approach to generate parameterized fragility curves of buried continuous pipelines 

against landslides and assess the relative importance of the soil friction angle, pipe burial depth, diameter, 

and wall thickness on their vulnerability. 
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Transportation system 

The vulnerability of a road or railway system to landslide may be attributed to both the partial or 

complete blockage of the road or track as well as structural damage, including damage to the surfacing, 

which is associated with the level of serviceability (Corominas et al. 2014). Information regarding the type 

(e.g., highway, main road, or unpaved road), width, and traffic volume is important to accurately assess 

the vulnerability of transportation infrastructure to landslide hazard.  While there has been extensive 

research into quantifying landslide susceptibility, research into vulnerability assessment of different 

assets due to landslides has been limited and it has been mainly based on empirical data and judgment. 

In the following, we present the existing methods to assess the vulnerability of the transportation      

system to landslides. 

Bell and Glade (2004) establish fixed vulnerability values for buildings, roads and infrastructure in a 

given area principally based on expert judgment, as a function of the return period of debris flow and 

rockfalls. Winter et al. (2014) determined the physical vulnerability for roads exposed to debris flow based 

on the statistical manipulation of questionnaires filled by experts regarding the probability of exceeding 

different damage states (limited damage, serious damage and destruction) as a function of the volume of 

debris. Fragility curves have been proposed for both low-speed and high-speed roads subjected to debris 

flows. Argyroudis et al. (2013) propose a semi-empirical methodology to estimate the physical 

vulnerability of roads subjected to earthquake induced landslide hazards. It is based on a modification of 

the existing judgmental HAZUS fragility curves using a semi-empirical model that relates the seismic PGD 

with the PGA for the Newmark rigid sliding block case. In this regard, it is possible to account for the 

specific characteristics of soil and local topography within the estimation of road vulnerability. Various 

sets of fragility curves have been constructed as a function of PGA, considering the characteristics of the 

slope (i.e., yield coefficient, ky) and the earthquake magnitude. Specific focus on vulnerability models for 

landslides at ports and airports is limited. However, the above studies offer valuable insights into the 

broader topic of landslide vulnerability assessment for transportation infrastructure. They provide 

methodologies and case studies that can be adapted and applied also to ports and airports. 

Single assets 

Corominas et al. (2014) present recommended methodologies for the quantitative risk analysis (QRA) 

for landslide risk. Experience indicates that the extent of damage to buildings due to landslides varies 

considerably according to the characteristics of the building, the landslide mechanism, and the magnitude 

and intensity. The vulnerability may be expressed in terms of damage states varying from nonstructural 

damage to extensive collapse. Damage may be structural or nonstructural with damage caused to utility 

systems. Typical typological parameters which determine the capacity of buildings to withstand landslide 

actions are the following: the structural system, geometry, levels of design codes, foundation and 
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superstructure, details, number of floors, etc. An additional important factor is the geographic location of 

the exposed elements within the landslide body (crest, transport zone, toe, runout zone, etc.), given the 

variation of the movement and the consequent interaction with the structures and infrastructure. While 

damage to the built environment resulting from the occurrence of rapid landslides such as debris flow and 

rockfalls is generally the greatest and most severe, as it may lead to the complete destruction of any 

structure within the affected area, slow-moving slides also have adverse effects on affected facilities 

(Mansour et al. 2011). 

Fotopoulou and Pitilakis (2013) developed an analytical methodology for assessing the vulnerability 

of reinforced concrete buildings subjected to earthquake triggered slow-moving slides. The fragility curves 

were estimated by determining the peak ground acceleration or permanent ground displacement at the 

seismic bedrock and the probability of exceeding each limit state, based on a two-step uncoupled 

numerical modelling approach. The developed method is applicable to different soil types, slope 

geometries and building configurations, allowing explicit consideration of various sources of uncertainty. 

Negulescu and Foerster (2010) also calculated vulnerability curves as a function of the differential 

settlements of a reinforced concrete frame building. 

4.4 Wildfires 

Wildfires can be triggered by natural circumstances, such as volcanic eruption, lightning strike, 

spontaneous ignition due to local heating, or human actions. In Europe, human actions, such as arson, are 

the primary cause of wildfires. However, climate change has exacerbated the intensity and duration of 

these fires. For instance, El Garroussi et al. (2024) has shown that areas in southern Europe could 

experience a tenfold increase in the probability of catastrophic fires occurring in any given year under a 

moderate climate change scenario.  

Wildfires can cause very high temperatures. The probability of dielectric failure increases with the 

increase in temperature (Fu et al. 2001). Bagchi et al (2013) propose an overall methodology for modelling 

and quantifying the damage caused by fire to the electrical distribution network of a city where they 

introduce the Load Loss Damage Index (LLDI). In addition, a very interesting study is that of Guo et al. 

(2018) that propose a method based on Weibull distribution and dynamic heat balance equation to 

evaluate the impact of forest fire on the ageing degree of power transmission lines. Forest fire accelerates 

the ageing degree of power transmission line by thermal radiation. By knowing the rise in temperature, 

the fire impact on lines can be estimated. Yao et al. (2018) also propose an effective process for 

transmission line temperature evolution using the numerical weather prediction and analytical solution. 

Finally, Randaxhe et al. (2020) propose a methodology to build a probabilistic fire demand model to 

investigate the structural behaviour of steel pipe-racks located within industrial and petrochemical plants 

used to transport flammable material, liquid, or gas fuel, on long distances. They propose fire fragility 
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functions in terms of the maximum average heat flux impinging the structure HFavg and the ratio between 

fire position and fire diameter L/D, for two structural ultimate limit states, near collapse and life safety, 

using the maximum transversal inter-storey drift ratio as the engineering demand parameter. 

Regarding the transportation infrastructure, Zhu et al. (2023) have recently developed a framework 

to assess the vulnerability for a fire-exposed simple-span overpass bridge prototype with composite steel 

plate girders. The damage from each fire scenario was correlated to two measures of fire hazard intensity, 

namely the peak heat release rate, and the total thermal energy imparted along the girder span. Bivariate 

fragility curves that correlate the two intensity measures to each damage level via a cumulative normal 

distribution function were finally obtained for the prototype bridge. Thompson M.P. et al. (2020) focus on 

mapping wildfire exposure to assess the risk to infrastructure, including buildings and transportation 

networks. 

Wildfires are an important consequence of climate change (Schoennagel et al. 2017) as the global 

temperature is rising rapidly, with a significant impact on single buildings as well. Schulze et al. (2020) 

investigate fire impacts to schools and healthcare facilities in Paradise, CA. Photographs, light detection 

and ranging (LiDAR) scans of damaged buildings, drone aerial images, and interviews with key school and 

healthcare stakeholders used to document the structural and nonstructural damages to infrastructure. 

Nonstructural damage to schools and hospitals, such as damage to electrical systems or other utilities, 

significantly impacted the functionality of these facilities. 

4.5 Hurricanes 

Hurricanes are severe weather events able to cause massive blackouts as well as dramatic social, 

economic, and environmental losses. Gil and McCalley (2011) studied the general impacts of hurricanes 

on natural gas and electricity. A variety of vulnerability methods and fragility curves have been developed 

for energy system infrastructure during adverse weather events to identify recurrent patterns in the 

power outage data in order to understand the vulnerability of the existing power grid. For example, Allen 

et al. (2014) developed fragility curves to characterise the relationship between wind speed and resulting 

power outages during hurricanes, using real-time power outage data and wind speed data to derive 

statistical relationships. Panteli et al. (2017) also represent the physical response of towers and power 

lines to high winds as a function of line failure probability in response to wind speed. In addition, Xue et 

al. (2020) investigated the consequences of transmission tower failure and damage on the performance 

of the power transmission network during a hurricane. They developed a fragility model of the 

transmission tower-line system to probabilistically describe the power system component's failure and 

damage state. The developed fragility curves are in terms of wind velocity in meters per second (m/s). 

Moreover, Ma et al. (2020) present a probabilistic framework for the development of fragility curves of 

electrical conductors in power transmission networks subjected to hurricane hazards. The derived fragility 
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functions are in terms of maximum sustained wind speed (in m/s) and wind angle of yaw (in degrees). 

They prove that the failure probability of the conductors increases substantially once the wind speed 

reaches a certain critical value, and that it is largely affected by the wind direction and span length. Thus, 

the variability of span lengths over the transmission network significantly influences the overall system 

failure. Ma et al. (2021) also propose a component-based fragility modelling framework for transmission 

towers subjected to hurricanes. The intensity measure is the maximum sustained wind speed. A novel 

method is introduced to directly simulate the load transferred from the cables to the tower using the 

modal superposition method and the spectral representation technique. Additionally, Sang et al. (2020) 

propose an integrated framework to convert weather forecasts into appropriate information for 

preventive operation during hurricanes so that the power outages induced by hurricanes can be reduced. 

Wind fragility curves for transmission towers in terms of wind speed are derived for four limit states. 

These are defined as the transmission      tower’s top displacement over tower height at 1.5%, 2%, 2.5%, 

and 3%. Weather data is used as input to calculate the failure probability of the transmission lines. Watson 

and Etemadi (2020) also develop models for hurricane exposure and fragility curve-based damage to 

electrical transmission grid components. They use fragility curves from the literature for transmission 

lines/towers (Quanta Technology 2009) and substations (FEMA 2022), and coal, gas and nuclear power 

generating plants (Vickery et al. 2006; Twisdale et al. 2015). Finally, Bennett et al. (2021) propose an 

energy system optimization model that accounts for hurricane risks by combining infrastructure fragility 

curves and hurricane probabilities. 

Only little research has been done on the vulnerability assessment of transportation infrastructure to 

hurricanes. Gazzea et al. (2023) proposed a framework for rapid, scalable, and low-cost vulnerability 

assessment along roadways using high-resolution satellite images. The framework was implemented in a 

portion of the City of Tallahassee, the capital of Florida, U.S., in September 2018, before Hurricane 

Michael. Specifically, the vegetation exposure of roadways has been initially assessed based on tree 

parameters estimated via satellite imagery, such as height, distance to the roadway, health, and density. 

A vulnerability index which combines the vegetation exposure with road importance, has been finally 

calculated based on the consequences that such closures have on the transportation network, such as 

mobility and number of buildings affected. Abdelhafez et al. (2021) studied the vulnerability of seaports 

to hurricanes and sea level rise in a changing climate. They proposed a new model for quantifying the 

functionality of seaports subjected to multi-hazards using a fault tree analysis. The methodology is 

validated using data from Hurricane Katrina. A case study of the Port of Mobile, AL revealed that if a 

Katrina-like hurricane were to occur late in the 21st Century, damages to the Port of Mobile would increase 

by a factor of nearly 7 under an RCP 8.5 scenario when compared to the damages caused by Hurricane 

Katrina alone. Some other studies have considered the impact of hurricanes on seaport operational losses 

from a wind engineering perspective without addressing the impact due to hurricane’s storm surge (Zhang 

and Lam 2015; Cao and Lam 2018). Others have modelled the hurricane’s storm surge and showed the 
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level of inundation of a port due to see lever rise and other climate-driven effects without calculating the 

damage to the built environment (Becker et al. 2012; Chhetri et al. 2015; Ng et al. 2016; Sanchez-Arcilla 

et al. 2016). Another study (Izaguirre et al. 2020) addressed the port operations including some essential 

components using an operational threshold approach and a semi-empirical formulation to determine the 

main climate driver for the vulnerability of the studied ports. The functionality and recovery of other port 

components and interconnected systems have not been addressed in depth. Only Balbi et al. (2018) have 

addressed the resilience of each component of the seaport, which is necessary to deconstruct the various 

factors that impair port performance and lay a foundation for evaluating the reliability of port’s 

components following a hurricane and its capability to recover from a natural disaster quantitatively. 

However, the Balbi study did not provide either a theoretical or logical model of port operations or 

functionality; nor did it address the interdependencies between port components and systems. 

The HAZUS-MH Hurricane Model has been developed to estimate the economic and social damages 

and losses to buildings due to windstorms. The model uses an existing peer reviewed hurricane hazard 

model that models the entire track and wind field of a hurricane or tropical storm (Vickery et al. 2000a,b). 

The HAZUS-MH Hurricane Model contains the hurricane hazard, terrain model, wind pressure, and 

windborne debris models. The hurricane wind field model has been extended to allow estimating rainfall 

rates used to assess the amount of water entering buildings through broken windows and doors and is a 

significant component of building damage. The terrain model was developed using existing information 

on land use land cover combined with estimates of surface roughness for each land use type. The wind 

load model used in HAZUS reproduces the variation of wind loads with wind direction and has been 

validated through comparisons with wind tunnel tests. When coupled with the windborne debris models 

described herein, the wind load models also provide the necessary inputs to estimate wind induced 

damage and loss. 

4.6 Windstorms 

Windstorms are among the most destructive hazards with regard to the infrastructure damage and 

economic losses within Europe. They can affect power/communication, transportation networks and 

buildings. Regarding energy infrastructure, they can cause equipment failure when hitting the 

transmission and distribution lines. The direct losses to critical energy infrastructure are evaluated as the 

repair cost of the damaged power grid assets. The costs of repairing can be estimated from the 

replacement value of the assets and the potential for asset failure. The latter can be calculated from the 

exposure of assets to the projected peak wind speed using appropriate fragility functions (Veeramany et 

al. 2015). Several fragility functions have been developed for towers and transmission lines due to 

windstorms (e.g., Winkler et al. 2010; Prahl et al. 2015; Prahl et al. 2016; Fu et al. 2017; Panteli and 

Mancarella 2017; Dunn et al. 2018; Karagiannis et al. 2019). However, the fragility functions for 
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windstorms are less mature compared to those for other natural hazards, such as earthquakes or floods. 

For instance, Winkler et al. (2010) use building fragility functions to estimate the potential losses to 

transmission substations. Panteli et al. (2017) also highlight the relative lack of empirical fragility functions 

and the high costs associated with the development of experimental fragility curves for transmission 

towers and overhead lines. Finally, more recently, Karagiannis et al. (2019) elucidate the vulnerability of 

CI to windstorms, especially in light of climate change, with focus on critical energy infrastructure. 

Regarding the natural gas and oil networks, Cruz and Krausmann (2013) assess their vulnerability to 

climate change and extreme weather events and discuss the options available for mitigation and 

adaptation. 

Telecommunication towers are usually tall steel lattice structures, which are mainly affected by severe 

weather conditions such as low temperatures, high winds and snow. Especially, storm events may lead to 

significant damage of steel lattice towers of a network resulting in total collapses with adverse impact for 

the whole operation of the network. The above effect of strong winds is further enhanced when ice has 

accumulated on the exposed members of the structure due to low temperature and/or precipitation 

(Klinger et al. 2011, Makkonen et al. 2014). Bilionis & Vamvatsikos (2019) conducted non-linear dynamic 

analyses in order to estimate the fragility of steel telecommunication towers in Greece under possible 

combinations of wind speed and icing conditions. To evaluate the impact of ice, various uniformly thick 

layers of ice were taken into account, which not only increased the weight but also the cross-sectional 

area of all structural components and surfaces. Wind’s speed was used as the intensity measure (IM) of 

wind for the estimation of fragility functions. Depina et al. (2021) implement the Performance-Based Wind 

Engineering (PBWE) methodology to the risk assessment of the critical telecommunication infrastructure 

subjected to the Bora wind along the Croatian coastline. Typical steel lattice frame telecommunication 

towers were used for the simulation while the wind hazard was expressed in terms of the parameters of 

the wind velocity field. The uncertainties in the wind hazard and the structural parameters were 

propagated to the structural response (e.g., displacements, internal forces) through a set of Monte Carlo 

analyses. Gao and Wang (2017) conducted non-linear dynamic analysis on typical lattice      

telecommunication tripole tower and angle tower.  A dynamic sensitivity index and a collapse probability 

are both proposed to identify the most unfavourable      wind direction for the two towers. The progressive 

collapse of fragile curves of the towers was described by the lognormal distribution function. 

4.7 Tornadoes 

Tornadoes have the potential to cause severe destruction or damage to physical infrastructure, 

including buildings within a community. This not only leads to direct losses but also indirect losses, such 

as the closure of vital social institutions that have a cascading impact on the entire community, such as 

schools. Historically, building codes and standards did not incorporate tornado hazards extensively due to 
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the relatively low probability of a direct tornado strike. However, the recently issued ASCE 7-22 standard 

addresses tornadoes for Risk Category 3 and 4 buildings, encompassing schools and critical facilities. Wang 

et al. (2022) proposed a range of design combinations for a reinforced masonry school building with 

different performance objectives aimed at facilitating faster reopening of schools. Tornado fragilities 

specific to the improved designs of a school building were developed, utilizing tornado loads derived from 

the new tornado chapter in ASCE 7-22. These fragilities were then integrated into a community-level 

model, considering school attendance zones, to assess their impact. 

4.8 Heatwaves 

Heatwaves that represent a period of several days to weeks of abnormally hot weather, often with 

high humidity, have generally become more frequent and intense across Europe.  

Heatwaves can potentially cause physical damage to electricity generators above a certain 

temperature threshold or force curtailment to avoid safety hazards. They can also lead to abrupt failure 

and shorter lifetimes of power lines and transformers, while they also increase transmission and 

distribution line losses and reduce their carrying capacity (Dumas et al. 2019). Bollinger and Dijkema 

(2016) propose an approach for assessing generator vulnerabilities to heat waves. More specifically, a 

heat wave vulnerability level is assigned to each generator based on the type of generator (thermal or 

other), its geographic location (inland or coastal), and the cooling method (presence of a cooling tower). 

In addition, Csanyi (2021) reviews the most common failure patterns of electrical equipment in 

distribution networks. This paper describes the damages of certain components of a given power grid (i.e., 

distribution transformers, underground cables, overhead lines, circuit breakers, surge arresters, and 

insulators and bushings) under various hazards. Csanyi (2021) supports that heat can cause a 

transformer’s loss of life because it damages the insulation polymers that protect the equipment. 

Additionally, heatwaves are particularly a concern for natural gas power plants. The operation of this type 

of power plants requires ambient air for compressor intake, which is then pumped into the burning 

chamber. The higher the air ambient temperature, the lower the air density and, hence, the burning 

efficiency, which then reduces power outputs (Handayani et al. 2019). However, no vulnerability 

approaches have been identified in the existing literature. 

Heatwaves can also cause damage to structures due to thermal expansion, for example, Nguyen and 

Wang (2011) propose and exemplify the use of thermal compression load and critical load of a rail section 

to estimate failure probability.  
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4.9 Drought 

Drought is a slow-onset natural disaster often referred to as a creeping phenomenon (Wilhite 2003) 

that causes inevitable damage to water resources and to farm life (Zarafshani et al. 2016). Drought 

vulnerability may be defined as the susceptibility of individuals, groups and/or nations to suffer adverse 

effects when impacted by a drought event. To assess the drought vulnerability various indicators may be 

adopted related to social, economic and Infrastructural factors (Dabanli 2018). Some of the widely used 

drought indices include Palmer Drought Severity Index (PDSI), Crop Moisture Index (CMI), Standardized 

Precipitation Index (SPI), and Surface Water Supply Index (SWSI) (Hayes 2012). Dabanli (2018) developed 

a set of drought hazard, vulnerability, and composite risk maps, in order to investigate provinces located 

in Turkey. The drought vulnerability analysis was conducted using four socio-economic indicators related 

to water demand and supply and based on DHI, DVI and DRI indexes. According to Zarafshani et al. (2016) 

differences in drought vulnerability are due to different individual (e.g., gender, age, education, attitude), 

socio-economic (e.g., social class, religion, ethnicity, social networks, access to resources and power, 

political structures, income diversification, infrastructural constraints, poor technology, lack of market 

access and capital, land size), biophysical attributes (e.g., irrigation, type of product, type of irrigation), 

and access to infrastructural and information sources. Hagenlocher et al. (2019) present an extended 

literature review of the state of the art of people-centered drought vulnerability and risk 

conceptualization and assessments. They revealed that factors related to poverty and income (49%), 

technology (47%), education levels (34%), or the availability and quality of infrastructure (34%) were 

deemed important drivers of vulnerability and risk by almost one third of all reviewed assessments. 

Recently, Sahana and Mondal (2023) studied the evolution in drought hazard, vulnerability and risk under 

climate change. Therein, drought vulnerability assessment was performed combining exposure, adaptive 

capacity and sensitivity indicators (i.e., irrigation index, waterbody fraction, groundwater availability, 

population density and GDP), using a multi-criteria decision-making method. 

Droughts can cause water levels to drop below the level of intake valves that supply cooling water to 

power plants, causing plants to stop or reduce power production. In general, threshold impacts such as 

water levels falling below the level of intake valves depend on plant-specific features, making general 

response functions or fragility curves challenging to develop (Dumas et al. 2019). The U.S. Electric Power 

Research Institute (EPRI 2011) has developed a water supply sustainability risk index to identify power 

plants in counties with “at risk” water supplies, using a set of five criteria, namely the region’s 

susceptibility to drought, water storage limitations, groundwater use, historical precipitation and growth 

in water demand. 

Drought can also limit or impede navigation through inland waterways due to reduced water depth 

for potentially extended periods. A general model on the effect of low water on deadweight and payload 

of inland ships is presented by van Dorsser et al. (2020) based on field observations and ship data. 
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4.10 Climate-change related hazards 

Climate change is associated with rising global temperature and sea level and, consequently, with 

increasing frequency, intensity, extent and duration of extreme weather and climate events throughout 

Europe and the world (Sousa et al. 2020). Climate-change related hazards can generally be divided into 

two main categories: those caused by extreme weather events and those resulting from gradual onset 

conditions (e.g., sea level rise, corrosion of structures accelerated by climate change).  

There are several reports that refer to the vulnerability of various climate-change related hazards in 

general. It is worth mentioning that of Dumas et al. (2019) which highlights the available analytical 

resources for electrical grid components under extreme weather and climate as well as that of Kabre and 

Weimar (2022) which provides a synopsis of identified resources for fragility curves for electricity and 

briefly documents their content with a summary of the hazards and assets examined and any other 

aspects of the resource. The multiple climate hazards associated with e.g., sea level rise, changes in the 

frequency and intensity of extreme weather events, including hurricanes and tropical storms, greater 

variability in precipitation, warmer temperatures etc. can have specific deleterious impacts as well on a 

coastal transport system (including ports, airports, and their access roads and rails), leading to direct and 

indirect damages and system disruptions (UNCTAD 2017). For instance, daily port operations may be 

slowed or halted, in both the long- and short-term, and seaport and airport infrastructure will be exposed 

to serious impacts as well (UNCTAD 2014). Increases in the frequency of heavy downpours can cause 

flooding of critical road, port, and airport facilities and can deposit debris on roads, blocking access for 

employees or travelers. Heat events can cause asphalt to soften and rut, cause rail lines to buckle, and 

affect air operations by reducing payloads and limiting the potential for large plane landings and take-

offs. Increased precipitation can cause long-term effects on the structural integrity of roads, bridges, 

drainage systems and telecommunication systems, necessitating more frequent maintenance and repairs 

(Oxford Economics 2011). Regarding the issue of corrosion due to chancing climate conditions, Sousa et 

al. (2020) is one of the noteworthy European efforts. Specifically, they evaluated the expected variations 

in climatic factors (the changes in temperature, concentration of pollutants, rainfall patterns, etc. induced 

by climate change) causing corrosion and carried out a literature review on the implications of climate-

induced corrosion on the deterioration of concrete and steel structures, and on their seismic resistance 

as well. 

 

4.11 Discussion and gaps 

Although studies to quantify the vulnerability of CI assets have increased substantially in recent years, 

significant gaps on vulnerability data and models still exist depending on the considered network (electric 
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power, gas, oil, road, port, etc.) or asset. Generally, more vulnerability models are available for hazards 

such as earthquake or floods while for other hazards the available models are primarily based on empirical 

data and judgement. This section could be regarded as a starting point towards the development of a 

more common terminology and standardised frameworks that will pave the way for the development of 

the MIRACA risk assessment framework (D3.2) and the harmonised vulnerability database (D1.5). 

Regarding CI networks subjected to floods, it is observed that few vulnerability data are available 

depending on the network component. In addition, even if data are available, they may not be accessible 

due to strategic or safety reasons, as also highlighted by Merz et al. (2010), or even if accessible, they 

rarely correspond to the level of detail required for analyses. Especially for transportation CI, while 

vulnerability models to floods have advanced in recent years, there are still several notable gaps that exist 

in current research. These gaps could be related to the general lack of empirical damage data (commonly 

used to define damage functions) (Bubeck et al. 2019). If the final goal is to assess flood risk of the 

transportation infrastructure, gaps should also be related to general lack of exposure data considering 

that information about public infrastructure elements is often sensitive given their criticality. Moreover, 

because of their line features, elements such as roads or railway tracks, are substantially 

underrepresented in gridded land cover data, typically used for regional or global assessments 

(Hirabayashi et al. 2013; Jongman et al. 2014; Winsemius et al. 2016). In addition, in the latter case the 

availability of reliable climate related hazard data is also particularly important. 

Generally, most vulnerability models focus on assessing the direct impacts of floods on CI, such as 

infrastructure damage and route disruptions. However, there is a need for more comprehensive models 

that consider indirect impacts and the cascading effects and interdependencies between different 

components within each system (see also Deliverable 2.1 and Deliverable 3.1). There is currently a lack of 

standardised methodologies for assessing vulnerability to floods in CI. Different studies use varying 

approaches, indicators, and data sources, making it challenging to compare and integrate findings across 

different locations. The development of standardised methodologies would enhance consistency and 

comparability in vulnerability assessments. While many vulnerability models consider current flood risks, 

there is often a lack of consideration for future climate scenarios and the potential changes in flood 

characteristics. Incorporating projections of sea level rise, changes in precipitation patterns, and increased 

frequency of extreme weather events would provide a more robust assessment of future vulnerability. 

Existing vulnerability models often focus on the physical infrastructure and operational aspects of CI, 

neglecting the social and economic dimensions. Considering the vulnerability of communities and the 

economic consequences of flood-related disruptions is crucial for a comprehensive understanding of the 

overall vulnerability and effective decision-making. The accuracy and availability of data play a crucial role 

in vulnerability assessments. However, there are often data limitations, including the lack of detailed 

information on infrastructure characteristics, historical flood events, and socio-economic factors. 

Addressing these data gaps and improving data quality would contribute to more robust vulnerability 
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models. Closing these gaps would require further research and collaboration among researchers, 

practitioners, and policymakers. It is important to enhance interdisciplinary approaches, improve data 

collection and sharing, and develop standardised frameworks that integrate physical, social, and economic 

dimensions to provide more accurate and comprehensive vulnerability assessments for CI facing flood 

risks.  

Regarding CI subjected to earthquakes, various fragility curves have been developed for most of the 

assets but not for all. More specifically, regarding energy systems subjected to earthquakes, various 

fragility curves have been developed for most of the electric power grid. On the contrary, regarding gas 

and oil networks subjected to earthquakes, there are fragility curves that can be used but with some 

limitations, e.g., they are applicable only to the specific conditions for which the model was developed 

and/or they cannot directly distinguish between different damage states. As regards the transportation 

sector, seismic fragility functions for transportation assets are mostly based on empirical and expert‐

judgement approaches while the available hybrid and analytical based fragility models are generally 

limited, and they are mainly due to seismic ground shaking only ignoring the impact of ground failure. 

Moreover, the variability of data regarding the vulnerability parameters and their weighting scores makes 

it difficult to formulate a coherent vulnerability index approach. Regarding telecommunication systems, 

although many strategies to improve the seismic performance and resilience of this infrastructure can be 

found in the literature, methods to model the vulnerability and quantify the resilience at the urban level 

are still lacking. Heterogeneity of telecommunication networks, limited research focus compared to other 

CIs and limited damage data (e.g., lack of data on the performance of telecommunication networks during 

past seismic events) result in gaps and uncertainties in the understanding of network vulnerabilities. 

Addressing these gaps requires concerted efforts from researchers, industry professionals, and 

policymakers. Collecting more data on the performance of telecommunication networks during seismic 

events, standardising testing procedures, and incorporating the latest technology and infrastructure 

advancements into seismic fragility curve development are essential steps. When it comes to seismic 

fragility curves for critical single assets and their vulnerability to different hazards, there are several 

information gaps that need to be addressed. Although a significant amount of work has been done in 

developing seismic fragility curves for the residential building stock, only few contributions clearly refer 

to school buildings or healthcare facilities, and their use may be inappropriate for these types of 

structures, potentially leading either to an underestimation or an overestimation of their actual 

vulnerability. Critical single assets may vary significantly in terms of their design, materials, age, and 

maintenance practices that can influence their seismic vulnerability and performance. However, there is 

a lack of data and specific seismic fragility curves that account for these variations in age and construction 

types. Schools and hospitals are complex systems that rely on various interdependent components for 

their functionality. Understanding the interdependencies and functionality of these facilities under 

different seismic hazard scenarios is essential but often lacks comprehensive data. 
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 In general, seismic vulnerability models may focus on specific types of infrastructure or hazards, such 

as buildings or ground shaking, and may not consider the full range of possible hazards and vulnerabilities 

(e.g., secondary hazards, such as fires or liquefaction). Seismic vulnerability models are subject to 

uncertainties and variability in the data and modelling assumptions, as well as the inherent variability in 

earthquake hazard and infrastructure response. These uncertainties may not be fully quantified or 

considered in the models, leading to limitations in their accuracy and reliability. Seismic vulnerability 

models should be validated using data from past earthquakes, although these may be limited, particularly 

for rare or extreme events. 

For most of the hazards, except for earthquakes and floods, it is observed that although many CI 

component vulnerability quantifications are available in the literature, they are primarily empirical and 

single-event driven, as also noted by Dumas et al. (2019). Moreover, a lack of comprehensive vulnerability 

assessment studies to climate-change related extreme weather hazards for specific CI network 

components, such as underground power lines, or whole networks is noted. The impacts of climate 

change, such as rising temperatures, extreme weather events, and sea-level rise, pose additional 

challenges to the vulnerability of CI. However, there are information gaps in incorporating climate change 

considerations into vulnerability assessments for the CI. More data and research are needed to 

understand the specific climate-related vulnerabilities and develop strategies to mitigate them. This 

includes considering the potential changes in intensity, frequency, and spatial distribution of hazards over 

time. As the intensity and frequency of climate-change related extreme weather hazards are expected to 

increase in the near future, it is deemed necessary to study and understand the vulnerability of all CI 

networks components, which is crucial for disaster risk management and long-term planning.  

Finally, all systems and single assets can be exposed to various hazards, including floods, earthquakes, 

landslides, hurricanes, severe storms, etc. However, fragility curves are often developed for specific 

hazards in isolation, and there is a lack of multi-hazard fragility curves, as testing the vulnerability of CI to 

different hazards is complex and resource-intensive. The interaction between different hazards and their 

cumulative effects is not fully captured, leading to gaps in assessing the overall vulnerability of CI.  

Next chapter presents some efforts where frameworks and tools were developed to assess 

vulnerability and losses of CI in a multi-hazard environment.  
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5. State-of-the-art frameworks and tools to assess 

vulnerability and losses of CI in a multi-hazard 

environment 

Effective risk reduction poses the need for the development of multi-hazard models and tools to 

accurately assess the vulnerability and risk of CI. However, when dealing with multiple hazards a range of 

additional challenges (e.g., due to the differing characteristics of processes and cascading effects) should 

be considered. Below are some large, concerted efforts to come up with frameworks and tools for carrying 

out vulnerability and loss assessment in a multi-hazard environment. 

The National Institute for Building Sciences (NIBS) originally developed HAZUS (Hazard U.S.) on behalf 

of the Federal Emergency Management Agency (FEMA) back in the 1990 as a closed system, limited to 

seismic hazard and to U.S.A. scenarios. The current version, called HAZUS 6.1 includes multiple hazards 

(earthquakes, hurricanes and floods), up to date inventory data and hazard characterization. The main 

merit of the HAZUS platform is that of having provided for the first time an unparalleled set of fragility 

models for basically every component in every system in which the built environment can be subdivided. 

It must be recognized, however, that many of these models have been derived based solely on expert 

judgement and overall, the consistency of derivation is limited. One effect of the sheer size of the HAZUS 

framework and set of tools is that it established itself very soon as the reference for all studies in the 

sector. For instance, many researchers have adopted as a default choice, somewhat uncritically, the five 

damage states/levels introduced by HAZUS. Most fragility studies published after its appearance 

employed this discretization of damage that, in many cases, can be too refined for the considered 

component. Also, HAZUS has basically introduced the lognormal distribution for fragility functions, rapidly 

becoming the de facto standard. 

Syner-G was a European Collaborative Research Project (November 2009 – 2012) focusing on systemic 

seismic vulnerability and risk analysis of buildings, lifelines, and infrastructures. SYNER-G developed an 

innovative methodological framework for the assessment of physical as well as socio-economic seismic 

vulnerability at the urban/regional level. A systemic analysis methodology and tool is developed for 

buildings, water supply system, waste-water network, electrical power network, oil and gas networks, 

transportation network, health care system and harbours. Each system is specified with: (i) the taxonomy 

describing the components within the system, (ii) the solving algorithms that are used to evaluate the 

system’s performance and (iii) the nature of the interdependencies with components from other systems. 

The Central American Probabilistic Risk Assessment (CAPRA) platform was developed in partnership 

with Central American governments, the support of the Central American Coordination Centre for Disaster 

Prevention (CEPREDENAC), the Inter-American Development Bank (IDB) and the International Strategy of 



 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

61 

 

 

United Nations for Disaster Reduction (UN-ISDR) and the World Bank. It is a free, modular, extensible 

platform aimed at risk analysis and decision making. Hazard information is combined with exposure and 

physical vulnerability data, allowing the user to determine conjoint or cascade risk on an inter-related 

multi-hazard basis. The CAPRA suite of software includes hazard mapping (including geologic and 

hydrogeological hazards and a special module of Climate Change hazard assessment), risk assessment 

(probabilistic risk calculations) and cost-benefit analysis tools to support proactive      risk management. 

CAPRA can also be used to design risk-financing strategies. 

INFRARISK project (October 2013 - September 2016) developed a reliable stress test framework for 

critical European transport infrastructure to analyse the response of networks to extreme hazard events. 

The project considers the spatio-temporal processes associated with multi-hazard and cascading extreme 

events (e.g., earthquakes, floods, landslides) and their impacts on road and rail transport infrastructure 

networks. 

STREST project42 (October 2013 - September 2016), proposed a new engineering risk based multi-

level framework for stress tests for non-nuclear CIs of different classes. The methodology is based on a 

common CI taxonomy and rigorous models for the hazard, vulnerability, performance and resilience 

assessment under different natural hazards considering interdependencies between CIs and cascading 

failures. Different levels of stress tests are proposed, based on the complexity of the analysis (e.g., 

quantification of epistemic uncertainty, expert elicitation) and the risk assessment approaches (single or 

multi-hazard, probabilistic or scenario based). 

Global Earthquake Model (GEM) was founded in 2009 with the purpose of improving the global 

knowledge of earthquake risk and contributing to the reduction of risk worldwide. In 14 years, GEM has 

become widely known for its global effort to improve the state of practice of earthquake hazard and risk 

assessment and for its contribution to improving the state of knowledge of earthquake risk. GEM has also 

contributed substantially to the broader objectives of the disaster risk reduction community through its 

public-private partnership, global collaboration network and development of open, global databases and 

software for application to earthquake and multi-hazard risk assessment. At the same time, catastrophe 

risks continue to increase, as does the demand for open and credible risk information to inform risk 

reduction. GED4ALL Building Taxonomy (Silva et al. 2018) is a classification system specifically designed 

for multi-hazard applications developed as part of the GEM initiative that considers various natural 

hazards (earthquakes, floods, strong winds, tsunamis, drought) as well as different assets (e.g., buildings, 

lifelines, critical facilities, crops, livestock, and forestry). 

RiskScape is a GIS-based software tool developed by the National Institute of Water and Atmospheric 

Research (NIWA) in New Zealand. It allows for the assessment of risks to natural and built environments 

from multiple hazards. RiskScape incorporates spatial analysis, exposure modelling, vulnerability 

 
42 www.strest-eu.org 

http://www.strest-eu.org/
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assessment, and loss estimation to evaluate the vulnerability and potential losses of CI systems. The 

framework provides insights into the vulnerability of CI systems, allowing for the prioritisation      of 

mitigation efforts and the development of resilience strategies. 

NIST Community Resilience Planning Guide for Buildings and Infrastructure Systems (CPG) is a 

framework developed by the National Institute of Standards and Technology (NIST) in the United States. 

It provides a structured approach for assessing the vulnerability of buildings and infrastructure systems 

to multiple hazards. 

The Critical Infrastructure Resilience Platform (CIRP) in the frame of the EU Research project EU-

CIRCLE43 (June 2015 – May 2018), aims to enhance the resilience of interconnected CI in Europe against 

climate-related challenges. The main objective of CIRP is to offer a web-based software accessible to 

multiple users, enabling the analysis of CI vulnerabilities and their impacts resulting from climate change. 

These impacts encompass not only physical damages but also service disruptions, societal costs, 

environmental effects, and economic costs due to suspended activities. 

IN-CORE (Interdependent Networked Community Resilience Modeling Environment) is a framework 

developed by the University of Southern California. It provides a suite of tools to assess the 

interdependencies among CI systems, simulate hazards, and estimate infrastructure vulnerability and 

cascading impacts. IN-CORE supports multi-hazard analysis, which involves considering the simultaneous 

or sequential occurrence of multiple hazards and their interactions. 

Koks et al. (2019) present a global multi-hazard risk assessment framework and associated tools for 

road and railway infrastructure assets. They considered several natural hazards, i.e., tropical cyclones 

(wind speed only), earthquakes, surface flooding, river flooding, and coastal flooding. The annual cost of 

repairing transport infrastructure globally and by country damaged by the different hazards are 

presented. The direct economic benefits of improving infrastructure standards against flooding are also 

assessed. 

INFRARES project (2020 - 2023)44 developed an innovative and user-friendly software for multi-hazard 

risk and resilience assessment of transportation infrastructure (bridges and tunnels), for an easy 

application by Stakeholders, Operators and Public Authorities. 

 

The above frameworks and tools to assess vulnerability and losses of CI in a multi-hazard environment, 

are just some of the available tools. Most of them have been developed at a research level and could be 

used in the future by the relevant bodies. It should be noted that despite the fact that a lot of relevant 

work has been done, there is still a lack of tools that can be easily used at European level considering also 

systemic effects and cascading failures.   

 
43 https://www.eu-circle.eu/ 
44 https://www.infrares.gr/about/ 

https://www.eu-circle.eu/
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6. Concluding remarks 

Within the framework of this deliverable, we conducted an extensive literature review on existing 

exposure and vulnerability data and models on different CI assets. We also reviewed the available 

frameworks and tools to assess vulnerability and losses of CI in a single and multi-hazard environment. 

The aim was to identify gaps in CI exposure and vulnerability data and models and create the basis for a 

pan-European harmonised exposure and vulnerability database (D1.4 and D1.5). In general, it has been 

concluded that although several efforts have been made to develop exposure datasets for the various CIs, 

a pan-European harmonised, accessible, and complete database of the different CI assets also containing 

the appropriate attributes to be used within a risk assessment study is not available. 

Regarding exposure data, it is found that some datasets, such as OSM, are based on Voluntary 

Geographic Information collected data. Thus, issues related to data accuracy, completeness, and quality 

are raised. Despite these limitations, OSM data seems to be the most complete and is directly usable for 

analysis of the transport network (road and rail networks). In contrast, OSM data seems insufficient for 

an analysis of the energy systems: for electrical power, natural gas and oil pipelines many attributes are 

insufficient or completely missing for their detailed use in a vulnerability or risk assessment study. This 

also holds true for the telecommunication system as well as for single critical assets such as schools and 

hospitals. The existing information gaps on exposure data make it difficult to assess in detail their 

vulnerability and losses both in a single- and multi-hazard environment. In general, the lack of 

standardised data collection methods and reporting frameworks seem to be the main information gap, as 

there are no globally agreed-upon standards for collecting and reporting exposure data. This makes it 

challenging to analyse and compare data across different locations, and it limits the ability to make risk 

data-driven decisions. Additionally, the limited availability of long-term exposure data constitutes another 

significant gap, as most existing exposure data are received during specific events or in response to specific 

concerns. Long-term exposure data are necessary to better understand the chronic effects of exposure to 

natural hazards and climate change. The above gaps pose significant challenges to understanding and 

mitigating the various risks. A collaborative effort is required from governments, industry, and research 

institutions to develop standardised data collection methods and reporting frameworks. We also note 

that not all data sources are comprehensive or up-to-date, and users should exercise caution when 

interpreting and using the data. 

Regarding vulnerability data and methods for the different natural hazards, although there is a 

substantial increase of the studies quantifying the vulnerability of CI assets the recent years, significant 

gaps on vulnerability data and models still exist depending on the considered network (electric power, 

gas, oil, road, port, etc.) or single asset as well as on the considered hazards. Regarding CI subjected to 

floods, it is observed that few vulnerability data are available depending on the network component. In 

addition, even if data are available, they may not be accessible due to strategic or safety reasons. As 
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regards for CI subjected to earthquakes, various seismic fragility curves have been developed for most of 

them but not for all. In addition, empirical models do not directly distinguish between different damage 

states while numerical ones may not be directly applicable to regional seismic risk assessments. Methods 

to model the vulnerability and quantify the resilience at the urban level are also lacking, even if there are 

many strategies in the available literature to improve the seismic performance and resilience of CI. In 

addition, seismic vulnerability models may focus on specific types of infrastructure or hazards and may 

not consider the full range of possible hazards (such as secondary hazards) and vulnerabilities. Generally, 

most vulnerability models focus on assessing the direct impacts of hazards on CI, such as infrastructure 

damage and disruptions to operations. However, there is a need for more comprehensive models that 

consider the cascading effects and interdependencies between different components within each system. 

There is currently a lack of standardised methodologies for assessing vulnerability of CI to natural 

hazards. The accuracy and availability of data also play a crucial role in vulnerability assessments. For most 

of the hazards, it is observed that although many CI component vulnerability quantifications are available 

in the literature, they are primarily empirical and single event driven. Moreover, a lack of comprehensive 

vulnerability assessment studies to climate-change related extreme weather hazards for specific CI 

network components is noted. As the intensity and frequency of climate-change related extreme weather 

hazards are expected to increase in the near future, it is deemed necessary to study and understand the 

vulnerability of all CI networks components, which is crucial for disaster risk management and long-term 

planning. A lack of multi-hazard fragility curves has also been identified in the literature, probably because 

testing the vulnerability of CI to different hazards is complex and resource intensive. However, not fully 

capturing the interaction between different hazards and their cumulative effects lead to gaps in assessing 

the overall vulnerability of CI. 

Finally, we summarise some of the most important frameworks and tools towards multi-hazard risk 

assessment and we conclude that there is an urgent need for the development of a common Pan-

European harmonised platform that has all the required features to assess CI multi-hazard risk under 

climate change considering also systemic and cascading effects. 

 

  



 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

65 

 

 

References 

 

Abdelhafez ΜΑ, Ellingwood Β, Mahmoud Η (2021). Vulnerability of seaports to hurricanes and sea level rise 

in a changing climate: A case study for mobile, AL, Coastal Engineering, Volume 167, 2021, 103884, ISSN 

0378-3839, https://doi.org/10.1016/j.coastaleng.2021.103884. 

Adafer S, Bensaibi M (2017). Seismic vulnerability classification of roads. Energy Procedia, 139: 624–630. 

Ahamed T, Duan JG, Jo H (2020). Flood-fragility analysis of instream bridges–consideration of flow hydraulics, 

geotechnical uncertainties, and variable scour depth. Struct Infrastruct Eng. 

https://doi.org/10.1080/15732479.2020.1815226. 

ALA - American Lifeline Alliance (2001). Seismic fragility formulations for water systems. ASCE, Washington, 

DC 

Alexander D (2000). Confronting catastrophe: new perspectives on natural disasters. Oxford University Press, 

New York, p. 282. 

Alfieri L, Feyen L, Dottori F, Bianchi A (2015). Ensemble flood risk assessment in Europe under high end climate 

scenarios. Global Environmental Change, 35, 199–212. 

Allen M, Fernandez S, Omitaomu O, Walker K (2014). Application of hybrid geo-spatially granular fragility 

curves to improve power outage predictions. Journal of Geography and Natural Disasters, 4(2). DOI: 

10.4172/2167-0587.1000127. 

Anagnos T (1999). Development of an electrical substation equipment performance database for evaluation 

of equipment fragilities. Final Report for Pacific Gas and Electric and the Pacific Earthquake Engineering 

Center. Retrieved from https://www.sjsu.edu/people/thalia.anagnos/docs/Anagnos_mainreport.pdf. 

Arboleda C.A, Abraham D.M, Richard J.P, Lubits R (2009). Vulnerability assessment of health care facilities 

during disaster events, Journal of Infrastructure Systems 15(3): 149. https://doi.org/10.1061/(ASCE)1076-

0342(2009)15:3(149.  

Argyroudis S, Fotopoulou S, Pitilakis K (2013). Semi-empirical assessment of road vulnerability to seismically 

induced slides, C. Margottini et al. (eds.), Landslide Science and Practice, Vol. 5, Springer-Verlag Berlin 

Heidelberg. 

Argyroudis S, Kaynia AM (2014). Fragility functions of highway and railway infrastructure. In: Pitilakis K, 

Crowley H, Kaynia AM (eds) SYNER-G: Typology definition and fragility functions for physical elements at 

seismic risk. Geotechnical, Geological and Earthquake Engineering, 27, Springer Netherlands, pp 299-326. 

Argyroudis S, Kaynia AM (2015). Analytical seismic fragility functions for highway and railway embankments 

and cuts. Earthq. Eng. Struct. Dyn., 44: 1863–1879. 

Argyroudis S, Kaynia AM, Pitilakis K (2013). Development of fragility functions for geotechnical constructions: 

application to cantilever retaining walls. Soil Dynamics and Earthquake Engineering, 50:106-116. 

Argyroudis S, Mitoulis S (2021). Vulnerability of bridges to individual and multiple hazards- floods and 

earthquakes. Reliability Engineering and System Safety, 210: 107564. 

https://doi.org/10.1016/j.coastaleng.2021.103884
https://www.sjsu.edu/people/thalia.anagnos/docs/Anagnos_mainreport.pdf
https://doi.org/10.1061/(ASCE)1076-0342(2009)15:3(149
https://doi.org/10.1061/(ASCE)1076-0342(2009)15:3(149


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

66 

 

 

Argyroudis S, Mitoulis S, Winter M, Kaynia A (2018). Fragility of critical transportation infrastructure systems 

subjected to geo-hazards. 16th European Conference on Earthquake Engineering, 18-21 June, Thessaloniki. 

Argyroudis S, Mitoulis S, Winter M, Kaynia A (2019). Fragility of transport assets exposed to multiple hazards: 

State-of-the-art review toward infrastructural resilience, Reliability Engineering and System Safety, 191: 

106567. 

Arrighi C, Mazzanti B, Pistone F (2020). Empirical flash flood vulnerability functions for residential buildings. SN 

Appl. Sci. 2, 904, https://doi.org/10.1007/s42452-020-2696-1.  

Ashrafi H, Vasseghi A, Hosseini M, Bazli M (2019). Development of fragility functions for natural gas 

transmission pipelines at anchor block interface. Engineering Structures, 186:216–26.  

Augutis J, Jokˇsas B, Krikˇstolaitis R, Urbonas R (2016). The assessment technology of energy critical 

infrastructure. Appl Energy, 162:1494–504. https://doi.org/10.1016/j.apenergy.2015.02.079. 

Bagchi A, Sprintson A, Singh C (2013). Modeling the impact of fire spread on an electrical distribution network. 

Electric Power Systems Research, 100:15-24. 

Baghmisheh AG, Estekanchi HE (2019). Effects of rigid bus conductors on seismic fragility of electrical 

substation equipment. Soil Dyn Earthq Eng, 125(May), 105733, 

https://doi.org/10.1016/j.soildyn.2019.105733. 

Bakalis K, Vamvatsikos D,  Fragiadakis M (2017). Seismic risk assessment of liquid storage tanks via a nonlinear 

surrogate model. Earthq Eng Struct. Dyn, 46:2851– 2868. https://doi.org/10.1002/eqe.2939. 

Balbi A, Repetto MP, Kammouh O, Cimellaro GP (2018). Resilience framework for seaport infrastructure: 

theory and application. In: Maintenance, Safety, Risk, Management and Life-Cycle Performance of 

Bridges. Proceedings of the 9th International Conference on Bridge Maintenance. Safety and Management, 

IABMAS, 2018.    

Balijepalli C, Oppong O (2014). Measuring Vulnerability of Road Network Considering the Extent of 

Serviceability of Critical Road Links in Urban Areas. Journal of Transportation Geography, 39: 145–55. 

doi:10.1016/j.jtrangeo.2014.06.025. http://eprints.whiterose.ac.uk/82511/1/Analysis of Vulnerability of 

Road Network_v2c_whiterose version.pdf. 

Barrington-Leigh C, Millard-Ball A (2017). The world's user-generated road map is more than 80% complete. 

PLoS ONE, 12(8): e0180698. https://doi.org/10.1371/journal.pone.0180698 

Becker A, Inoue S, Fischer M, Schwegler B (2012). Climate change impacts on international seaports: 

knowledge, perceptions, and planning efforts among port administrators. Climatic Change. 

https://doi.org/10.1007/s10584-011-0043-7.   

Bell R, Glade T (2004). Quantitative risk analysis for landslides—examples from Bı´ldudalur, NW-Iceland. Nat 

Hazard Earth Syst Sci 4(1):117–131. 

Benedetto A, Chiavari A (2010). Flood Risk: A New Approach for Roads Vulnerability Assessment. WSEAS 

Transactions on Environment and Development, 6. http://www.wseas.us/e-

library/transactions/environment/2010/89-839.pdf 

Bennet J (2010). OpenStreetMap: Be Your Own Cartographer. Pakt Publishing. 

https://doi.org/10.1007/s42452-020-2696-1
https://doi.org/10.1016/j.apenergy.2015.02.079
https://doi.org/10.1016/j.soildyn.2019.105733
https://doi.org/10.1002/eqe.2939
https://doi.org/10.1371/journal.pone.0180698
https://doi.org/10.1007/s10584-011-0043-7
http://www.wseas.us/e-library/transactions/environment/2010/89-839.pdf
http://www.wseas.us/e-library/transactions/environment/2010/89-839.pdf


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

67 

 

 

Bennett JA, Trevisan CN, DeCarolis JF, Ortiz-García C, Pérez-Lugo M, Etienne BT, Clarens AF (2021). Extending 

energy system modelling to include extreme weather risks and application to hurricane events in Puerto 

Rico. Nature Energy, 6: 240-249. https://doi.org/10.1038/s41560-020-00758-6. 

Bil M, Sedonik J, Kubecek J, Vodak R, Bilova M (2014). Road Network Segments at Risk: Vulnerability Analysis 

and Natural Hazards Assessment. 1–18. http://www.population-

protection.eu/prilohy/casopis/eng/20/87.pdf 

Bilionis D, Vamvatsikos D (2019). Wind performance assessment of telecommunication towers: A case study 

in Greece. 7th ECCOMAS Thematic Conference on Computational Methods in Structural Dynamics and 

Earthquake Engineering (COMPDYN 2019), 24–26 June, Crete, Greece 

Billah AHMM, Alam MS (2015). Seismic fragility assessment of highway bridges: a state-of-the-art review. 

Structure and Infrastructure Engineering, 11(6):804-832. 

Bles T, Ennesser Y, Fadeuilhe J-J, Falemo S, Lind B, Mens M, Ray M, Sandersen F (2010). Risk Management for 

Roads in a Changing Climate: A Guidebook to the RIMAROCC Method. 

Bollinger LA, Dijkema GP (2016). Evaluating infrastructure resilience to extreme weather-the case of the dutch 

electricity transmission network. European Journal of Transport & Infrastructure Research, 16(1). 

https://doi.org/10.18757/ejtir.2016.16.1.3122. 

Borzi B, Faravelli M, Di Meo A (2020). Application of the SP-BELA methodology to RC residential buildings in 

Italy to produce seismic risk maps for the national risk assessment. Bulletin of Earthquake Engi-neering. 

https:// doi. org/ 10. 1007/ s10518- 020- 00953-6. 

Borzi B, Pinho R, Crowley H (2008b). Simplified pushover-based vulnerability analysis for large-scale 

assessment of RC buildings. Eng Struct 30:804–820. https://doi.org/10.1016/j.engstruct.2007.05.021.  

Bubeck P, Dillenardt L, Alfieri L, Feyen L, Thieken A, Kellermann P (2019). Global warming to increase flood 

risk on European railways, CLIMATIC CHANGE, ISSN 0165-0009, 155 (1): 19-36, JRC111087. 

Buritica JAM (2013). Seismic vulnerability assessment of power transmission networks. A system thinking 

approach. Master Thesis. The University of British Columbia. 

Byers L, Friedrich J, Hennig R, Kressig A, Li X, McCormick C, Malaguzzi Valeri L (2021). A Global Database of 

Power Plants. Washington, DC: World Resources Institute. Available online at 

https://files.wri.org/d8/s3fs-public/2021-07/global-power-plant-database-technical-note-v1.3.pdf. 

Cao X, Lam JSL (2018). Simulation-based catastrophe-induced port loss estimation. Reliab. Eng. Syst. Saf. 

https://doi.org/10.1016/j.ress.2018.02.008.   

Cardoni A, Borlera S. L, Malandrino F, CimellaroG. P(2022). Seismic vulnerability and resilience assessment of 

urban telecommunication networks. Sustainable Cities and Society, 77, Article 103540. 

https://doi.org/10.1016/j. scs.2021.103540.  

Chester M.V, Underwood B.S, Samaras C (2020). Keeping infrastructure reliable under climate uncertainty. 

Nature Climate Change 10 (6), 488–490, https://doi.org/10.1038/s41558-020-0741-0.  

Chhetri P, Corcoran J, Gekara V, Maddox C, McEvoy D (2015). Seaport resilience to climate change: mapping 

vulnerability to sea-level rise. J. Spat. Sci. https://doi.org/10.1080/14498596.2014.943311.  

https://doi.org/10.1038/s41560-020-00758-6
http://www.population-protection.eu/prilohy/casopis/eng/20/87.pdf
http://www.population-protection.eu/prilohy/casopis/eng/20/87.pdf
https://doi.org/10.1016/j.engstruct.2007.05.021
https://files.wri.org/d8/s3fs-public/2021-07/global-power-plant-database-technical-note-v1.3.pdf
https://doi.org/10.1016/j.ress.2018.02.008
https://doi.org/10.1038/s41558-020-0741-0
https://doi.org/10.1080/14498596.2014.943311


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

68 

 

 

Chiou JS, Chiang CH, Yang HH, Hsu SY (2011). Developing fragility curves for a pile-supported wharf. Soil 

Dynamics and Earthq Engng 31: 830–840.  

Ciscar J.C, Iglesias A, Feyen L, Szab´o L, Van Regemorter D, Amelung B, Nicholls R, Watkiss P, Christensen O. B, 

Dankers R, Garrote L, Goodess C. M, Hunt A, Moreno A, Richards J, Soria A (2011). Physical and economic 

consequences of climate change in Europe, Proc. Nat. Aca. Sci. USA, 108, 2678–2683. 

Conca D, Bozzoni F, Carlo GL. Interdependencies in Seismic Risk Assessment of Seaport Systems: Case Study 

at Largest Commercial Port in Italy. ASCE-ASME J. Risk Uncertain. Eng. Syst. Part A Civ. Eng. 2020, 6, 

4020006.   

Corominas J, Van Westen C, Frattini P, Cascini L, Malet J-P, Fotopoulou S, Catani F, Van Den Eeckhaut M, 

Mavrouli O, Agliardi F, Pitilakis K, Winter MG, Pastor M, Ferlisi S, Tofani V, Hervás J, Smith JT (2014). 

Recommendations for the quantitative assessment of landslide risk. Bulletin of Engineering Geology and 

the Environment 73(2): 209-263. 

Council Directive (2008). 114/EC on the identification and designation of European critical infrastructures and 

the assessment of the need to improve their protection. Off J Eur Union 23:2008 

Cruz AM, Krausmann E (2013). Vulnerability of the oil and gas sector to climate change and extreme weather 

events. Climatic Change, 121:41–53. DOI 10.1007/s10584-013-0891-4. 

Csanyi E (2021). The most common failure modes of electrical equipment in distribution systems. Electrical 

Engineering Portal. https://electrical-engineering-portal.com/failure-modes-electrical-equipment-

distribution-systems. 

Dabanli I (2018). Drought risk assessment by using drought hazard andvulnerability indexes. Natural Hazards 

and Earth System SciencesDiscussions, https://doi.org/10.5194/nhess-2018-129.   

Davies T (2022). Reducing landslide disaster impacts. In book: Landslide hazards, risks, and disasters, 

https://doi.org/10.1016/B978-0-12-396452-6.00001-X. 

Depina I, Divic V, Munjiza A, Pero B (2021). Perfomance-based wind engineering assessment of critical 

telecommunication infrastructure subjected to bora wind. Engineering Structures, 236(4):112083, 

https://doi.org/10.1016/j.engstruct.2021.112083.  

Deutsche Energy-Agentur (dena) (2012). Ausbau- und Innovationsbedarf der Stromverteilnetze in 

Deutschland bis 2030, Tech. rep. dena. 

Di Ludovico M, Cattari S, Verderame G. et al. (2023). Fragility curves of Italian school buildings: derivation from 

L’Aquila 2009 earthquake damage via observational and heuristic approaches. Bull Earthquake Eng 21, 

397–432 (2023). https://doi.org/10.1007/s10518-022-01535-4.  

Djemai M, Bensaibi M, Zellat K (2019). Seismic Vulnerability Assessment of Bridges Using Analytical Hierarchy 

Process; IOP Conference Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2019, p. 

012106. 

Dolce M, Prota A, Borzi B, da Porto F, Lagomarsino S, Magenes G et al (2021). Seismic risk assessment of 

residential buildings in Italy. Bulletin of Earthquake Engineering 19(8):2999–3032, 

https://doi.org/10.1007/s10518-020-01009-5.  

https://electrical-engineering-portal.com/failure-modes-electrical-equipment-distribution-systems
https://electrical-engineering-portal.com/failure-modes-electrical-equipment-distribution-systems
https://doi.org/10.5194/nhess-2018-129
https://doi.org/10.1016/B978-0-12-396452-6.00001-X
https://doi.org/10.1016/j.engstruct.2021.112083
https://doi.org/10.1007/s10518-022-01535-4
https://doi.org/10.1007/s10518-020-01009-5


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

69 

 

 

Duenas-Osorio L, Craig JI, Goodno BJ (2007). Seismic response of critical interdependent networks. Earthquake 

Engineering and Structural Dynamics, 36:285–306. DOI: 10.1002/eqe.626. 

Dumas M, KC B, Cunliff CI (2019). Extreme weather and climate vulnerabilities of the electric grid: a summary 

of environmental sensitivity quantification method. United states. Oak Ridge National Laboratory. 

Dunn S, Wilkinson S, Alderson D, Fowler H, Galasso C (2018). Fragility Curves for Assessing the Resilience of 

Electricity Networks Constructed from an Extensive Fault Database. Natural Hazards Review, 

19(1):04017019. 

Eidinger JM (2020). Seismic fragility of natural gas transmission pipelines and wells. Olympic Valley, CA: G&E 

Engineering Systems Inc. 

El Garroussi S, Di Giuseppe F, Barnard C, Wetterhall F (2024). Europe faces up to tenfold increase in extreme 

fires in a warming climate. npj Clim Atmos Sci 7, 30. https://doi.org/10.1038/s41612-024-00575-8. 

Eleuterio J, Hattemer C, Rozan A (2013). A systemic method for evaluating the potential impacts of floods on 

network infrastructures. Natural Hazards and Earth System Sciences, 13:983–998. doi:10.5194/nhess-13-

983-2013. 

El‐Maissi AM, Argyroudis SA, Nazri FM (2021). Seismic Vulnerability Assessment Methodologies for Roadway 

Assets and Networks: A State‐of the‐Art Review. Sustainability, 13: 61. 

https://doi.org/10.3390/su13010061 

Elnashai AS, Borzi B, Vlachos S (2004). Deformation‐based vulnerability functions for RC bridges. Struct. Eng. 

Mech. 17: 215–244. 

EPRI - Electric Power Research Institute (2011). Water Use for Electricity Generation and Other Sectors: Recent 

Changes (1985-2005) and Future Projections (2005-2030). Final Report, 1023676, Palo Alto, CA, USA. 

Espinet X, Rozenberg J, Rao KS, Ogita S (2018). Piloting the Use of Network Analysis and Decision-Making 

Under Uncertainty in Transport Operations: Preparation and Appraisal of a Rural Roads Project in 

Mozambique Under Changing Flood Risk and Other Deep Uncertainties (June 21, 2018). World Bank Policy 

Research Working Paper No. 8490. 

Espinoza S, Panteli M, Mancarella P, Rudnick H (2016). Multi-phase assessment and adaptation of power 

systems resilience to natural hazards. Electric Power Systems Research, 136:352-361. 

https://doi.org/10.1016/j.epsr.2016.03.019. 

European Commission (2007). Directive 2007/60/EC of the European Parliament and of the Council of 23 

October 2007 on the assessment and management of flood risks. Official Journal of the European Union. 

http://eur-lex.europa.eu/legal-content/EN/TXT/?uri= CELEX:32007L0060.   

Fan H, Zipf A, Qing F, Neis P (2014). Quality assessment for building footprints data on OpenStreetMap. 

International Journal of Geographical Information Science, 28(4):700-719. 

Federal Emergency Management Agency (FEMA) (2022). Hurricane Model Technical Manual, Hazus 5.1, 

Federal Emergency Management Agency, Washington, D.C. 

Federal Emergency Management Agency (FEMA) (2024a). Hazus Flood Model Technical Manual, Hazus 6.1 

Federal Emergency Management Agency (FEMA) (2024b). Hazus Earthquake Model Technical Manual, Hazus 

6.1, Federal Emergency Management Agency, Washington, D.C. 

https://doi.org/10.1038/s41612-024-00575-8
https://doi.org/10.3390/su13010061
https://doi.org/10.1016/j.epsr.2016.03.019


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

70 

 

 

Federal Emergency Management Agency, Washington, D.C. 

Fedeski M, Qwilliam J (2007). Urban sustainability in the presence of flood and geological hazards: The 

development of a GIS-based vulnerability and risk assessment methodology. Landscape and Urban 

Planning 83, 50–61, https://doi.org/10.1016/j.landurbplan.2007.05.012.  

Fekete A (2019). Critical infrastructure and flood resilience: cascading effects beyond water. Wiley Interdiscip. 

Rev.: Water 6:1–13. https://doi.org/10.1002/wat2.1370. 

FEMA - Federal Emergency Management Agency (2009). Multi-Hazard Loss Estimation Methodology, Flood 

Model: Hazus-MH MR4. Technical Manual. 2009th ed.; Department of Homeland Security Federal 

Emergency Management Agency Mitigation Division Washington, D.C. 

Ferris G, Newton S, Porter M (2016). Vulnerability of buried pipelines to landslides. Proceedings of the 11th 

International Pipeline Conference September 29 – October 3, Calgary, Alberta, Canada. 

Feyen L, Dankers R, B´odis K, Salamon P, Barredo J.I (2011). Fluvial flood risk in Europe in present and future 

climates. Climatic Change, 112, 47–62, https://doi.org/doi:10.1007/s10584-011-0339-7.  

Flint MM, Fringer O, Billington SL, Freyberg D, Diffenbaugh NS (2017). Historical analysis of hydraulic bridge 

collapses in the continental United States. Journal of infrastructure systems, 23(3), 04017005. 

Forzieri G, Bianchi A, Silva F.B.e, Herrera M, M.A., Leblois A, Lavalle C, Aerts J.C.J.H, Feyen L (2018). Escalating 

impacts of climate extremes on critical infrastructures in Europe. Global Environ. Change 48, 97–107. 

Forzieri G, Feyen L, Russo S, Vousdoukas M, Alfieri L, Outten S, Migliavacca M, Bianchi A, Rojas R, Cid A (2016). 

Multi-hazard assessment in Europe under climate change. Climate Change 137 (1-2), 105–119. 

Fotopoulou S, Karafagka S, Karatzetzou A, Pitilakis K (2022). System-Wide Seismic Risk Assessment of Port 

Facilities. Application to the Port of Thessaloniki, Greece. Sustainability 2022, 14, 1424. 

https://doi.org/10.3390/su14031424. 

Fotopoulou S, Pitilakis K (2013). Vulnerability assessment of reinforced concrete buildings subjected to 

seismically triggered slow-moving earth slides. Landslides, 10:563–582, 

https://doi.org/doi:10.1007/s10346-012-0345-5.  

Francini M, Gaudio S, Palermo A, Viapiana MF (2020). A performance‐based approach for innovative 

emergency planning. Sustain. Cities Soc., 53: 101906. 

Fu G, Wilkinson S, Dawson RJ, Fowler HJ, Kilsby C, Panteli M (2017). Integrated Approach to Assess the 

Resilience of Future Electricity Infrastructure Networks to Climate Hazards. IEEE Systems Journal, doi: 

10.1109/JSYST.2017.2700791. 

Fu W, McCalley JD, Vittal V (2001). Risk assessment for transformer loading. IEEE Transactions on Power 

Systems, 16(3): 346–353. 

Gao S, Wang S (2017). Progressive Collapse Analysis of Latticed Telecommunication Towers under Wind Loads. 

Research article, Advances in Civil Engineering, Article ID 3293506, 

https://doi.org/10.1155/2018/3293506.   

Gazzea M, Karaer A, Ghorbanzadeh M, Ozguven EE, Arghandeh R (2023). Roadway Vulnerability Assessment 

against Hurricanes Using Satellite Images. Transportation Research Record, 2677(3): 1453–1464. 

https://doi.org/10.1177/03611981221124593 

https://doi.org/10.1016/j.landurbplan.2007.05.012
https://doi.org/doi:10.1007/s10584-011-0339-7
https://doi.org/doi:10.1007/s10346-012-0345-5
https://doi.org/10.1155/2018/3293506
https://doi.org/10.1177/03611981221124593


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

71 

 

 

Gehl P, D'Ayala D (2016). Development of Bayesian networks for the multi-hazard fragility assessment of 

bridge systems. Struct Saf., 60:37–46. 

Ghorani Ρ, Fattaheian-Dehkordi S, Farrokhi Μ, Fotuhi-Firuzabad Μ, Lehtonen Μ (2021). Modeling and 

Quantification of Power System Resilience to Natural Hazards: A Case of Landslide. IEEE Access, 9:80300-

80309, doi: 10.1109/ACCESS.2021.3084368. 

Ghosh J, Padgett JE (2010). Aging consideration in the development of time-dependent seismic fragility curve. 

ASCE Journal of Structural Engineering, 136:1497-1511. 

Gidaris I, Padgett JE, Barbosa AR, Chen S, Cox D, Webb B, Cerato A (2017). Multiple-hazard fragility and 

restoration models of highway bridges for regional risk and resilience assessment in the United States: 

state-of-the-art review. Journal of Structural Engineering, 143(3). 

Gil EM, McCalley JD (2011). A U.S. energy system model for disruption analysis: Evaluating the effects of 2005 

hurricanes. IEEE Transactions on Power Systems, 26(3):1040–1049. 

Gill, A. J. C., Duncan, M., Ciurean, R., Smale, L., Stuparu, D., Schlumberger, J., de Ruiter, M., Tiggeloven, T., 

Gottardo, S., Mysiak, J., Harris, R., Petrescu, E.-C., Cipollone, F. B., Torres, C. C., Antolin, I. P., Ferrario, D., 

Tatman, S., Tijssen, A., Adesiyun, A., … Ward, P. (2022). D1.2/Handbook of Multi-Hazard, Multi-Risk 

Definitions and Concepts. H2020 MYRIAD-EU Project, grant agreement number 101003276, pp 75. 

https://www.myriadproject.eu/wpcontent/uploads/2022/11/D1_2_Handbook.pdf  

Giordano N, De Luca F, Sextos A (2021b). Analytical fragility curves for masonry school building portfolios in 

Nepal, Bull Earthq Eng, 19:1121–1150, https://doi.org/10.1007/s10518-020-00989-8.  

Giordano N, De Luca F, Sextos A et al (2021a). Empirical seismic fragility models for Nepalese school buildings,  

Nat Hazards 105:339–362, https://doi.org/10.1007/s11069-020-04312-1.  

Gissin A, Blong R (2004). Accounting for Variability in Commercial Flood Damage Estimation, Australian 

Geographer, vol. 35, no. 2, 209-222, https://doi.org/10.1080/0004918042000249511.  

Graser A, Straub M, Dragaschnig M (2014). Towards an Open-Source Analysis Toolbox for Street Network 

Comparison: Indicators, Tools and Results of a Comparison of OSM and the Official Austrian Reference 

Graph. Transactions in GIS, 18(4):510-526. https://doi.org/10.1111/tgis.12061 

Green CH, Viavattene C, Thompson P (2011). Guidance for assessing flood losses: CONHAZ report, Flood 

Hazard Research Centre – Middlesex University, Middlesex, WP6 Report. 

Guo Y, Chen R, Shi J, Wan J, Yi H, Zhong J (2018). Determination of the power transmission line ageing failure 

probability due to the impact of forest fire. IET Generation, Transmission and Distribution, 12(16):3812-

3819. DOI:10.1049/iet-gtd.2018.0039. 

Hagenlocher M, Meza I, Anderson C, Min A, Renaud FG, Walz Y, Siebert S,  Sebesvari Z (2019). Drought 

vulnerability and risk assessments: state of the art, persistent gaps, and research agenda. Environ. Res. 

Lett., 14: 083002. 

Haklay M (2010). How good is OpenStreetMap information? A comparative study of OpenStreetMap and 

ordinance survey datasets for London and the rest of England. Environment and Planning B: Urban 

Analytics and City Science, 37(4):682–703. 

https://www.myriadproject.eu/wpcontent/uploads/2022/11/D1_2_Handbook.pdf
https://doi.org/10.1007/s10518-020-00989-8
https://doi.org/10.1007/s11069-020-04312-1
https://doi.org/10.1080/0004918042000249511
https://doi.org/10.1111/tgis.12061


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

72 

 

 

Hall JW, Thacker S, Ives MC, et al. (2016). Strategic analysis of the future of national infrastructure. 

Proceedings of the Institution of Civil Engineers - Civil Engineering, 170:39–47. 

https://doi.org/10.1680/jcien.16.00018, 2016. 

Hallegatte S, Rentschler J, Rozenberg J (2019). Lifelines: the resilient infrastructure opportunity. World Bank 

Publications https://doi.org/10.1007/s10518-023-01693-z. 

Handayani K, Filatova T, Krozer Y (2019). The Vulnerability of the Power Sector to Climate Variability and 

Change: Evidence from Indonesia. Energies, 12(19):3640. https://doi.org/10.3390/en12193640. 

Hassan EM, Mahmoud H (2020). An integrated socio-technical approach for post-earthquake recovery of 

interdependent healthcare system. Reliability Engineering and System Safety, 201, 

https://doi.org/10.1016/j.ress.2020.106953. 

Hassan SA, Amlan HA, Alias NE, Aida Ab-Kadir M, Abdul Sukor NS (2022). Vulnerability of road transportation 

networks under natural hazards: A bibliometric analysis and review. International Journal of Disaster Risk 

Reduction. https://doi.org/10.1016/j.ijdrr.2022.103393. 

Hayes MJ (2012). Drought indices, National Drought Mitigation Center. With modifications by Dev Niyogi and 

Umarporn Charusambot, Indiana State Climate Office, Purdue University. 

Herfort B, Lautenbach S, Porto de Albuquerque J, Anderson J, Zipf A (2023). A spatio-temporal analysis 

investigating completeness and inequalities of global urban building data in OpenStreetMap. Nature 

Communications 14, 3985. https://doi.org/10.1038/s41467-023-39698-6. 

Hirabayashi Y, Mahendran R, Koirala S, Konoshima L, Yamazaki D, Watanabe S, Kim H, Kanae S (2013). Global 

flood risk under climate change. Nat Clim Chang 3:816–821. 

Hörsch J, Hofmann F, Schlachtberger D, Brown T (2018). The PyPSA-Eur: An Open Optimisation Model of the 

European Transmission System. Energy Strategy Reviews, 22:207-215, 

https://doi.org/10.1016/j.esr.2018.08.012. 

Huizinga HJ (2007). Flood damage functions for EU member states, HKV Consultants, Lelystad, the 

Netherlands. 

Huizinga J, de Moel H, Szewczyk W (2017). Global flood depth damage functions. Methodology and database 

with guidelines Publications Office of the European Union, Luxembourg, Luxembourg, 

https://doi.org/10.2760/16510, 110 pp. 

Hung C, Yau W (2017). Vulnerability evaluation of scoured bridges under floods. Eng Struct, 132:288–99. 

Hwang HHM, Chou T (1998). Evaluation of seismic performance of an electric substation using event tree/fault 

tree technique. Probabilistic Engineering Mechanics, 13(2):117-124. 

Hwang HHM, Huo J-R (1998). Seismic fragility analysis of electric substation equipment and structures. 

Probabilistic Engineering Mechanics, 13(2):107-116. 

Ichii K (2003). Application of performance-based seismic design concept for caisson-type quay walls. Ph.D. 

dissertation, Kyoto University. 

Ichii K (2004). Fragility curves for gravity-type quay walls based on effective stress analyses. In 13th WCEE, 

Vancouver, BC. 

https://doi.org/10.1007/s10518-023-01693-z
https://doi.org/10.3390/en12193640
https://doi.org/10.1016/j.ress.2020.106953
https://doi.org/10.1016/j.ijdrr.2022.103393
https://doi.org/10.1038/s41467-023-39698-6
https://doi.org/10.1016/j.esr.2018.08.012


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

73 

 

 

IPCC (2007). Appendix I - Glossary. In IPCC (2007) AR4 Climate Change 2007: Impacts, Adaptation, and 

Vulnerability. Available at: https://www.ipcc.ch/site/assets/uploads/2018/03/ar4_wg2_full_report.pdf. 

IPCC (2014). Annex II: Glossary [Mach, K.J., S. Planton and C. von Stechow (eds.)]. In: Climate Change 2014: 

Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of the 

Intergovernmental Panel on Climate Change [Core Writing Team, R.K. Pachauri and L.A. Meyer (eds.)]. 

IPCC, Geneva, Switzerland, pp. 117-130. Available at: 

https://www.ipcc.ch/site/assets/uploads/2018/02/WGIIAR5-AnnexII_FINAL.pdf. 

Isoyama R, Ishida E, Yune K, Shirozu T (2000). Seismic damage estimation procedure for water supply pipelines. 

Proceedings of the 12th World Conference on Earthquake Engineering. Paper n°1762. 

Izaguirre C, Losada IJ, Camus P, Vigh JL, Stenek V (2020). Climate change risk to global port operations. Nat. 

Clim. Change. https://doi.org/10.1038/s41558-020-00937-z. 

Jahangiri V, Shakib H (2018). Seismic risk assessment of buried steel gas pipelines under seismic wave 

propagation based on fragility analysis. Bulletin of Earthquake Engineering, 16(3):1571–1605. 

Jimenez D, Medina A (2023). Resilience of a telecommunications network subjected to correlated 

geographical failures. RT&A, No 2 (73), https://doi.org/10.24412/1932-2321-2023-273-315-326. 

Jongman B, Hochrainer-Stigler S, Feyen L, Aerts JCJH, Mechler R, Botzen WJW, Bouwer LM, Pflug G, Rojas 

R,Ward PJ (2014) Increasing stress on disaster-risk finance due to large floods. Nat Clim Chang 4:264–268. 

Jongman B, Kreibich H, Apel H, Barredo JI, Bates PD, Feyen L, Gericke A, Neal J, Aerts J C J H, Ward PJ (2012). 

Comparative flood damage model assessment: towards a European approach, Nat. Hazards Earth Syst. 

Sci., 12: 3733– 3752, doi:10.5194/nhess-12-3733-2012. 

Kabre W, Weimar MR (2022). Fragility Functions Resource Report. Documented Sources for Electricity and 

Water Resilience Valuation. Pacific Northwest National Laboratory Richland, Washington 99354. 

Kakderi K, Pitilakis K (2010). Seismic analysis and fragility curves of gravity waterfront structures. In Fifth 

international conference on recent advances in geotechnical earthquake engineering and soil dynamics 

and symposium in Honour of Prof. I. M. Idriss, Paper 6.04a.   

Kanellopoulos K, De Felice M, Hidalgo Gonzalez I, Bocin Dumitriu A, Uihlein A (2019). The Joint Research Centre 

Power Plant Database (JRC-PPDB), EUR 29806 EN, Publications Office of the European Union, Luxembourg, 

ISBN 978-92-76-08849-3 (online), doi:10.2760/5281 (online), JRC117303. 

Karafagka S, Fotopoulou S, Karatzetzou A, Kroupi G, Pitilakis K (2022). Seismic performance and vulnerability 

of gravity quay wall in sites susceptible to liquefaction. Acta Geotech.(2022). 

https://doi.org/10.1007/s11440-022-01738-8J.20. 

Karaferis N, Kazantzi A, Melissianos V, Bakalis K, Vamvatsikos D (2022). Seismic fragility assessment of high-

rise stacks in oil refineries. Bull. Earthq. Eng., 20:1–24. https://doi.org/10.1007/s10518-022-01472-2. 

Karagiannis GM, Cardarilli M, Turksezer ZI, Spinoni J, Mentaschi L, Feyen L, Krausmann E (2019). Climate 

Change and Critical Infrastructure – Storms. Publications Office of the European Union, Luxembourg, ISBN 

9789279964039. 

Karagiannis GM, Turksezer ZI, Alfieri L, Feyen L, Krausmann E (2017). Climate change and critical infrastructure 

– floods. Publications Office of the European Union, Luxembourg, ISBN: 978-92-79-75445-6. 

https://www.ipcc.ch/site/assets/uploads/2018/03/ar4_wg2_full_report.pdf
https://www.ipcc.ch/site/assets/uploads/2018/02/WGIIAR5-AnnexII_FINAL.pdf
https://doi.org/10.1038/s41558-020-00937-z
https://doi.org/10.24412/1932-2321-2023-273-315-326
https://doi.org/10.1007/s10518-022-01472-2


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

74 

 

 

Karapetrou S, Manakou M, Bindi D, Petrovic B, Pitilakis K (2016). ‘‘Time-building specific’’ seismic vulner-ability 

assessment of a hospital RC building using field monitoring data. Engineering Structures, 112:114–132, 

https://doi.org/10.1016/j.engstruct.2016.01.009. 

Kellermann P, Schöbel A, Kundela G, Thieken AH (2015). Estimating flood damage to railway infrastructure – 

the case study of the March River flood in 2006 at the Austrian Northern Railway, Nat. Hazards Earth Syst. 

Sci., 15: 2485–2496, https://doi.org/10.5194/nhess-15-2485-2015. 

Kim H, Sim SH, Lee J, Lee YJ, Kim JM (2017). Flood fragility analysis for bridges with multiple failure modes. 

Adv Mech Eng., 9(3). https://doi.org/10.1177/1687814017696415. 

Kim JS, Jung JP, Moon JH, Lee TH, Kim JH, Han TS (2019). Seismic Fragility Analysis of Base-Isolated LNG Storage 

Tank for Selecting Optimum Friction Material of Friction Pendulum System. Journal of Earthquake and 

Tsunami, 13(2):1–28. https://doi.org/10.1142/S1793431119500106. 

Klijn F, Baan PJA, De Bruijn KM, Kwadijk J (2007). Overstromingsrisico’s in Nederland in een veranderend 

klimaat, WL delft hydraulics, Delft, Netherlands, Q4290. 

Klinger C, Mehianpour M, Klingbeil D, Bettge D, Hacker R, Baer W (2011), Failure analysis on collapsed towers 

of overhead electrical lines in the region Münsterland (Germany) 2005. Engineering Failure Analysis, 18, 

1873-1883, https://doi.org/10.1016/j.engfailanal.2011.07.004.  

Kok M, Huizinga H. J, Vrouwenvelder A. C. W. M., Barendregt A. Standaardmethod 2004 – Schade en 

Slachtoffers als gevolg van overstromingen, RWS Dienst Weg-en Waterbouwkunde, DWW-2005-005. 

Koks E, Pant R, Thacker S, Hall JW (2019). Understanding Business Disruption and Economic Losses Due to 

Electricity Failures and Flooding. International Journal of Disaster Risk Science, 10:421–438. 

Koks EE, Rozenberg J, Zorn C, Tariverdi M, Vousdoukas M, Fraser S, Hall J, Hallegatte S (2019). A global multi-

hazard risk analysis of road and railway infrastructure assets. Nature Communications, 10: Article 2677. 

Koks EE, van Ginkel KCH, van Marle MJE, Lemnitzer A (2022). Brief communication: Critical infrastructure 

impacts of the 2021 mid-July western European flood event. Nat. Hazards Earth Syst. Sci. 22, 3831–3838. 

Kosbab BD (2010). Seismic performance evaluation of port container cranes allowed to uplift. PhD thesis, 

School of Civil and Environmental Engineering, Georgia Institute of Technology.   

Kundzewicz ZW (2014). Adapting flood preparedness tools to changing flood risk conditions: the situation in 

Poland. Oceanologia 56(2):385–407, https://doi.org/10.5697/oc.56-2.385.  

Kwon OS, Elnashai AS (2010). Fragility analysis of a highway over-crossing bridge with consideration of soil-

structure interactions. Structure and Infrastructure Engineering, 6: 159–178. 

Lamb R, Garside P, Pant R, Hall J (2019). A Probabilistic Model of the Economic Risk to Britain’sRailway Network 

from Bridge Scour During Floods. Risk Analysis, 39(11): 2457-2478. https://doi.org/10.1111/risa.13370 

Lang DH, Verbicaro MI, Singh Y (2009). Seismic vulnerability assessment of hospitals and schools based on 

questionnaire survey.  

Lanzano G, Salzano E, de Magistris FS, Fabbrocino G (2013). Seismic vulnerability of natural gas pipelines. 

Reliability Engineering & System Safety, 117:73–80. 

https://doi.org/10.1016/j.engstruct.2016.01.009
https://doi.org/10.5194/nhess-15-2485-2015
https://doi.org/10.1177/1687814017696415
https://doi.org/10.1142/S1793431119500106
https://doi.org/10.1016/j.engfailanal.2011.07.004
https://doi.org/10.5697/oc.56-2.385


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

75 

 

 

Lanzano G, Salzano E, de Magistris FS, Fabbrocino G (2014). Seismic vulnerability of gas and liquid buried 

pipelines. Journal of Loss Prevention in the Process Industries, 28:72-78. 

https://doi.org/10.1016/j.jlp.2013.03.010. 

Lee DH, Kim BH, Jeong S-H, Jeon J-S, Lee T-H (2016). Seismic fragility analysis of a buried gas pipeline based on 

nonlinear time-history analysis. International Journal of Steel Structures 16(1): 231–42. 

https://doi.org/10.1007/s13296-016-3017-9. 

Liang H, Blagojevic N, Xie Q, Stojadinovic B (2022). Seismic risk analysis of electrical substations based on the 

network analysis method. Earthquake Engineering and Structural Dynamics, 51:2690–2707. DOI: 

10.1002/eqe.3695. 

Liu S, Yin K, Zhou C, Gui L, Liang X, Lin W, Zhao B (2021). Susceptibility Assessment for Landslide Initiated along 

Power Transmission Lines. Remote Sensing, 13:5068. https://doi.org/10.3390/rs13245068. 

Lupoi G, Franchin P, Lupoi A, Pinto PE, Calvi GM (2008). Probabilistic seismic assessment for hospitals and 

complex-social systems. IUSS Press, Pavia, Italy.  

Ma L, Bocchini P, Christou V (2020). Fragility models of electrical conductors in power transmission networks 

subjected to hurricanes. Structural Safety, 82:101890. https://doi.org/10.1016/j.strusafe.2019.101890. 

Ma L, Khazaali M, Bocchini P (2021). Component-based fragility analysis of transmission towers subjected to 

hurricane wind load. Engineering Structures, 242:112586. 

https://doi.org/10.1016/j.engstruct.2021.112586. 

Makkonen L, Lehtonen P, Hirviniemi M (2014). Determining ice loads for tower structure design. Engineering 

Structures 74(1–2):229–232, https://doi.org/10.1016/j.engstruct.2014.05.034.  

Mansour MF, Morgenstern NI, Martin CD (2011). Expected damage from displacement of slow-moving slides. 

Landslides, 8(1):117–131, https://doi.org/10.1007/s10346-010-0227-7.  

Marinos V, Stoumpos G, Papazachos C (2019). Landslide Hazard and Risk Assessment for a Natural Gas Pipeline 

Project: The Case of the Trans Adriatic Pipeline, Albania Section. Geosciences, 9:61; 

doi:10.3390/geosciences9020061. 

Martins L, Silva V (2021). Development of a fragility and vulnerability model for global seismic risk analyses. 

Bulletin of Earthquake Engineering 19:6719–6745, https://doi.org/10.1007/s10518-020-00885-1. 

Maruyama Y, Yamazaki F, Mizuno K, Tsuchiya Y, Yogai H (2010). Fragility curves for expressway embankments 

based on damage datasets after recent earthquakes in Japan. Soil Dynamics and Earthquake Engineering, 

30:1158-1167. 

Matke C, Medjroubi W, Kleinhans D (2015). An Open-Source Model of the European Power Transmission 

Network. Proceedings of the Mathematics and Physics of Multilayer Complex Networks Conference, 

Dresden, Germany. 

Medjroubi W, Philipp Müller U, Scharf M, Matke C, Kleinhans D (2017). Open data in power grid modelling: 

New approaches towards transparent grid models. Energy Reports, 3:14–21. 

https://doi.org/10.1016/j.egyr.2016.12.001. 

Meijer JR, Huijbregts MAJ, Schotten CGJ, Schipper AM (2018). Global patterns of current and future road 

infrastructure. Environmental Research Letters, 13-064006. Data is available at www.globio.info 

https://doi.org/10.1016/j.jlp.2013.03.010
https://doi.org/10.1007/s13296-016-3017-9
https://doi.org/10.3390/rs13245068
https://doi.org/10.1016/j.strusafe.2019.101890
https://doi.org/10.1016/j.engstruct.2021.112586
https://doi.org/10.1016/j.engstruct.2014.05.034
https://doi.org/10.1007/s10346-010-0227-7
https://doi.org/10.1007/s10518-020-00885-1
https://doi.org/10.1016/j.egyr.2016.12.001
http://www.globio.info/


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

76 

 

 

Merz B, Hall J, Disse M, Schumann A (2010). Fluvial flood risk management in a changing world. Natural 

Hazards and Earth System Sciences 10(3):509–527. 

Miraei M, Jafarian Υ (2013). Fragility curves for assessing the seismic vulnerability of gravity quay walls. In 

COMPDYN 2013. In 4th ECCOMAS Thematic Conference on Computational Methods in Structural 

Dynamics and Earthquake Engineering M. Papadrakakis, V. Papadopoulos, V. Plevris (eds.), Kos Island, 

Greece.   

Mitsova D, Escaleras M, Sapat A, Esnard A-M, Lamadrid AJ (2019). The effects of infrastructure service 

disruptions and socio-economic vulnerability on hurricane recovery. Sustainability 11:516, 

https://doi.org/10.3390/su11020516.  

Muñoz A, Blondet M, Aguilar R, Astorga MA (2007). Empirical fragility curves for Peruvian school buildings. 

ERES, https://doi.org/10.2495/ERES070261.  

Nakamura S (2014). Fragility characteristics about a damage of expressway embankment caused by the 2011 

off the Pacific Coast of Tohoku earthquake. In: Life-Cycle of Structural Systems Design, Assessment, 

Maintenance and Management (Eds. H. Furuta, DM. Frangopol, M. Akiyama), CRC Press 2014, p 1355-

1361. 

National Institute of Building Sciences - NIBS (2004). HAZUS-MH: user’s manual and technical manuals. Report 

prepared for the federal emergency management agency. National Institute of Building Sciences, 

Washington, DC.   

Nazemi M, Dehghanian P (2019). Seismic-resilient bulk power grids: hazard characterization, modeling, and 

mitigation. IEEE Transactions on Engineering Management, 67(3):614-630, doi: 

10.1109/TEM.2019.2950669. 

Negulescu C, Foerster E (2010). Parametric studies and quantitative assessment of the vulnerability of a RC 

frame building exposed to differential settlements. Nat Hazards Earth Syst Sci 10: 1781–1792 

Neis P, Zielstra D, Zipf A (2011). The street network evolution of crowdsourced maps: OpenStreetMap in 

Germany 2007-2011. Future Internet, 4(1):1-21. https://doi.org/10.3390/fi4010001 

Ng A, Becker A, Cahoon S, Chen SL, Earl P, Yang Z (2016). Climate Change and Adaptation Planning for Ports. 

Routledge, London. https://doi.org/10.4324/ 9781315756813.   

Nguyen, M. N., & Wang, X. (2011). An investigation of extreme heatwave events and their effects on building 

and infrastructure. CSIRO National Research Flagship Climate Adaptation. 

http://www.csiro.au/resources/CAF-working-papers.html 

Nirandjan S, Koks E, Philip J. Ward, Jeroen C. J. H. Aerts (2022). A spatially-explicit harmonized global dataset 

of critical infrastructure. Scientific Data 9:150, https://doi.org/10.1038/s41597-022-01218-4.  

Nofal OM, van de Lindt JW (2020). Minimal Building Flood Fragility and Loss Function Portfolio for Resilience 

Analysis at the Community Level. Water. 2020; 12(8):2277. https://doi.org/10.3390/w12082277 

NRE (Natural Resources and Environment) (2000). Rapid Appraisal Method (RAM) for Floodplain 

Management. State Government of Victoria. 

O’Rourke MJ, So P (2000). Seismic fragility curves for on-grade steel tanks. Earthquake Spectra, 16(4), 

https://doi.org/10.1193/1.1586140. 

https://doi.org/10.3390/su11020516
https://doi.org/10.2495/ERES070261
https://doi.org/10.3390/fi4010001
https://doi.org/10.4324/
https://doi.org/10.1038/s41597-022-01218-4
https://doi.org/10.1193/1.1586140


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

77 

 

 

O’Rourke TD, Jeon SS, Toprak S, Cubrinovski M, Hughes M, Van Ballegooy S, Bouziou D (2014). Earthquake 

response of underground pipeline networks in Christchurch, NZ. Earthquake Spectra, 30(1):183–204.  

O’Rourke TD, Jeon SS, Toprak S, Cubrinovski M, Jung JK (2012). Underground lifeline system performance 

during the Canterbury earthquake sequence. Proceedings of the 15th world conference on earthquake 

engineering, Lisbon, Portugal. 

Oeding D, Rüdiger OB (2004). Elektrische Kraftwerke und Netze, Vol. 6. Springer. 

Oxford Economics (2011). Economic Benefits from Air Transport in the Caribbean Islands. Caribbean Report. 

Available at: https://www.iata.org/policy/Documents/Benefits-of-Aviation-Caribbean%20Islands-

2011.pdf.   

Özcebe AG, Bozzoni F, Borzi B (2022). Seismic Vulnerability Assessment of Critical Port Infrastructure 

Components by Modelling the Soil-Wharf-Crane Interaction. Infrastructures 2022, 7. 

https://doi.org/10.3390/infrastructures7080102.   

Pachakis D, Kiremidjian AS (2005) Estimation of Downtime—Related Revenue Losses in Maritime Ports due to 

Earthquakes. Technical Report No. 146. John A. Blume Earthquake Engineering Center: Stanford, CA, USA, 

2005.   

Pant R, Thacker S, Hall JW, Alderson D, Barr S (2018). Critical infrastructure impact assessment due to flood 

exposure. Journal of Flood Risk Management, 11(1):22–33. 

Panteli M, Mancarella P (2017). Modeling and Evaluating the Resilience of Critical Electrical Power 

Infrastructure to Extreme Weather Events. IEEE Systems Journal, 11(3):1733-1742. 

Panteli M, Pickering C, Wilkinson S, Dawson R, Mancarella P (2017). Power System Resilience to Extreme 

Weather: Fragility Modeling, Probabilistic Impact Assessment, and Adaptation Measures. IEEE 

Transactions on Power Systems, 32(5):3747-3757. 

PCCIP (1997). Critical foundations: protecting America’s infrastructures, report of the President’s commission 

on critical infrastructure protection. 

Penning-Rowsell E, Johnson C, Tunstall S, Tapsell S, Morris J, Chatterton J, Green C (2005). The benefits of 

flood and coastal risk management: a handbook of assessment techniques. Flood Hazard Research Centre, 

Middlesex University Press 

Penning-Rowsell EC, Priest S, Parker DJ, Morris J, Tunstall S, Viavattene C, Owen D (2013). Flood and coastal 

erosion risk management: a manual for economic appraisal. Routledge, London. 

Phengsuwan J, Shah T, Sun R, James P, Thakker D, Ranjan R (2022). An ontology-based system for discovering 

landslide-induced emergencies in electrical grid. Transactions on Emerging Telecommunications 

Technologies, 33(3):e3899. DOI: 0.1002/ett.3899. 

Piccinelli R, Krausmann E (2013). Analysis of natech risk for pipelines: A review. JRC Scientific and Policy Rep., 

EUR 26371EN. Luxembourg, Europe: European Union. 

Pitilakis K, Alexoudi M, Argyroudis S , Monge O, Martin C (2006). Earthquake risk assessment of lifelines. Bull 

Earthquake Eng, 4:365–390, https://doi.org/10.1007/s10518-006-9022-1.   

https://www.iata.org/policy/Documents/Benefits-of-
https://doi.org/10.3390/infrastructures7080102.
https://doi.org/10.1007/s10518-006-9022-1


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

78 

 

 

Pitilakis K, Argyroudis S, Fotopoulou S, Karafagka S, Kakderi K, Selva J (2019).  Application of stress test 

concepts for port infrastructures against natural hazards. The case of Thessaloniki port in Greece. 

Reliability Engineering & System Safety 184, 240-257.     

Pitilakis K, Crowley H, Kaynia A (Eds) (2014). SYNER-G: Typology definition and fragility functions for physical 

elements at seismic risk. Buildings, lifelines, transportation networks and critical facilities. Geotechnical, 

Geological and Earthquake Engineering, 27, Springer, Netherlands. 

Pitilakis K, Crowley H, Kaynia A (Eds) (2014). SYNER-G: Typology definition and fragility functions for physical 

elements at seismic risk. Buildings, lifelines, transportation networks and critical facilities. Geotechnical, 

Geological and Earthquake Engineering, 27, Springer, Netherlands. 

Pitilakis K, Franchin P, Khazai B, Wenzel H (Eds.) (2014). SYNER-G: Systemic Seismic Vulnerability and Risk 

Assessment of Complex Urban, Utility, Lifeline Systems and Critical Facilities. Methodology and 

Applications; Geotechnical, Geological and Earthquake Engineering Series; Springer: Dordrecht, The 

Netherlands, 2014; Volume 31.   

Pluta A, Lünsdorf O (2020). esy-osmfilter – A Python Library to Efficiently Extract OpenStreetMap Data. Journal 

of Open Research Software, 8:19, https://doi.org/10.5334/jors.317. 

Poljanšek K, Bono F, Gutiérrez E (2010). GIS-based method to assess seismic vulnerability of interconnected 

infrastructure. A case of EU gas and electricity networks. EUR 24275 EN. Luxembourg (Luxembourg): 

Publications Office of the European Union. JRC57064. 

Poudel A, Pitilakis K, Silva V, Anirudh R (2023). Infrastructure seismic risk assessment: an overview and 

integration to contemporary open tool towards global usage. Bull Earthquake Eng 21: 4237–4262. 

Prahl BF, Rybski D, Boettle M, Kropp JP (2016). Damage functions for climate-related hazards: unification and 

uncertainty analysis. Natural Hazards and Earth System Sciences, 16:1189-1203. 

Prahl BF, Rybski D, Burghoff O, Kropp JP (2015). Comparison of storm damage functions and their 

performance. Natural Hazards and Earth System Sciences, 15:769-788.  

Pregnolato, M., Ford, A., Wilkinson, S. M. and Dawson, R. J.: The impact of flooding on road transport: A depth 

disruption function, Transp. Res. Part D Transp. Environ., 55, 67–81, doi:10.1016/j.trd.2017.06.020, 2017. 

Pulupula S, Solanki SK (2023). Integrating Flooding Vulnerability Analysis into Water-Sensitive Spatial Planning 

of Airports. Journal of Research in Infrastructure Designing, 5(3), 1–20. 

https://doi.org/10.5281/zenodo.7544215.   

Quanta Technology (2009). Cost benefit analysis of the deployment of utility infrastructure upgrades and 

storm hardening programs,” Public Utility Commission of Texas, Final Rep., Project 36375, Raleigh, NC, 

USA. 

Randaxhe J, Vassart O, Tondini N (2020). Fire fragility curves for steel pipe-racks exposed to localised fires. 

Proceedings of the 11th International Conference on Structures in Fire (SiF 2020), 30th November - 2nd 

December, The University of Queensland, Brisbane, Australia. 

Rasulo A, Goretti A, Nuti C (2004). Performance of lifelines during the 2002 Molise, Italy, earthquake. 

Earthquake Spectra, 20(S1):S301-S314. 

https://doi.org/10.5334/jors.317
https://doi.org/10.5281/zenodo.7544215.


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

79 

 

 

Reese S (2003). Die Vulnerabilitaet des schleswig-holsteinischen Kuestenraumes durch Sturmfluten. 

Fallstudien von der Nord- und Ostseekueste. Berichte aus dem Forschungs- und Technologiezentrum 

Westkueste der Universitaet Kiel, Bd. 30. PhD-thesis, Mathematisch-Naturwissenschaftlichen Fakultaet 

der Christian-Albrechts-Universitaet zu Kiel. 

Rehak D, Senovsky P, Hromada M, Lovecek T (2019) Complex approach to assessing resilience of critical 

infrastructure elements, International Journal of Critical Infrastructure Protection 25,2019, 125-138, ISSN 

1874-5482, https://doi.org/10.1016/j.ijcip.2019.03.003. 

Rinaldi, S., Peerenboom, J., & Kelly, T. (2001). Identifying, understanding, and analyzing critical infrastructure 

interdependencies. IEEE Control Systems Magazine, 21(6), 11–25. https://doi.org/10.1109/37.969131 

Roark M, Truman K, Gould P (2000). Seismic vulnerability of airport facilities. 12th World Conference on 

Earthquake Engineering; Auckland, New Zealand, Sunday 30 January - Friday 4 February 2000.   

Roche, E. M. (1998). Critical Foundations: Protecting America’s Infrastructures. Journal of Global Information 

Technology Management, 1(1), 49–50. https://doi.org/10.1080/1097198X.1998.10856225 

Rojas R, Feyen L, Bianchi AM, Dosio A (2012). Assessment of future flood hazard in Europe using a large 

ensemble of bias-corrected regional climate simulations. Journal of Geophysical Research 117, 

https://doi.org/10.1029/2012JD017461.  

Sahana V, Mondal A (2023). Evolution of multivariate drought hazard, vulnerability and risk in India under 

climate change, Nat. Hazards Earth Syst. Sci., 23: 623–641. 

Sanchez-Arcilla A, Sierra JP, Brown S, Casas-Prat M, Nicholls RJ, Lionello P, et al. (2016). A review of potential 

physical impacts on harbours in the Mediterranean Sea under climate change. Reg. Environ. Change. 

https://doi.org/10.1007/s10113-016-0972-9.    

Sánchez-Muñoz D, Domínguez-García JL, Martínez-Gomariz E, Russo B, Stevens J, Pardo M (2020). Electrical 

Grid Risk Assessment Against Flooding in Barcelona and Bristol Cities. Sustainability, 12:1527, 

doi:10.3390/su12041527. 

Sang Y, Xue J, Sahraei-Ardakani M, Ou G (2020). An Integrated Preventive Operation Framework for Power 

Systems During Hurricanes. IEEE Systems Journal, 14(3):3245-3255, doi:10.1109/JSYST.2019.2947672. 

https://ieeexplore.ieee.org/document/8889714. 

Sarretta A, Minghini M (2021). Towards the integration of authoritative and Openstreetmap geospatial 

datasets in support of the European strategy for data. The International Archives of the Photogrammetry, 

Remote Sensing and Spatial Information Sciences, Volume XLVI-4/W2-2021 FOSS4G 2021 – Academic 

Track, 27 September–2 October 2021, Buenos Aires, Argentina 

Šarūnienė I, Martišauskas L, Krikštolaitis R, Augutis J, Setola R (2024). Risk assessment of critical 

infrastructures: a methodology based on criticality of infrastructure elements. Reliab Eng Syst Saf, 109797, 

https://doi.org/10.1016/j.ress.2023.109797. 

Sasaki Y, Shimizu Y, Sunasaka Y (2000). Development of fragility curves of civil structures based on observed 

structural damages in past great earthquakes. Proc. of Conference by Institute of Social Safety Science, 

17-20. 

https://doi.org/10.1109/37.969131
https://doi.org/10.1080/1097198X.1998.10856225
https://doi.org/10.1029/2012JD017461
https://doi.org/10.1007/s10113-016-0972-9
https://ieeexplore.ieee.org/document/8889714
https://doi.org/10.1016/j.ress.2023.109797


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

80 

 

 

Scawthorn C, Flores P, Blais N, Seligson H, Tate E, Chang S, Mifflin E, Thomas W, Murphy J, Jones C, Lawrence 

M (2006). HAZUS-MH Flood loss estimation methodology. II: Damage and loss assessment. Nat Hazards 

Rev 7(2):72–81. 

Schoennagel T, Balch JK, Brenkert-Smith H, Dennison PE, Harvey BJ, Krawchuk MA, Mietkiewicz N, Morgan P, 

Moritz MA, Rasker R, Turner MG, Whitlock C (2017). Adapt to more wildfire in western North American 

forests as climate changes. PNAS 114(18):4582–4590, https://doi.org/10.1073/pnas.1617464114.  

Schulze  S. Stefanie, Fischer C. Erica, Hamideh Sara, Mahmoud Hussam (2020). Wildfire impacts on schools 

and hospitals following the 2018 California Camp Fire, Natural Hazards, 104:901–925 

Shano L, Raghuvanshi T. K, Meten M (2021). Landslide susceptibility mapping using frequency ratio model: 

the case of gamo highland, south Ethiopia. Arab. J. Geosci. 14, 623, http://dx.doi.org/10.1007/s12517-

021-06995-7.   

Shinozuka M, Dong X, Chen TC, Jin X (2007). Seismic performance of electric transmission network under 

component failures. Earthquake Engineering and Structural Dynamics, 36:227–244. DOI: 

10.1002/eqe.627. 

Silva V, Yepes-Estrada C, Dabbeek J, Martins L, Brzev S (2018). GED4ALL - Global Exposure Database for Multi-

Hazard Risk Analysis—Multi-Hazard Exposure Taxonomy GEM Technical Report 2018-01. GEM 

Foundation, Pavia, Italy. 

Sousa, M. L., Dimova, S., Athanasopoulou, A., Rianna, G., Mercogliano, P., Villani, V., Nogal, M., Gervasio, H., 

Neves, L., & More Authors (2020). Expected implications of climate change on the corrosion of structures. 

European Union. https:// doi.org/10.2760/05229 

Spegel E, Ek K. (2022). Valuing the impacts of landslides: a choice experiment approach. Econ. Disaster. Clim. 

Chang. 6, 163–181, https://doi.org/10.1007/s41885-021-00101-7.  

Stefanidou S, Kappos AJ (2023). Integrating the foundation component into seismic fragility analysis of bridges. 

Soil Dynamics and Earthquake Engineering, 164: 107627. 

Stefanidou S, Karatzetzou A, Tsinidis G, Mitoulis S, Argyroudis S (2022). Multi-hazard fragility assessment of 

bridges: Methodology and case study application. 3rd International Conference on Natural Hazards & 

Infrastructure, 5-7 July 2022, Athens, Greece. 

Stefanidou S, Sextos AG, Kotsoglou AN, Lesgidis N, Kappos AJ (2017). Soil-structure interaction effects in 

analysis of seismic fragility of bridges using an intensity-based ground motion selection procedure. 

Engineering Structures, 151:366-380. 

Straub D, Der Kiureghian A (2008). Improved seismic fragility modeling from empirical data, Structural Safety, 

30(4):320–336.  

Thieken A. H., Olschewski A, Kreibich H, Kobsch S, Merz B (2008). Development and evaluation of FLEMOps – 

a new Flood Loss Estimation MOdel for the private sector, edited by: Proverbs, D., Brebbia, C. A., and 

Penning-Rowsell, E., Flood Recovery, Innovation and Response I, WIT Press, 315–324. 

Torkamani HH, Bargi K, Amirabadi R, McCllough NJ (2014). Fragility estimation and sensitivity analysis of an 

idealized pile-supported wharf with batter piles. Soil Dynamics and Earthquake Engineering 61-62: 92–

106.   

https://doi.org/10.1073/pnas.1617464114
http://dx.doi.org/10.1007/s12517-021-06995-7
http://dx.doi.org/10.1007/s12517-021-06995-7
https://doi.org/10.1007/s41885-021-00101-7


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

81 

 

 

Tsinidis G, Karatzetzou A, Stefanidou S, Markogiannaki O (2022). Developments in Seismic Vulnerability 

Assessment of Tunnels and Underground Structures. Geotechnics 2(1): 209-249, 

https://doi.org/10.3390/geotechnics2010010. 

Tsinidis G, Sarno L, Sextos A, Furtner P (2019). A critical review on the vulnerability assessment of natural gas 

pipelines subjected to seismic wave propagation. Part 1: Fragility relations and implemented seismic 

intensity measures. Tunnelling and Underground Space Technology, 86:279-296.  

Tsinidis G, Sarno L, Sextos A, Furtner P (2020). Seismic fragility of buried steel natural gas pipelines due to axial 

compression at geotechnical discontinuities. Bulletin of Earthquake Engineering, 18(3):837–906.  

Tsionis G, Fardis MN (2014). Fragility functions of road and railway bridges. In: Pitilakis K, Crowley H, Kaynia 

AM (eds) SYNER-G: Typology definition and fragility functions for physical elements at seismic risk. 

Geotechnical, Geological and Earthquake Engineering, 27, Springer Netherlands, pp 259-297. 

Tsubaki R, Bricker JD., Ichii K, Kawahara Y (2016). Development of fragility curves for railway embankment and 

ballast scour due to overtopping flood flow, Nat. Hazards Earth Syst. Sci., 16: 2455–2472, 

https://doi.org/10.5194/nhess-16-2455-2016, 2016. 

Twisdale LA, Vickery PJ, Sciaudone JC, Banik S, Mlzzen D (2015). Tornadoes and high wind hazard/fragility 

analyses for nuclear power plants. Appl. Res. Assoc. Inc., Raleigh, NC, USA, Tech. Rep. Available: 

https://www.nrc.gov/docs/ML1518/ML15187A302.pdf. 

UNCTAD (2014). Small island developing states: Challenges in transport and trade logistics. Trade and 

Development Board, Trade and Development Commission, Multi-Year Expert Meeting on Transport, 

Trade Logistics and Trade Facilitation, Third Session. 24-26 November 2014. Available at: 

http://unctad.org/meetings/en/SessionalDocuments/cimem7d8_en.pdf 

UNCTAD (2017). Climate change impacts on coastal transport infrastructure in the Caribbean: enhancing the 

adaptive capacity of Small Island Developing States (SIDS), Climate Risk and Vulnerability Assessment 

Framework for Caribbean Coastal Transport Infrastructure. UNDA project 1415O.  

UNDRR (2016). Report of the open-ended intergovernmental expert working group on indicators and 

terminology relating to disaster risk reduction. United Nations. 

https://digitallibrary.un.org/record/852089?ln=en  

UNDRR (2019). Global Assessment Report on Disaster Risk Reduction; United Nations Office for Disaster Risk 

Reduction (UNDRR): Geneva, Switzerland. Available online: https://gar.undrr.org/report-2019.html  

Vaiman, Chen, Chowdhury, Dobson, Hines, Papic, & Zhang. (2011). Risk assessment of cascading outages: 

Methodologies and challenges. IEEE Transactions on Power Systems, 27(2), 631-641. 

https://doi.org/10.1109/TPWRS.2011.2177868 

van Dorsser, C., Vinke, F., Hekkenberg, R., & van Koningsveld, M. (2020). The effect of low water on loading 

capacity of inland ships. European Journal of Transport and Infrastructure Research, 20(3), 47–70. 

https://doi.org/10.18757/ejtir.2020.20.3.3981 

van Ginkel KCH, Dottori F, Alfieri L, Feyen L, Koks EE (2021). Flood risk assessment of the European road 

network, Nat. Hazards Earth Syst. Sci. 21: 1011–1027, https://doi.org/10.5194/nhess-21-1011-2021, 202 

https://www.nrc.gov/docs/ML1518/ML15187A302.pdf
https://digitallibrary.un.org/record/852089?ln=en
https://doi.org/10.1109/TPWRS.2011.2177868


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

82 

 

 

Vanzi I, Rasulo A, Sigismondo S (2004). Valutazione della sicurezza al sisma del sistema reti elettriche e 

procedura di adeguamento: fase B, fragilita` dei componenti. Report Dipartimento di Progettazione, 

Riabilitazione e Controllo delle Strutture, University G. D’Annunzio of Chieti and Pescara, Italy, for Pricos–

Cesi S.p.A., contract U0950, (in Italian). 

Vasenev A, Montoya L, Ceccarelli A (2016). A hazus-based method for assessing robustness of electricity 

supply to critical smart grid consumers during flood events. Proceedings of the 11th International 

Conference on Availability, Reliability and Security (ARES), Salzburg, Austria, 31 August–2 September, pp. 

223–228. 

Veeramany A, Unwin SD, Coles G., Dagle JE, Millard WD, Yao J, Glantz CS, Gourisetti SNG (2015). Framework 

for Modeling High-Impact, Low-Frequency Power Grid Events to Support Risk-Informed Decisions. Pacific 

Northwest National Laboratory, Richland, WA. 

Vickery P, Skerlj P, Steckley A, Twisdale L (2000a). Hurricane wind field model for use in hurricane simulations. 

J. Struct. Eng., 126(10), 1203–1221. 

Vickery P. J., Skerlj P. F.,Twisdale L. A. (2000b). Simulation of hurricane risk in the United States using empirical 

track model. J. Struct. Eng., 126(10), 1222–1237. 

Vickery PJ, Skerlj PF, Lin J, Twisdale LA, Young MA, Lavelle FM (2006). HAZUS-MH hurricane model 

methodology. II: Damage and loss estimation. ASCE Natural Hazards Review, 7(2):94–103. 

Waseem M, Manshadi SD (2020). Electricity grid resilience amid various natural disasters: Challenges and 

solutions. The Electricity Journal, 33: 106864, https://doi.org/10.1016/j.tej.2020.106864. 

Watson EB, Etemadi AH (2020). Modeling Electrical Grid Resilience Under Hurricane Wind Conditions With 

Increased Solar and Wind Power Generation. IEEE Transactions on Power Systems, 35(2):929-937. 

https://doi.org/10.1109/TPWRS.2019.2942279. 

Werner S, Taylor C (2004). Final Report: Seismic Risk Reduction Planning Evaluations for Wharf and 

Embankment Strengthening Program (WESP). Prepared by SEISEC-NHMI for Port of Oakland, Oakland, CA; 

Port of Oakland: Oakland, CA, USA, 2004.   

Wilhite DA (2003). Moving toward drought risk management: The need for global strategy. 

Winkler J, Duenas-Osorio L, Stein R, Subramanian D (2010). Performance assessment of topologically diverse 

power systems subjected to hurricane events. Reliability Engineering and System Safety, 95:323-336. 

Winsemius HC, Aerts JCJH, van Beek LP, Bierkens MF, Bouwman A, Jongman B, Kwadijk JC, Ligtvoet W, Lucas 

PL, van Vuuren DP (2016). Global drivers of future river flood risk. Nat Clim Chang 6:381–385. 

Winter MG, Smith JT, Fotopoulou S, Pitilakis K, Mavrouli O-C, Corominas J, Agryroudis S (2014). An expert 

judgment approach to determining the physical vulnerability of roads to debris flow. Bulletin of 

Engineering Geology and the Environment 73(2): 291-305. 

Xue J, Mohammadi F, Li X, Sahraei-Ardakani M, Ou G, Pu Z (2020). Impact of transmission tower-line 

interaction to the bulk power system during hurricane. Reliability Engineering and System Safety, 

203:107079. https://doi.org/10.1016/j.ress.2020.107079. 

https://doi.org/10.1016/j.tej.2020.106864
https://doi.org/10.1109/TPWRS.2019.2942279
https://doi.org/10.1016/j.ress.2020.107079


 
 

 

 

 

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under grant agreement No. 101093854 

 

83 

 

 

Yao R, Sun K, Liu F, Mei S (2018). Efficient Simulation of Temperature Evolution of Overhead Transmission 

Lines Based on Analytical Solution and NWP. IEEE Transactions on Power Delivery, 33(4):1576-1588, doi: 

10.1109/TPWRD.2017.2751563. 

Yesudian AN, Dawson RJ (2021). Global analysis of sea level rise risk to airports. Climate Risk Management, 

Volume 31, 2021, 100266, ISSN 2212-0963. https://doi.org/10.1016/j.crm.2020.100266. 

Yin C, Shi J, Liu F-F, Tian W-P, Tian W (2017). Embankment seismic fragility assessment based on IDA-PSDA. 

China Journal of Highway and Transport, 30(5): 28-37. 

Zanini MA, Pellegrino C, Morbin R, Modena C (2013). Seismic vulnerability of bridges in transport networks 

subjected to environmental deterioration. Bull. Earthq. Eng., 11: 561–579. 

Zarafshani K, Sharafi L, Azadi H, Van Passel S (2016). Vulnerability Assessment Models to Drought: Toward a 

Conceptual Framework. Sustainability, 8: 588. https://doi.org/10.3390/su8060588 

Zhang Y, Lam JSL (2015). Estimating the economic losses of port disruption due to extreme wind events. Ocean 

Coast Manag. https://doi.org/10.1016/j. Ocecoaman.2015.08.009. 

Zhu W, Liu K, Wang M, Ward P, Koks E (2021). System vulnerability and risk assessment of railway systems to 

flooding. Nat. Hazards Earth Syst. Sci., 22 (5): 1519–1540. https://doi.org/10.5194/nhess-22-1519-2022. 

Zhu Z, Quiel SE, Khorasani NE (2023). Bivariate structural-fire fragility curves for simple-span overpass bridges 

with composite steel plate girders. Structural Safety 100: 102294. 

Zschau. (2017). Where are we with multihazards, multirisks assessment capacities?, in: Science for disaster 

risk management 2017: knowing better and losing less, edited by: Poljansek, K., Marin Ferrer, M., De 

Groeve, T., and Clark, I., European Union, Brussels, Belgium. Available at: 

https://drmkc.jrc.ec.europa.eu/knowledge/science-for-drm/science-for-disaster-risk-management-2017 

 

 

https://doi.org/10.1016/j.crm.2020.100266
https://doi.org/10.3390/su8060588
https://doi.org/10.1016/j
https://doi.org/10.5194/nhess-22-1519-2022
https://drmkc.jrc.ec.europa.eu/knowledge/science-for-drm/science-for-disaster-risk-management-2017

