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Executive Summary

This report develops and adapts a risk assessment methodology for cascading multi-hazard
scenarios in urban areas. Such scenarios are complex and uncertain, requiring an approach that
can address gaps in data and the probabilistic nature of hazard interactions. For this purpose, the
methodology is based on Bayesian Belief Networks (BBNs), which represent causal relationships
between hazards and manage uncertainty using conditional probabilities. The methodology
starts from a broader perspective detecting all possible connections between different events. In
the next step, the most relevant path is selected, which links the primary event and a chain of
secondary events leading eventually to potentially defined failure mechanisms. For that selected
hazard scenario, probabilities of all events are calculated through the probabilistic graphical
model, based on which BBN model for quantifying cascading hazard effects on CI, the
environment, and cultural heritage is developed. The report also defines the datasets (format,
possible sources) required for comprehensive risk assessment, covering population, exposure,
and infrastructure, and applies them to two case studies: Zagreb (Croatia) and Rotterdam (the
Netherlands). These examples focus on earthquakes leading to flash floods and extreme rainfall
causing river floods.

The results of this report form the basis for Deliverable D3.2, which further applies this
methodology to levee failures in the Netherlands and retention dam failures in Croatia, producing
a framework ready for broader urban risk assessments.

Keywords: risk assessment, Bayesian Belief Networks, cascading multi-hazard scenarios, urban
areas
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Abbreviations and Acronyms

Abbreviation / Acronym Description

AHEAD European Archive of Historical Earthquake Data
Advanced Spaceborne Thermal Emission and
ASTER GDEM Reflection Radiometer Global Digital Elevation Map
Announcement
BBN Bayesian Belief Networks
BIM Building Information Modelling
CI Critical Infrastructure
CLC CORINE Land Cover
CLMS Copernicus Land Monitoring Service
CORINE/HRL Coordinatior/l }(;if;}rllflzle'rsr;aigzz ;E ;}I’l:rlsinvironment
CPA Civil Protection Authorities
CPT Cone Penetration Tests

CRED/EM-DAT

Centre for Research on the Epidemiology of
Disasters/Emergency Events Database

DAG Directed Acyclic Graphs
DEM Digital Elevation Model
DPM Damage Proxy Maps
DSM Digital Surface Model
ECMWE European Centre for Medium-Range Weather
Forecasts
EDSF European Database of Seismogenic Faults
EFEHR European Facilities for Earthquake Hazard and Risk
EGDI European Geological Data Infrastructure
EGMS European Ground Motion Service
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EMSC European-Mediterranean Seismological Centre
EPOS European Plate Observing System
ESA

European Space Agency

ESDAC-JRC (LUCAS)

European Soil Data Centre Joint Research Centre
(Land Use/Land Cover Area Frame Survey)

ESHM European Seismic Hazard Model
ESM Engineering Strong Motion Database
FAO Food and Agriculture Organization of the United
Nations
FDC Flow Duration Curves
FEM Finite Element Method
GEM Global Earthquake Model
GHSL Global Human Settlement Layer
GPW Gridded Population of the World
GUP General Urban Plan
HEC-RAS Hydrologic Engineering Center - River Analysis
System
HEREIN European Cultural Heritage Information Network
IDF Intensity-Duration-Frequency curves
InSAR Interferometric Synthetic Aperture Radar
IPCC International Panel for Climate Change
IRIS Incorporated Research Institutions for Seismology
ISC-GEM Global Instrumental Earthquake Catalogue
JRC Joint Research Centre
LiDAR Light Detection and Ranging
LU/LC Land Use/Land Cover
MASW

Multichannel Analysis of Surface Waves
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My, Local Magnitude
MODIS Moderate Resolution Imaging Spectroradiometer
Mw Moment Magnitude
NAP Normaal Amsterdams Peil
NASA National Aeronautics and Space Administration
NEHRP National Earthquake Hazards Reduction Program
OSM Open Street Maps
PGA Peak Ground Acceleration
PSHA Probabilistic Seismic Hazard Analysis
RDD Rapid Drawdown Phase
SHARE Seismic Hazard Harmonization in Europe
SPT Standard Penetration Test
SRTM Shuttle Radar Topography Mission
TEN-T Trans-European Transport Network
UNESCO United Nations Educatior-lal, ?}cientific and Cultural
Organization
USGS U.S. Geological Survey
Vs Average Shear Wave Velocity
WMO World Meteorological Organization
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1 Introduction

In the last decade Europe has experienced a number of disastrous urban floods. Climate change,
along with increased urbanisation, is believed to be a contributing factor to the increasing
frequency and severity of urban floods which are manifested either as a flash floods or river
floods. These events cause significant damage to infrastructure and pose a threat to public safety.
Flash floods result on average in 50 casualties per year in Europe, 70% of the total number of
deaths due to floods. These fatalities occur mainly in countries surrounding the Mediterranean
Sea (Pino et al. 2016), such as Croatia, Italy or Spain. For example, the city of Zagreb flooded in
the summer of 2020 because of extreme precipitation corresponding to a return period higher
than 100 years (Nimac et al. 2022). Flooding was most severe in the city centre, where people
were still struggling with the aftereffects of the earthquake that occurred in March 2020. In
addition to the huge amount of water accumulated from the storm over a short period of time,
one of causes of the urban flooding was a poor evacuation of water within the urban drainage
network, combined with excess water from streams that come from Medvednica mountain,
Figure 1-1a. In the summer of 2021, a large scale river flooding event occurred over parts of
Germany, Belgium and the Netherlands, causing more than 200 casualties and billions of Euros
in damage (Kreienkamp et al. 2021), Figure 1-1b. The 2014 river floods that affected Croatia,
Bosnia in Serbia, were the largest floods in recorded history, Figure 1-1c, causing 62 fatalities and
severe damage to infrastructure and land.

Figure I-1 a) Flash flood in Zagreb (2020), b) River flood due to failed levee in Maaseik, BE-NL
border (2021), c) River flood due to failed levee in Slavonia, Croatia (2014)

An alarming fact is that most of these flash and river floods occurred due to failure of
undercapacity drainage networks or flood protection systems, not designed for such loads. A
cascading hazard scenario affected surroundings of Zagreb in the aftermath of the Petrinja
earthquake that occurred in December 2020. Extensive liquefaction, a phenomena where soil
starts to behave like liquid after losing its strength and stiffness occurred. In addition to
significant damage to building foundations, a number of flood protection levees were severely
damaged, with evident cracking. Fortunately, the water level of adjacent rivers were low at the
time that damage occurred. The event shows an urgent need for the assessment of multi-hazard
scenarios. Similar vulnerability can be expected in Italy. In the Netherlands, a significant portion
of the flood protection system that is critical to the safety of the population is built on loose sandy
soils. These soils are vulnerable to static liquefaction during flooding or where the geometry of
the land changes (e.g. due to erosion or excavation of soil) leading to similar failure mechanisms
developing.

This report develops and adapts a risk assessment methodology for cascading multi-hazard
scenarios including earthquake and flooding in urban areas. Such scenarios are complex and
uncertain, requiring an approach that can address gaps in data and the probabilistic nature of
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hazard interactions. For this purpose, the methodology is based on Bayesian Belief Networks
(BBNs), which represent causal relationships between hazards and manage uncertainty using
conditional probabilities.

Building on methods from the UCPM CROSScade project, CRISAFE tailors the approach to urban
infrastructure. Expert knowledge is used to overcome any data gaps, enabling the identification
and prioritization of risk factors, as well as the assessment of connections between triggering
hazards, theirimmediate impacts on critical infrastructure (CI), and subsequent cascading effects.

The report also defines the datasets (formats and possible sources) needed for comprehensive
risk assessment, covering population, exposure, and infrastructure, and applies them to two case
studies: Zagreb (Croatia) and Rotterdam (the Netherlands). These examples focus on
earthquakes leading to flash floods and extreme rainfall causing river floods. Key objectives of
collecting and preparing high quality input data are to create a risk assessment model that is clear,
compatible with CI asset management systems, suitable for Civil Protection Authorities (CPAs),
and adaptable to an early warning system planned in WP4. The final section of the report
introduces a BBN-based model for quantifying cascading hazard effects on CI, the environment,
and cultural heritage.

The results of this report form the basis for Deliverable D3.2, which will further apply this
methodology to levee failures in the Netherlands and retention system failures in Croatia,
producing a framework ready for broader urban risk assessments.

Deliverable 3.1: Cascading multi - hazard risk assessment methodology 9
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2 Risk Assessment Framework

2.1 Introduction

In CRISAFE project the focus is on two natural hazards, namely earthquakes and extreme rainfall
which can cause both river and urban flash flooding. Earthquakes and floods are spatially
extensive hazards that affect large regions and trigger a chain of cascading events. Seismic hazard
or an earthquake refers to the probability that a specific ground motion parameter, such as peak
ground acceleration, will exceed a given threshold within a certain time period. It can cause
damages and failures of the flood protection structures, such as embankments and dams, and
cause flash or river flooding. Earthquakes can also trigger a liquefaction - a phenomenon that
occurs during or shortly after strong ground shaking, especially in saturated, loose, sandy soils.
When seismic waves pass through these soils, they can lose their strength and stiffness, causing
them to behave more like a liquid than a solid. This happens because the water pressure in the
pores between soil particles increases, reducing the effective stress that holds the particles
together.

Occurrence and intensity of flash and river floods are directly associated with climate change,
particularly due to more frequent heavy rainfall causing torrential effects. Figure 2-1 is showing
the spectrum of impacts on built environment and risks caused by climate-related hazards.
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Figure 2-1 Impact chain for the climate risks on built environment (European Climate Risk
Assessment, 2024)
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According to European State of Climate Report 2024. 413,000 people in Europe were directly
affected by storms and floods, and estimated economic losses from climate-related events
amounted to €18.2 billion, of which 82% related to floods (C3S & WMO, 2025).

Major policies promoting urban resilience, sustainability and climate adaptation highlight the
built environment's critical role. Adaptation measures are essential, integrating climate change
considerations into infrastructure planning and design phases. Spatial planning not only
influences the risk for all infrastructure, but also impacts the distribution of buildings, uses of
space, social and economic development, energy matters, positive or negative environments,
vegetation and green areas, public spaces, landscape and protected areas.

The interconnected nature of the built environment underscores the need for comprehensive risk
management, analysing weak spots to improve adaptive capacity and in a long term reduce
vulnerability of built environment to nature-related hazards.

2.2 Risk assessment methodology

Risk assessment is a qualitative or quantitative scientific estimation of risk. International
standard ISO 31000 defines risk as “an effect of uncertainty on objectives” (ISO 31000:2018), and
more descriptive definition could be found in IPCC’s Fifth Assessment Report - “risk is a potential
for consequences where something of value is at stake and where the outcome is uncertain,
recognizing the diversity of values” (Hewitson et al, 2014). Furthermore, risk is often
represented as a probability of occurrence of hazardous events or trends multiplied by the
impacts if these events or trends occur. Risk results from the interaction of hazard, exposure and
vulnerability, depicted on Figure 2-2, as key factors in risk assessment process.

@ HAZARD EXPOSURE CONSEQUENCES
L]

4 é What can cause risk? What & how much is going to How much losses will
YAt & be affected? society bear?

CRITICAL
INFRASTRUCTURE
(age, condition)

VUNERABILITY DIRECT & INDIRECT
How much damage to the IMPACTS
infrastructure will it cause?

Figure 2-2 Interaction of key risk factors - hazard, exposure (objectives) and vulnerability

CRISAFE multi-hazard assessment starts with identifying two consecutive natural hazards -
earthquake and extreme rainfall, flash flood/flood, where hazard is defined as the potential
occurrence of a natural physical event or trend or physical impact that may cause loss of life,
injury, or other health impacts, as well as damage and loss to property, infrastructure, livelihoods,
service provision, ecosystems, and environmental resources.

Deliverable 3.1: Cascading multi - hazard risk assessment methodology 11
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Risk assessment will further analyse exposure, defined as the presence of people, livelihoods,
species or ecosystems, environmental functions, services, and resources, infrastructure, or
economic, social, or cultural assets in places and settings that could be adversely affected.
Exposure analysis in CRISAFE risk assessment will focus on population and built environment
such as buildings (types per usage, per structure, number of stories), transport infrastructure
(bridges, roads and railways) and critical infrastructure.

The final element or factor for risk assessment is vulnerability, defined as the propensity or
predisposition to be adversely affected. Vulnerability encompasses a variety of concepts and
elements including sensitivity or susceptibility to harm and lack of capacity to cope and adapt.
CRISAFE risk assessment will have focus on vulnerability analysis of CI i.e. flood protection
systems, such as retention dams and basins, i.e. their ability to withstand damage induced by
hazards.

Hazard scenarios in CRISAFE are quantified using a structured risk assessment methodology.
Given the complexity and high dimensionality of cascading hazard scenarios, along with potential
gaps in our understanding of how risk factors interact, CRISAFE research adopts a Bayesian Belief
Network (BBN) approach. BBNs are particularly suited to address the epistemic uncertainty
associated with such hazards by using conditional probabilities to model the interdependencies
between risk factors (Rohmer, 2020). According to the ISO standard 31010, BBN, among other
risk assessment techniques, is strongly applicable for risk assessment, particularly for the
consequence and risk evaluation providing quantitative output (ISO 31010:2019). This approach
allows compensation of limited data availability for the impact of hazards on critical
infrastructure by integrating expert knowledge. It facilitates the mapping of causal relationships
in cascading scenarios, supports the identification and prioritisation of key risk factors, and
enables a probabilistic assessment of their impacts.

Main steps in risk assessment process to be used in CRISAFE risk assessment framework are
shown on Figure 2-3.

» Hazard Identification & Prioritization ’

+ BBN Model Development ’

e Data & Expert Knowledge Integration ’

* Scenario
Analysis

¢ CI, Environment, and Urban Infrastructure Impact ’

Assessment

€E€E€ECL

Figure 2-3 Main steps in risk assessment framework
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The BBN-based risk assessment operates on two levels:
1. Vulnerability Analysis of Critical Infrastructure:

This analysis involves assessing vulnerability of the primary critical infrastructure (CI),
namely flood protection systems, such as dams and embankments, exposed to the
earthquake, extreme rainfall and/or flooding. Fragility curves depict how the probability
of CI failure varies with increasing hazard intensity. This analysis provides critical insight
into how CI responds to natural hazards such as earthquakes, extreme rainfall, and
flooding, informing the likelihood of subsequent cascading events.

2. Impact Assessment of Cascading Hazards:

The second level of analysis evaluates how these cascading hazards affect other urban
infrastructure, including critical infrastructure such as roads, bridges, hospitals, day care
institutions, schools, nursing homes, etc. This assessment aligns relevant EU directives
and strategic frameworks, ensuring compliance and consistency across both countries
involved in case study areas and builds upon previous project developments (Skaric Palic
& Stipanovic, 2022, Skaric Palic et al., 2023).

The result of a model is a determination of risk (i.e., typically a function of the degree of harm and
likelihood of harm occurring). Risk assessments can be conducted at all three tiers in the risk
management hierarchy—including Tier 1 (organization level), Tier 2 (mission/business process
level), and Tier 3 (information system level). At Tiers 1 and 2, organizations use risk assessments
to evaluate, for example, systemic information security-related risks associated with
organizational governance and management activities, mission/business processes, enterprise
architecture, or the funding of information security programs. At Tier 3, organizations use risk
assessments to more effectively support the implementation of the Risk Management Framework
(i.e, security categorization; security control selection, implementation, and assessment;
information system and common control authorization; and security control monitoring).

Finaly, the purpose of risk assessments is to inform decision makers and support risk responses
by identifying:

e relevant threats to people, process or environment,

e vulnerabilities, both internal and external to people, process or environment,

e impact (i.e, harm) to people, process or environment that may occur given the potential
for threats exploiting vulnerabilities,

e likelihood that harm will occur.

Following chapters will describe in detail each key risk factor, input data needed, risk model using
Bayesian Belief network and output results.

Deliverable 3.1: Cascading multi - hazard risk assessment methodology 13
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3 Hazard Assessment

The hazard assessment is a critical component of a risk model, as it defines the nature and
intensity of the threats (in this case, extreme rainfall and earthquake hazards).

Within a multi-hazard approach, key factors such as hazard frequency, intensity, and
vulnerability are commonly taken into account. Given the complexity of multi-hazard risk
assessment, a wide range of criteria must be considered in order to accurately capture the
interdependencies between different hazards.

The challenge is not only to calculate each hazard separately but also integrating them into a
unified risk overview for a specific area. Another important part is to consider how hazards are
connected to each other, because one hazard can cause or worsen another (Mladineo et al., 2022).
For example, an earthquake can damage a dam and compromise the structural stability limiting
its ability to retain water during future rainfall events and thereby increasing the overall risk of
downstream flooding.

According to Marzocchi (2012) the goal of multi-risk assessment is to prioritize different types of
risks by considering how they may interact with each other since such interactions can increase
the overall risk level. The multi-risk assessment process involves several key steps:

e Defining the time frame and geographic area for the risk assessment, as well as the
method for measuring risk,

o Identifying the relevant risks present in the chosen area,

e Selecting hazard scenarios that reflect a full range of intensities and possible hazard
interactions,

o Estimating the probability of each scenario occurring,

e Assessing exposure and vulnerability for each scenario, while considering how combined
hazards may affect vulnerability,

o Estimating potential losses and performing the full multi-risk evaluation.

The event tree shown in Figure 3-1 presents a timeline of cascading hazardous events in an urban
setting, as considered in the CRISAFE project and described in detail in Deliverable D2.1 (Rossi et
al. 2025). This is a generalized event tree that begins with an earthquake-induced dam damage
scenario. The damaged dam experiences further structural weakening due to increased hydraulic
load following a heavy rainfall event, ultimately leading to a breach. This breach results in
downstream flooding of a densely urbanized area located below the retention structures.

In the Zagreb case study, the cascading scenario begins with an earthquake that damages a
retention dam. The dam is not repaired before the occurrence of the next critical event, an episode
of extreme rainfall within a short time frame. This intense precipitation causes high water levels
and increased pressure on the already weakened structure. As a result, the dam breaches, being
unable to withstand the additional load, and a flood occurs. This flood triggers a chain of
consequences, including both direct impacts, such as damage to the population, the built
environment, and critical infrastructure (e.g., bridges, roads used for evacuation, hospitals,
schools, and cultural heritage sites), and indirect consequences, such as business interruption and
broader social impacts.

Deliverable 3.1: Cascading multi - hazard risk assessment methodology 14
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In the Rotterdam case study, the lowland geomorphology and hydrological setting is considered.
Here, flooding of the River Maas initiates riverbed scour, which leads to over steepened riverbed
slopes close to a retention dike. This eventually results in a levee failure, causing a significant
flood event. As in the Zagreb scenario, the resulting flood has direct impacts on the urban
population and infrastructure (including evacuation routes and vital services), as well as indirect
consequences affecting the economy and society. Although the triggering events differ, primarily
due to geographical, geological and hydrological distinctions, the cascading impacts in both cases
converge in terms of their severity and urban vulnerability.

Given that Zagreb lies in a seismically active area and experienced a major earthquake in 2020,
combined with the rising frequency and intensity of short-duration rainfall events due to climate
change (Hosseinzadehtalaei et al., 2020), the risk scenario described is increasingly plausible. The
likelihood of rare but extreme precipitation events further highlights the need for comprehensive
cascading risk assessments. Should such a sequence of events occur, a significant portion of the
urban population could be endangered, as the studied retention structures are positioned directly
upstream of densely populated areas.

Cascading scenarios resulting from the interaction of multiple hazards are identified and
illustrated through an event tree structure. The event tree is constructed using a foundation of
Boolean logic, while also incorporating probabilistic elements such as likelihood, cascading
effects, and hazard intensity over time. This approach enables the chronological mapping of
interrelated, cross-sectoral events. The resulting cascading sequence is represented as a chain of
dependent branches, each defined by cause-and-effect relationships that ensure logical and
temporal compatibility between events. These event trees serve as the basis for the subsequent
risk assessment and are further modelled and quantified using BBNs, which is elaborated in more
detail in Chapter 6.

In the following chapters particularities of extreme rainfall, flood and earthquake hazards are
explained.

Deliverable 3.1: Cascading multi - hazard risk assessment methodology 15
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3.1 Extreme rainfall and flood scenarios

3.1.1 Input datasets requirements

To accurately assess flood risk and simulate realistic flood scenarios, several key datasets are
required. These data types help ensure the model reflects real-world behaviour and supports
effective decision-making. Table 3-1 presents the data requirements, their formats and sources,
as well as where the data can be retrieved from, along with brief descriptions.

Dataset Name Description Format Source Example

Elevation data used to
simulate water flow and||GeoTIFF, ASC
inundation.

LiDAR, Copernicus,
National portals, SRTM,
ASTER GDEM

Digital Elevation Model (DEM);
Digital Surface Model (DSM)

Time series or
intensity-duration-
frequency (IDF) curves.

Meteorological agencies
(e.g., ECMWF, EUMETSAT,
WMO, National agency)

CSV, NetCDF,

Rainfall Data GRIB

National river basin
authorities, National

Historical flow rate of
istorical TOWTate 0t ooy, XLSX, GRIB ||meteo agency,

River Discharge Data

i t .
rivers/streams Copernicus, ECMWF,
WMO
I i f.
mpervious surface, . CORINE/HRL

urban/rural, Shapefile/GPKG, i

Land Use / Land Cover vesetation. Affects GeoTIFF (Copernicus), MODIS
8 ' (NASA), Sentinel-2 (ESA)
runoff.
P bility, ity, ) ESDAC-JRC (LUCAS), FAO,
. L ermeability, porosity Shapefile/GPKG, . J .( )

Soil Characteristics type - used for sV National soil databases,

infiltration modelling. Geological Survey

Location and capacity ||CAD, Local municipalities,
Drainage Infrastructure of pipes, culverts, Shapefile/GPKG,||Utility companies, OSM/

retention ponds. Geo]SON Overpass API

Disaster management
ies, National

Historical Flood Records Past flood extents, PDF, C5V, ?r?:trz:;l:cfl’o ailzla(;r;a enc

depth, damage reports. ||Shapefile/GPKG 5 Bencys

CRED/EM-DAT (JRC),
Copernicus EMS

Digital Elevation Models are fundamental for understanding the topography of an area, which
directly affects how water flows across the landscape. DEMs allow for the calculation of slopes,
flow direction, accumulation zones, and potential flood paths. In addition, Digital Surface Models
(DSMs) incorporate surface features such as buildings, vegetation, and infrastructure, making
them particularly valuable in urban flood modelling. These models help simulate how obstacles
redirect or retain water. Together, DEM and DSM data enhance the spatial accuracy of

Deliverable 3.1: Cascading multi - hazard risk assessment methodology 17



* X %

* Co-funded by European Union
e Grant Agreement Number 101140336 J\/SAFE\/\—

*
* o %

hydrological simulations. Their integration is essential for both flood prediction and post-event
damage assessment.

Precipitation is one of the most critical inputs in any flood model. The intensity, duration, and
frequency of rainfall determine the amount of water entering the system and the speed at which
it saturates the soil or becomes surface runoff. High-resolution, time-series rainfall data allow for
dynamic flood simulations under different storm scenarios. Furthermore, antecedent rainfall
conditions (e.g., prior saturation of the soil) greatly influence flood outcomes. Without accurate
rainfall input, even the most detailed model can produce misleading results.

Land use, LU and land cover, LC strongly influence surface runoff, infiltration rates, and flood
dynamics. Natural landscapes such as forests and grasslands promote infiltration and reduce
runoff, while urban areas with impervious surfaces accelerate water flow into drainage systems.
Changes in land use, such as urban expansion or agricultural development, can significantly alter
the hydrological response of a watershed. Accurate LU/LC classification supports better
estimation of runoff coefficients in flood models. Additionally, it assists in identifying vulnerable
areas where human activity may increase flood risk or where nature-based solutions could be
implemented.

Soil properties such as texture, permeability, porosity, and water retention capacity play a key
role in determining how much rainfall infiltrates into the ground versus becoming surface runoff.
Sandy soils, for example, allow rapid infiltration, while clay-rich soils are more prone to
saturation and surface flow. These characteristics directly affect the timing and magnitude of
runoff during rainfall events. Soil data are also important for assessing the risk of landslides or
erosion in flood-prone areas.

Urban drainage systems, including stormwater drains, culverts, and retention basins, are
designed to manage excess water during rainfall events. Their capacity, layout, and maintenance
status significantly influence flood risk in built environments. A well-designed drainage network
can reduce surface water accumulation and prevent flash flooding. However, aging or undersized
systems may fail during intense storms, especially under climate change conditions. Maintenance
records and design standards are also relevant for risk assessment.

Historical flood data provide critical context for understanding flood behaviour over time. These
records include peak discharges, inundation extents, damage reports, and response efforts during
past flood events. They are essential for model calibration and validation, ensuring that simulated
scenarios match observed events. By analysing long-term flood patterns, we can estimate
recurrence intervals and identify areas repeatedly affected by flooding. Historical records also
reveal how communities responded and recovered, offering valuable insights for future risk
reduction and emergency planning. Combining measured data with documentary evidence
improves model robustness.!

3.1.2 Case study - Zagreb area

The retention dams in the Medvednica area were built to protect Zagreb from flash floods caused
by short but intense rainfall, which are becoming more frequent due to climate change.
Construction began in the mid-1970s on the outskirts of the city, in less urbanized areas, to

1 https://www.usgs.gov/science/science-explorer/natural-hazards
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control runoff from the steep upstream catchment. These dams help reduce flooding in the city
by temporarily holding back stormwater and managing peak flows (Gjetvaj et al., 2013).

In case study for Zagreb, CRISAFE scenario considered the assumption of rare but very intense
rainfall events that can have significant impacts. Our focus was on the most extreme scenarios
that could potentially lead to dam failure. Since extreme rainfall in this area typically lasts less
than one hour, situations were examined where the heavy rain falls upstream of the dam. Such
rainfall generates a water wave, which upon reaching the dam, creates a transient hydraulic
condition. Water begins to infiltrate the soil within the dam body and flows toward the landward
slope. During this flow, energy is lost in the form of hydraulic head due to the low permeability of
the dam’s soil. The longer the duration of the water wave, the more the flow through the dam
approaches a steady-state condition, which is considered the most critical loading condition for
the dam structure. However, given the short duration of extreme rainfall events in this case study,
it is not expected that steady-state conditions will be reached. Once the peak water level has
passed, attention shifts to the waterward slope, where the stability of the structure remains a key
consideration. As the water level begins to drop, the reservoir drains faster than the water within
the dam itself. This results in increased pore water pressure inside the dam body, while the
stabilizing effect of the external water on the waterward slope is lost. This combination can lead
to sliding failure of the slope. More detailed analyses are provided in Deliverable D2.1 (Rossi et
al.,, 2025).

Hydrological and hydraulic models are essential tools for simulating the movement and
distribution of water within a watershed. They are primarily used to estimate runoff (discharge)
resulting from precipitation events, which is a critical input for further flood risk analysis.

Depending on the required level of detail, different types of hydrological models can be used:
empirical, physically-based, and conceptual models. Conceptual models, which simplify the
hydrological system into interconnected reservoirs, were used in the CRISAFE project, the widely
adopted HEC-HMS model.

The discharge hydrographs produced by hydrological models are then used as boundary
conditions in hydraulic models, which simulate how water flows through river channels,
floodplains, and infrastructure.

HEC-RAS (Hydrologic Engineering Center — River Analysis System) is an open-source tool
designed for 1D and 2D hydraulic modelling of river systems and floodplains. It allows users to
compute water surface profiles, flow velocities, flood depths, and simulate the impact of
structures such as culverts, bridges, and dams. To support data preparation and terrain
processing, HEC-RAS is often used in combination with HEC-GeoRAS, an extension for ArcGIS. The
detailed methodology and results are presented in chapter 2.4 of Deliverable D2.2 (Gavin et al.
2025).

Data used in previous analyses of the CRISAFE project for Zagreb case study are primarily sourced
from various national institutions and agencies. Some of these data are shared under open license,
while others were obtained upon request. The data used for the Zagreb case study analysis, and
its outputs are shown in Table 3-2.
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List of datasets used Dataset source Outputs
Digital elevation model (DEM) 1x1 State Geodetic Catchment area for scenario
(from LiDAR) Administration (maximum discharges)

Delineation and morphometric
State Geodetic p

Digital elevati del (DEM) 2x2
igital elevation model ( ) 2x Administration

data (dam’s slope, retention
basin area); Retention volumes

Land use map with classes:

. built-up (urban) areas, forests,
State Geodetic

Digital orthophoto maps for 2021 grassy/cultivated areas, and

Administration water bodies (Manning’s
roughness coefficient n)

Data on precipitation (on request from Data on precipitation intensity
1st January 1998, until 31st December from measuring stations
2023) from automatic stations (hourly ||State Hydrometeorological ||(Puntijarka, Maksimir and
data for Maksimir and Puntijarka) and ||Institute Crnomerec hydrological
rain gauge stations (daily data for station located upstream of the
Mikuli¢i, Puntijarka, Sestine) retention)

Hourly and multi-hourly data from the
Puntijarka automatic station for the
period 1998 - 2023

State Hydrometeorological

. FDC
Institute

Climatological Analysis of the Severe ||State Hydrometeorological ||[Assumed time for generating

Weather Event on 19 July 2023 Institute water waves by rainfall
Crnomerec hydrograph data from the State Hvdrometeorological Maximum flow; Data was used
period between 19:00 on the 24th July Institut}; g to calculate the runoff

2020 and 7:00 on the 25th July 2020 coefficient C

To support the flood modelling scenarios, extensive input data analyses were carried out for three
Medvednica catchments: Crnomerec, Pusti dol, and Jazbina, which were the primary focus of this
case study. The delineation of catchments, morphometric characteristics, and maximum
retention volumes were obtained through GIS analysis of a digital elevation model (DEM) with
2x2 m spatial resolution, using ArcGIS Pro 3.3. These parameters were crucial for estimating flow
paths, slope, and volume under extreme precipitation conditions and for identifying the potential
risk of dam overflow during heavy rainfall events.

Precipitation data were provided by the State Hydrometeorological Institute, including a 25-year
historical time series (1998-2023) derived from both automatic (hourly) and rain gauge (daily)
stations:

 Rain gauge stations: Mikuli¢i, Puntijarka, and Sestine

e Automatic stations: Puntijarka and Maksimir

Given that Medvednica was the primary area of interest, hourly data from the Puntijarka station
were selected for further analyses. Based on Flow Duration Curves (FDC) constructed from these
data, the median rainfall intensity was determined. Additionally, data on precipitation intensity
were obtained from Puntijarka and Zagreb Maksimir stations and used in the estimation of water
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flow and volume during simulated flash flood events. Hourly flow data for the Crnomerec stream
(recorded at the Mikuli¢i station) were used to develop several hydrographs illustrating the flow
response to intense rainfall. Using the precipitation and basin area data, runoff volumes and
rainfall volumes were calculated, leading to the estimation of the runoff coefficient C (see
Deliverable 2.1).

In the selected flash flood scenario (in which the simulation assumes the absence of existing
retention dams due to their collapse caused by a potential earthquake, allowing water to flow
freely through the catchments before any emergency repair or reconstruction could take place),
streams Crnomerec, Bliznec, and Pusti dol were modelled under rainfall conditions of 29.5 mm/h
lasting for 134 minutes (see Deliverable D2.2, Gavin et al. 2025). To support hydraulic modelling,
a 1x1 m resolution DEM obtained from LiDAR data was used. This model helped derive slope and
topographic variables required for HEC-GeoRAS inputs. The DEM was also modified in key urban
zones and near dam locations to better represent actual flow conditions. Land use classification
was derived from 2021 digital orthophoto maps provided by the State Geodetic Administration.
These were used to assign Manning’s roughness coefficients, an essential parameter for hydraulic
simulation.

Hydraulic models were developed for all three catchments and are described in more detail in
Deliverable 2.2.

3.1.3 Case study - Rotterdam area

The Netherlands case study focuses on a high-priority flood protection area along the Oude Maas
River, specifically between dike sections Dijkring 17-1 and 17-2 in the Rijnmond region.
Deliverable 2.1 identifies this area as one of the zones of greatest concern for potential levee
failure.

As part of the CRISAFE project, the Rotterdam dike section was assessed through detailed site
investigation and liquefaction analysis. Cone Penetration Tests (CPT) were performed to
determine the thickness and depth of potentially liquefiable soil layers in relation to local datum
in Dutch - Normaal Amsterdams Peil (NAP). To complement these findings, probabilistic
numerical modelling was used to better evaluate the liquefaction risk under selected limit states,
design conditions, and possible failure mechanisms.

Several failure mechanisms were assessed to evaluate the integrity of the dikes and their
potential to lead to inundation of the protected hinterland. These include:

e Rotational failure (sliding or slumping of dike slopes),

e Piping (internal erosion due to seepage),

e Rapid drawdown (instability due to sudden water level drop), and

e Scour-induced liquefaction (loss of soil strength caused by erosion at the dike toe).

Additionally, the study incorporated time-dependent and water-level-dependent effects on dike
stability by developing fragility curves, which represent how the probability of failure evolves
under changing hydraulic and environmental conditions. These curves are valuable tools for
infrastructure managers and help them to identify and prioritise critical assets and guide long-
term planning and investment strategies (see Deliverable 2.1).

Deliverable 3.1: Cascading multi - hazard risk assessment methodology 21



* X %

*
* o %

Co-funded by European Union
Grant Agreement Number 101140336 J\/SAFE\/\—

* gk

Fragility curves are a key tool for linking hazard intensity with the probability of failure or
damage. By defining the conditional probability of failure for a given load or stress level, they
support risk-informed decision-making, asset prioritization, and the development of risk
registers. Within the CRISAFE project, fragility curve analysis highlighted two dominant failure
mechanisms in the Rotterdam case study that could lead to flooding: static liquefaction and

piping.

In Rotterdam, the dike's vulnerability to static liquefaction was one of the key considerations,
particularly in areas affected by scour-induced toe erosion. This process alters stress distribution
in the soil and can trigger contractive behaviour. Through a combination of CPT-based soil
classification, liquefaction screening parameters and high-resolution finite element simulations
in Plaxis2D software, critical zones were identified where static liquefaction could be triggered.

Piping, a hydraulic failure mechanism, occurs when seepage forces lead to internal erosion
through or beneath the dike. It is driven by differences in hydraulic head and can result in sudden,
catastrophic failure. Fragility curves were developed to assess the probability of piping under
various flooding scenarios, considering key probabilistic variables such as soil unit weight and
permeability.

Results showed that seepage length strongly influences piping resistance: longer seepage paths
significantly reduce failure probability. However, even with slower permeability, a flood level of
3 meters above NAP (roughly a 1-in-100-year event) results in an unacceptably high probability
of failure. This confirms piping as the dominant failure mechanism at the site as stated in
Deliverable D2.2 (Gavin et al. 2025).

3.1.4 Earthquake scenarios

Three key steps in earthquake risk assessment include:
e developing seismic hazard models that describe the intensity and frequency of ground
shaking across a region,
o compiling exposure datasets that identify the location and value of assets at risk, and
e applying vulnerability functions that estimate the probability of damage or loss based on
the level of ground shaking

Earthquake hazard can be assessed using two primary approaches:
e a deterministic method, which focuses on a single, typically worst-case earthquake
scenario, and
e aprobabilistic method, which considers a full range of possible earthquake events along
with their chances of occurring.
While deterministic methods are often simpler and more conservative, developing a probabilistic
seismic hazard analysis (PSHA) model involves complex calculations to capture uncertainties in
earthquake magnitude, location, and timing. The results of PSHA express the likelihood that
different levels of ground shaking will be exceeded at a site within a specified time frame
(UNISDR, 2017).

In seismic assessment, it is crucial to account for the uncertainty of data. Special attention should
be given to the uncertainties in both input data and the models used.
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Uncertainty in input data arises for several reasons. All earthquakes listed in a seismic catalogue
are located with a certain degree of inaccuracy, since every measurement, such as the timing of
seismic phases used to calculate earthquake parameters, inevitably involves random errors.
Additionally, the location methods employed typically converge asymptotically toward the most
probable solution, introducing another type of error. Earthquake magnitudes are also estimated
as the average or median of readings from various stations, each of which may contribute
different values.

Beyond random measurement errors, model uncertainty is also significant. No model fully
captures all physical aspects of seismic phenomena due to limited understanding and incomplete
data on the governing physical processes (Sovi¢ et al., 2023).

3.1.4.1 Input datasets requirements

In the CRISAFE project, the earthquake risk assessment was performed using a deterministic
approach, supported by multiple ground motion scenarios to evaluate variability in response.

The datasets identified as relevant for conducting a comprehensive seismic modelling are
presented in Table 3-3.

Dataset Name Description Format Source Example

USGS, EMSC, ISC-GEM Global

Historical earthquake
q Instrumental Earthquake

Seismic Catalog
(historical data)

records with
magnitude, depth,
location.

CSV, XLSX, PDF

Catalogue, AHEAD, National
seismological surveys, Scientific
papers, IRIS

Active fault lines, slip

Geological surveys, EDSF, EPOS,

NEHRP classes A-E).

Fault Maps rate, fault type (strike- ||Shapefile, PDF OneGeology Europe,
slip, thrust, etc.) Seismological surveys
Rock types, geological
. layers - used for GeoTIFF, PDF, Geological surveys, OneGeology
1 IM
Geological Maps regional hazard Shapefile, PNG/JPEG |[Europe, EGDI
zonation.
Geological surveys (Site
Used t del local
Soil Type and Site 5¢ i (_)m? ¢ foca Shapefile, GeoTIFF, |[investigations, Borehole logs),
amplification (e.g., . .
Class CSV, XLSX, TXT, PDF ||Seismological surveys,

EGMS/EGDI

Ground Motion
Prediction
Equations (GMPEs)

Mathematical models
to estimate shaking.

CSV, XLSX,
Computational codes

ESM, SHARE, Scientific literature,
EFEHR Platform, Seismological
surveys, OpenQuake

PGA/Spectral
Acceleration Maps

National or regional
seismic hazard maps
for specific return
periods.

GeoTIFF, Shapefile,
NetCDF, CSV / TXT

GEM, ESHM13, National
seismological surveys, ESM
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National seismic agencies, EU
Ground Motion Service
(Copernicus, ESHM from EPOS

Assessment of crustal ||Shapefile/GPKG, CSV,

Geodetic data
stress and strain rate. |[XLSX

Informati faults,
Sr:r:;nri l?nrl:r;na:ju > Shapefile/GPKG,
gime, GeoTIFF, CSV, XLSX, |[EFHR, EDSF

Seismotectonic data

earthqu.ake PDF, TXT

mechanisms

Used in site response
Topographic Data |modeling (e.g., for GeoTIFF LiDAR, Copernicus, National
(DEM) landslide-triggering portals, SRTM, ASTER GDEM

potential).

3.1.4.2 Case study - Zagreb area

Given that the city of Zagreb lies in a seismically active region, including the nearby Medvednica
mountain range, it is considered one of the most hazardous seismic zones in Croatia. As shown in
Figure 3-2, the fault system in the wider Zagreb area includes several active faults located in close
proximity to the three case study dams. Notably, these dams are situated near the fault
responsible for the most recent significant earthquake that struck Zagreb in 2020 (M., 5.5) (Sovi¢
etal, 2023).

Following this event, updated seismic hazard maps for the city were developed as part of the
"Earthquake Risk of the City of Zagreb" project. For the purposes of this case study, a peak ground
acceleration (PGA) of 0.26g, corresponding to a 475-year return period, was selected as a
representative value for subsequent seismic analyses.

To assess the potential effects of seismic loading on dam stability, two analytical approaches were
employed:
e Dynamic finite element method (FEM), which requires full acceleration time histories to
be applied at the model’s base.
e Pseudo-static slope stability analysis, which only uses peak ground acceleration as input.

Based on historical earthquake records, particularly the 1880 Zagreb earthquake, a magnitude of
approximately M; 6.4 was estimated for a 475-year return period, using logarithmic
interpolation.

Using the SeismoArtif software (Seismosoft Ltd.), a suite of 30 synthetic earthquake records was
generated. The input parameters for the ground motion simulations were as follows:
e Tectonic regime - the type of geological plate movement causing earthquakes
e Earthquake type - the classification of an earthquake based on its source mechanism
¢ Moment magnitude (Mw) - a scale measuring the total energy released by an earthquake
e Hypocentral distance - the distance from the earthquake’s focus (origin point
underground) to a specific location.
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e Soil conditions - the characteristics of the ground at a site affecting seismic shaking

e Equivalent NEHRP classification - a standardized category of soil types used in seismic
design based on the NEHRP system

e Average shear wave velocity (Vs3g) - the average speed of seismic shear waves traveling
through the top 30 meters of soil

The generated accelerograms were then spectrally matched using SeismoMatch (Seismosoft Ltd.)
to comply with Eurocode 8 spectral shape and design requirements. Key parameters needed for
accelerogram scaling included:
e Earthquake characteristics (magnitude, source-to-site distance, depth, faulting
mechanism),
e Site-specific soil classification (Eurocode soil type and Vszg),
e Spectral requirements (PGA and spectral accelerations), and
e The fundamental period of the dams, required to match spectral accelerations over the
period range from 0.2xT; to 2xT;.

Based on these inputs, a dynamic finite element analysis was carried out to estimate dam
displacements and acceleration response at two critical points — the base and the crest of each
dam. These results provide insights into the seismic performance and potential failure
mechanisms of the retention structures under realistic earthquake loading scenarios.
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Figure 3-2 Overlay Map of seismic zones with average PGA value with fault system, City of Zagreb
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4 Vulnerability of Flood Protection System -
Retention dams and levees

4.1 General requirements

Flood protection systems such as retention dams, levees, embankments, and detention basins are
essential infrastructure designed to mitigate the impacts of extreme hydrological events.
However, their performance can be compromised due to various hydraulic, geotechnical, and
structural factors, often intensified by climate change and seismic activity.

For the design and assessment of flood protection systems, it is essential to incorporate
hydrological parameters of the catchment and perform hydraulic calculations based on return
periods of atleast 100 years. These analyses define reservoir capacities, spillway design, and flow
routing under design flood conditions.

All three retention dams in the Zagreb case studies are earthen embankment dams, with their
siting determined by geological, morphological, and hydrological suitability. Their vulnerability
assessments must include both conventional stability analyses and potential failure mechanisms
induced by hydrological, seismic, or geomorphological processes.

In addition to flooding and seismic hazards, attention should also be given to other critical
geohazards such as landslides and soil liquefaction, which can significantly affect the stability and
performance of flood protection structures.

The stability of both upstream and downstream slopes is a critical aspect of flood protection
infrastructure, especially in reservoir areas where slope failure can be triggered by prolonged
saturation, rapid drawdown, or seismic loading. Landslides are a significant geohazard in Croatia,
particularly in areas exposed to intense and prolonged rainfall. With climate projections
indicating an increase in rainfall intensity and duration, the risk of landslides is expected to rise
accordingly. To address this threat, advanced monitoring tools such as LiDAR-based terrain
analysis and satellite-based InSAR data from the European Ground Motion Service (EGMS) are
recommended. These tools enable early detection of slope deformations and support the
development of regional landslide susceptibility maps, which are essential for proactive risk
management and infrastructure planning.

In seismic events, particular attention must be given to liquefaction potential, especially for
saturated, loose sandy and silty soils often found below embankment dams. Parameters
influencing liquefaction susceptibility include grain size distribution, density, relative
compaction, and initial stress state, typically obtained from boreholes and CPT tests (Le et al,,
2022).

A comprehensive vulnerability assessment of flood protection systems must integrate:

e Hydraulic loading scenarios,

e Seismic hazard data,

e (Geotechnical characterization,
e Monitoring data,
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e Fragility and failure models,

e Probabilistic risk metrics,

e Maintenance and inspection data (e.g., geotechnical cadastre).

Identified datasets relevant for risk assessment of geotechnical structures are listed in Table 4-1.

Dataset Name Description Format Source Example
PDF reports, .
Determini terial Geol 1S , Legal
Boreholes with classification € erml'mng ma erla. XLSX, eo. ogical surveys, Lega
. properties and subsoil ! Entity for Water
and laboratory testing . Shapefile/GPKG,
conditions Management
logs
Technical cross-section Understanding dam DWG. PDF Legal Entity for Water
drawings of dams geometry and layering ’ Management
Mappi logical
Detailed engineering geological ) Shapefile/GPKG, apping geo 0gica
. Geological Surveys structure and
maps with boreholes PDF

stratigraphy

Soil samples with SPT (Standard

Soil strength and

XLSX, CSV, logs,

Site investigations (via

data

stratigraphy

Penetration Test) stratigraphy PDF reports contractors / institutions)
Assessing subsoil
CPT (C Penetration Test Site i tigati i
(Cone Penetration Test) stiffness and XLSX, CSV ite investigations (via

contractors / institutions)

LiDAR data

Modeling outer
geometry of dams and
surrounding terrain

LAS/LAZ, DEM,
GeoTIFF

National Geoportals, EU
projects (e.g. Copernicus)

MASW (Multichannel Analysis
of Surface Waves)

Determining shear
wave velocity profiles
(Vs30 etc.)

CSV, velocity
profiles, PDF

Geological Surveys,
EuroGeoSurveys

Seismic refraction profiles

Determining subsurface
layers and seismic
velocity structure

SEG-Y,
JPEG/PNG,
interpreted logs

Geological institutes /
academic research

Geotechnical soil profile in
depth

Full stratigraphic and
mechanical soil profile

XLSX, CSV, logs

Combined from
boreholes, MASW, CPT,
SPT data

4.1.1 Case study - Zagreb area

The analyses for Zagreb case studies were carried out based on the availability of data. Since the
dams were constructed between the 1970s and 1990s, there are significant data gaps regarding
their structure and materials as stated in D2.2 (Gavin et al. 2025).

First, for each dam separately the geotechnical characteristics were derived using LiDAR data.
The geotechnical parameters for the dam structure and its foundation were estimated by
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integrating LiDAR data, CPT tests, historical borehole logs, and empirical correlations. The goal
was to define the material zoning, shear strength, stiffness, hydraulic properties, and stress-strain
behaviour for use in numerical geotechnical modelling. Then, both static and dynamic analyses
were performed for two separate events, as the calculations in D2.1 (Rossi et al. 2025) indicated
that the likelihood of their simultaneous occurrence is negligible.

The following three types of analyses were conducted:

1. Static transient numerical analyses for seepage calculations,
2. Dynamic load-deformation analyses for seismic response,
3. Static and dynamic stability limit equilibrium analyses.

During the static seepage analyses, each dam was subjected to nine distinct water level scenarios.
These water levels were defined based on rainfall intensity and duration, tailored individually for
each dam depending on reservoir and dam characteristics. Each water level scenario was
evaluated in two phases:

1. Rising phase - where the water level increases from the soil surface up to a level relevant
for assessing downstream slope stability.

2. Rapid drawdown phase (RDD) - where the water level quickly drops from its peak back
down to the dam toe, which is critical for analysing upstream slope stability.

For seepage analysis, a finer mesh was used to increase accuracy, since seepage simulations are
less computationally demanding than dynamic load-deformation analyses. The results consisted
of transient pore-water pressures computed at each node in the finite element model. These pore
pressures were exported and used as input data for stability analyses, interpolating pore
pressures at any needed point within the dam structure.

For the dynamic case, seismic performance of the dams was evaluated through numerical
simulations and probabilistic stability assessments. A total of 30 synthetic earthquake ground
motions were generated (as detailed in D2.1, Rossi et al. 2025) and applied at the base of each
dam’s 2D numerical model. These motions were scaled to match site-specific design spectra:

e Crnomerec and Jazbina dams share similar subsurface conditions (soil type B)
e Pusti dol dam is founded on rock (soil type A)

This resulted in two sets of 30 motions, one for Crnomerec and Jazbina, and the other for Pusti
dol. The finite element models (using the HSsmall constitutive model) simulated the response of
dry soil conditions with the water table located at the base of the model.

Dynamic outputs included:

o Permanent displacements across the dam bodies (1-7 cm, typically), with their spatial
distribution.

o Horizontal accelerations at the dam crest and base, showing seismic amplification toward
the crest.

Both displacement and acceleration outputs followed log-normal distributions, confirming
consistent statistical behaviour.
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To assess slope stability under seismic loading, a spectral pseudo-static limit equilibrium method
was applied. Unlike the traditional method with constant seismic loading across height, this
approach used a height-dependent horizontal seismic coefficient.

The data used for the Zagreb case study analysis, and its outputs are shown in Table 4-2.

List of datasets used Dataset source Outputs

Seismic refraction profiles and
boreholes with classification and Croatian Geological Survey,
laboratory tests on samples, prior to ||Croatian Waters

the dams’ construction

The properties of the dams’
materials and the subsoil
conditions

Define inner material zoning
Original technical drawings Croatian Waters (body + drain) and the subsoil
conditions

Detailed engineering geological map

of the urbanised Medvednica slopes The properties of the dams’
with boreholes data, material Croatian Geological Survey | materials and the subsoil
classification, downhole and MASW conditions

profiles

Croatian Waters, Croatian Provided confirmation of
Historical boreholes Geological Survey, Faculty of ||subsoil types and layering,
Civil Engineering granulometric data

The properties of the dams’
CPT with pore pressure measurement |[Faculty of Civil Engineering |materials and the subsoil
conditions

) Determine the outer geometry
. State Geodetic ]
LiDAR data . ) and average elevation of the
Administration .
dam cross-section

Estimate shear wave velocit
Multichannel Analysis of Surface y

Waves (MASW) data Croatian Geological Survey ||and initial stiffness of

foundation soil

4.1.2 Case study - Rotterdam area

According to D.2.1, the Rotterdam flood protection system along the Oude Maas River may
experience a reduction in stability due to complex subsurface conditions and observed riverbed
scour, which could potentially trigger multiple failure mechanisms. The interaction of hydraulic
forces and soil behaviour under changing environmental conditions increases the risk of dike
instability.

Key vulnerabilities considered include the potential for static liquefaction, which may be
triggered if contractive sandy soils are destabilized by scour-induced slope steepening, as well as
piping driven by seepage forces that can lead to internal erosion. These mechanisms pose a threat
to the structural integrity of the dike and may result in sudden failure and flooding.
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Figure 4-1 Rotterdam case study area with marked embankments (dikes) which are part of

vulnerability assessment

Detailed geotechnical investigations, including CPTs (the locations of which are indicated by the
dots in the insert in Figure 4-1), identified critical soil layers prone to strength loss under stress.
Numerical modelling and probabilistic analysis accounted for uncertainties in soil properties and
loading conditions, revealing how variations in hydraulic levels and erosion affect failure
probabilities.

Fragility curves developed from this analysis illustrate how failure risk evolves with flood
intensity and time, serving as vital tools for risk-informed decision-making and prioritization of
maintenance efforts. Understanding these vulnerabilities enables targeted management
strategies to enhance the resilience of Rotterdam’s flood defences against complex and dynamic
threats.
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5 Exposure

5.1 General requirements

Exposure refers to the presence of people, buildings, infrastructure, and other valuable assets in
areas that are at risk from natural or man-made hazards. It is measured by the number and type
of elements located in these hazard-prone areas. Exposure analysis helps identify which hazards
are relevant to a specific location, regardless of the project type, and is often used together with
vulnerability and capacity assessments to estimate potential risk.

However, not all exposed elements are equally at risk—this depends on their vulnerability. The
diagram in Figure 5-1 illustrates how vulnerability is assessed at different spatial levels, from
individual buildings to entire regions, incorporating factors such as building age, population
density, infrastructure, and economic activity.

Considering that the CRISSAFE project addresses hazards rooted in natural phenomena, such as
floods and earthquakes, that impact the urban environment, this chapter provides an overview
of the data used to assess exposure. Specifically, we list and describe the available data concerning
the presence of land use, infrastructure, property, economic activities, and population within the
potentially affected areas of our case studies: Rotterdam (the Netherlands) and Zagreb (Croatia).

The data used for exposure analysis come from a combination of internal consortium databases
and publicly accessible GIS datasets from trusted sources. Some data were downloaded from
open data portals, while others were provided directly by project partners and relevant
institutions. This information serves as the foundation for evaluating the extent and intensity of
exposure in the selected urban areas, supporting subsequent risk assessments and mitigation
planning.

Building Neighborhood/Settlement City/Municipality County/Region
Number of Building(s) Settlement(s) e Municipality(-ies) Regional
inhabitants 7 vulnerability vulnerability vulnerability vulnerability
i - C ial . L/
Building structure - °”‘,m‘e.r°'a Infrastructure Population density *
activities
Building age Cultural heritage ~ .Economlc Natural resources !
importance
Other criteria AT bu1lci||n_gs Natuml/cultural Other criteria
(schools or similar) ~ / heritage
Other criteria / Hazardous industry /
Other criteria

Figure 5-1 Example of a multi-level and multi-criteria approach for vulnerability assessment
(Mladineo et al., 2022)
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5.1.1 Land Use and Land Cover

Land Use and Land Cover (LU/LC) play a crucial role in assessing exposure in urban
environments, as they provide insight into the spatial distribution and classification of land (e.g.,
urban areas, agriculture, forests), as well as patterns of settlement. Changes in land use, such as
urban expansion or deforestation, can significantly increase exposure to natural hazards.

In urban exposure analysis, the following land use categories are especially relevant:
e Residential areas - indicate population concentration and housing vulnerability.
e Commercial and industrial zones - reflect economic exposure and potential disruptions.
e Public infrastructure (schools, hospitals, administrative buildings) - critical for response
and recovery.
e Transport networks - essential for accessibility and emergency logistics.
e Green and open spaces - can influence flood dynamics and serve as buffer zones.

For the Zagreb case study, the most suitable source of LULC data is the Copernicus programme,
within which the Copernicus Land Monitoring Service (CLMS) primarily produces and maintains
High Resolution Layers (HRL), detailed layers for features such as artificial surfaces, forests, and
grasslands, and the Urban Atlas, which provides highly detailed LULC data for functional urban
areas across Europe. Compared to CORINE Land Cover (CLC), the Urban Atlas offers significantly
finer spatial resolution and more functionally specific urban categories, making it especially
valuable for exposure analysis in densely populated areas. For the Rotterdam case study, the
Netherlands provides its own national LU/LC datasets, which are independent of Copernicus
sources and often offer higher spatial detail and more frequent updates compared to European
datasets such as CORINE Land Cover.

5.1.1.1 Buildings

Data on building characteristics are essential for seismic vulnerability assessment because
construction practices have evolved over time with advances in engineering technology,
knowledge of soil conditions, and urban planning principles.

Another critical factor is the maintenance history and any functional changes over time, including
alterations such as the removal of load-bearing elements, which can reduce structural resistance
to seismic hazards. For seismic vulnerability calculations, material type and structural system are
key attributes.

In addition to building height, the number of residential units per floor is important, as it directly
affects evacuation time; taller buildings require significantly more time to evacuate, which can
increase the potential consequences of severe damage in any hazard event. The intended use of a
building, residential or commercial, must also be considered, as it determines the expected
occupancy and evacuation needs.

Many buildings, particularly those in central urban areas, are older and were not designed
according to modern seismic codes or current load requirements. Furthermore, the risk
assessment must consider whether a building is freestanding or physically connected to
neighbouring structures, as adjacency can influence seismic behaviour.
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The datasets identified as relevant for conducting a comprehensive building risk assessment are
presented below, in Table 5-1.

Dataset Name Description Format Source Example

Historical I data, . . .

buildin VTIEZZE?MEI :0 PDF, CSV, XLSX, Ministry of Physical Planning and
g Y GeoTIFF, GML Construction

damage data |[specific hazards

Local building departments, BIM
Construction type,  ||CSV, XLSX, CAD pcal DULCIng cepartments

Building ) . models, OpenStreetMaps, State Geodetic

Inventory height, materials - for formats, Information System, Ministry of Physical
microzonation. Shapefile/GPKG, GML ) y T y y

Planning and Construction

F ban flood Shapefile/GPKG,

Building orur .an 00 apefile/ OpenStreetMap, Cadastral data, State

. modelling and Geo]SON, CAD i )

Footprints , Geodetic Information System

exposure analysis. formats, GML

In Zagreb, as in much of Croatia, documentation on building reconstructions, which can
significantly affect structural performance during earthquakes, is often incomplete, and a
substantial number of buildings have been constructed or modified illegally. This situation is less
common in many other European Union countries.

The Netherlands, given its constant struggle with flooding, has a well-developed system for
recording all data necessary for hazard risk assessment, and this data is publicly available on the
websites of national and regional institutions.

5.1.1.2 Transportation network

In the CRISAFE case studies the transportation networks include:

= Roads: highways, primary and secondary streets, bridges, and tunnels.
= Railways: main lines, stations, and associated structures
= Tramways: tracks, depots, stops, and their supporting electrical infrastructure.

Transportation infrastructure represents a critical element of urban exposure due to its central
role in mobility and emergency response. Disruption of these networks during natural hazards
can severely affect evacuation capacities, access to essential services, and post-event recovery.

For risk assessment, key exposure factors include where the network lies in relation to hazard
areas, its type and size (e.g., main or local roads, single or double tracks), important structures
such as bridges or underpasses, its age and condition, and how much traffic it carries.

Required datasets (see Table 5-2) are typically geospatial vector layers containing network
geometries, attributes (e.g., functional class, surface material, elevation, load limits), and traffic
data. The primary outputs of the exposure analysis are spatial overlays showing transportation
networks intersecting hazard zones, quantification of affected lengths or assets, and the
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identification of critical infrastructure segments that require priority protection or adaptation

measures.
Dataset
atase Description Format Source Example
Name
Assessment of potential flood or OSM, EuroGlobalMap, TEN-T,
Road earthquake impacts on road Shapefile/GPKG, ||Geofabrik, Open national data
Network accessibility, emergency routes, Geo]SON portals, Legal Entity for Road
and evacuation planning. Management
Evaluating disruption to passenger ||CSV, XLSX, CAD ||OSM, TEN-T, EuroGlobalMap,
Railway and freight transport, and its effect |[formats, Geofabrik, Open national data
Network on urban functionality during Shapefile/GPKG, ||portals, Legal Entity for Railways
hazards. GML Management
A tlocal mobility, urb ) .
Tram e\j:ils;rtril(e): aﬁflaerrrrllzr leln}; urban Shapefile/GPKG, ||Local data, City geoportals,
Network _’ sency Geo]SON Geofabrik, OSM
response in case of hazard events.

Roads in Zagreb are divided into public roads, which include motorways and state roads, and local
roads that are managed by the city itself. Because Zagreb functions as both a city and a county,
many previously unclassified roads have been reorganized into a single network and grouped
into three categories (first, second, and third order) based on their length, importance, and role
in transportation. This categorization guides decisions on construction, maintenance, and
financial priorities.

The General Urban Plan (GUP) further defines specific road types such as urban motorways, main
avenues, primary streets, local streets, and access roads, each with required minimal widths.
Road width and classification are significant because they influence traffic flow, determine
maintenance schedules, and affect which roads are prioritized for funding and repairs after
hazard events (Juri¢, 2014).

The management system for transport infrastructure in the Netherlands is highly digitalized.
Real-time data on road conditions, such as closures, traffic congestion, construction works, and
flooded areas, are available through national platforms (e.g., Rijkswaterstaat), open data portals,
and APIs. These datasets are used not only for navigation purposes but also for rapid response
and decision-making during hazard events.

Railway networks in urban areas represent essential infrastructure whose location, condition,
and capacity determine their exposure to natural hazards. In both of our case studies, rail lines,
stations, and associated facilities intersect densely populated zones and areas that may be
vulnerable to flooding or seismic activity, making their resilience an important factor in overall
urban risk assessment.
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We distinguish between two main categories: railway lines and tram tracks. The railway lines can
be further classified into several subtypes, such as international lines, industrial tracks, branch
lines, and others. However, for the purposes of this report, we will distinguish just railway lines
from tram tracks.

5.1.1.3 Critical urban infrastructure

Critical urban infrastructure plays a central role in maintaining essential societal functions and
ensuring community resilience during and after disaster events. Within the exposure component
of risk assessment, special attention is given to key facilities whose disruption can lead to
cascading failures across sectors. This category of critical urban infrastructure is particularly
exposed when located within hazardous zones (e.g., flood or earthquake areas), in locations with
limited access, or in outdated buildings lacking hazard-resilient design. Their significance is
heightened by the fact that they accommodate a large number of users in one place, many of
whom are either children, elderly, or otherwise physically more vulnerable.

This includes:
e Health care institutions, such as hospitals, clinics, residential care for children,
institutions for persons with disabilities, and elderly care homes, which must remain
operational under crisis conditions.

e Educational and childcare facilities, including kindergartens, schools, and student
dormitories, which accommodate vulnerable population groups.

e Safety and emergency management infrastructure, such as fire stations, police
departments, and civil protection centres, which coordinate emergency response and
protect public safety.

e Supply infrastructure, such as water management systems, energy supply systems
(electricity, gas, oil), and telecommunications fall into the category of supply
infrastructure, which forms an essential and inseparable part of urban environments.

e Cultural heritage sites, including historical buildings and monuments, are considered
part of the exposure assessment due to their irreplaceable value and vulnerability to
hazardous events.

Table 5-3 lists the data required to conduct a comprehensive risk assessment of critical urban
infrastructure.
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evaluate casualty risk.

Dataset Name Description Format Source Example
For assessing human
Institutional occupancy exposure, plan GeoTIFF (for grids), ||[Ministry of Education,
data evacuations, and CSV, XLSX Ministry of Health

Construction type,

CSV, XLSX, CAD

Local building departments,
BIM models, OSM, State

(for cultural heritage

conservation and

Geo]SON, CSV, XLSX

height, materials, fi ts, . .
Building characteristics elght, materials orma S Geodetic Information System,
number of floors, Shapefile/GPKG, . . )
Ministry of Physical Planning
structural system GML :
and Construction
Legal protection status Important for
galp prioritizing heritage |(|Shapefile/GPKG, Ministry of Culture Register,

UNESCO, HEREIN

potential isolation
risks.

sites) ,
recovery planning
For urban flood Shapefile/GPKG, OpenStreetMap, Cadastral
Building Footprints modelling and Geo]SON, CAD data, State Geodetic
exposure analysis. formats, GML Information System
Assesses evacuation
routes, emergency )
Shapefile/GPKG,
Accessibility response access, and Geiﬁ)se 01; / Local Open Data Portal

As part of the exposure analysis, we included kindergartens, primary schools, secondary schools,
high school dormitories. These facilities are crucial for identifying vulnerable population groups,
particularly children under the age of 14, who require special attention during evacuation
planning. Knowing the number and locations of these institutions helps in planning emergency
measures and optimizing support services. In addition to their primary function, some facilities,
particularly those with larger spaces such as sports halls, can also serve as temporary shelters or

logistical centres after hazard events.

The dataset includes locations of police stations, professional and volunteer fire stations, civil
protection assembly points, and official evacuation areas. Assembly points are designated places
near residential or public buildings where people gather temporarily during emergencies for
headcounts and basic instructions. Evacuation areas are larger, officially designated sites, such as
sports halls or public facilities, situated farther from hazard zones and equipped to provide

shelter, food, medical care, and other essential services for longer periods.
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Supply infrastructure, comprising electricity grids, telecommunication networks, water supply
systems, and wastewater systems, provides essential resources and services that support vital
societal functions.

Earthquakes can damage heavy electrical equipment and brittle components, while soil
liquefaction and ground failure may compromise the structural integrity of utility networks. Such
events often result in widespread outages, with recovery ranging from hours to several months
depending on system resilience. Floods, pose equally serious risks. They can erode infrastructure
foundations and trigger landslides, particularly affecting power transmission and water systems.
Contact between electrified equipment and floodwaters may cause explosive damage, while
moisture intrusion leads to time-consuming repairs. Additionally, flooding can contaminate
drinking water sources and disrupt wastewater services, posing public health risks.
Telecommunications are also vulnerable, with damage to physical lines and network nodes
impairing emergency response coordination. Unlike earthquakes, floods typically offer early
warning opportunities, allowing utility operators to implement preventive measures, such as
power shutdowns in high-risk areas, to mitigate damage.

Cultural heritage buildings are often located in older, central parts of cities. From an exposure
perspective, they are important not only because they represent significant social, historical, and
economic value, but also because they frequently house public institutions. These structures may
have higher vulnerability to hazards due to their age, construction methods, or preservation
requirements, which can limit structural modifications. Additionally, damage to such buildings
can disrupt essential public services and result in long-term cultural and financial losses.

5.1.2 People

Knowing where people live, whether in densely populated city centres, suburban areas, or rural
zones, is crucial for understanding population exposure in hazard-prone regions. Population
density maps not only highlight where the largest concentrations of people are but also indicate
areas where potential impacts and evacuation needs would be greatest. Considering day-night
population variations further refines this picture, showing how commuter flows, workplaces, and
schools change the number of people present in specific areas at different times.

Age distribution is important because children, older adults, and individuals with health or
mobility limitations often require additional assistance and slower, more structured evacuation
procedures. Socio-economic characteristics—such as income, education, and employment—also
influence a community’s ability to prepare for, respond to, and recover from hazard events.
Populations with fewer resources tend to have a lower coping capacity and may need more
external support after a disaster.

Equally important is knowing how many people live or work in a specific location, as this
information is necessary for estimating not only emergency response needs but also the potential
financial and logistical demands of post-disaster recovery. Finally, transient populations,
including tourists and daily commuters, add complexity because they are less likely to be familiar
with local emergency procedures, making targeted communication and planning essential.
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Table 5-4 outlines the population-related information necessary for a comprehensive risk
assessment of social infrastructure.

Table 5-4 Overview of the population data needed for risk assessment

Dataset Name ” Description H Format H Source Example

Quantifying population exposure, economic

Socioeconomic activitv at risk. and prioritization of Shapefile/GPKG, Eurostat, Census
% . Z

Data ty. p GeoJSON, CSV, XLSX ||bureaus
protective measures.
N f 1 1l
seeiir(iﬁ(c1 r?;:?ﬂ“iggggﬁ lclanilorelz)l;zaertlries WorldPop, GPW,

. u v

Population Data . g CSV, XLSX, TXT Census bureaus,

and population counts or geocoded census. GHSL

By age and sex

5.1.3 Case study - Zagreb area

In Figures 5-2 to Figure 5-9 Zagreb case study exposure data are presented, digitalized in GIS
format as separate layers.
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Figure 5-2 Distribution of the population in Figure 5-3 Land usage classification
City of Zagreb (2021 Census) according to CLMS Atlas 2018
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5.1.4 Case study - Rotterdam area
In Figures 5-10 to Figure 5-13 Rotterdam case study exposure data are presented, digitalized in

GIS format as separate layers.
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Figure 5-10 Land-use map of the greater Figure 5-11 Population density in the wider
Rotterdam area (Muskens, 2021,

Rotterdam area (Koks et al., 2015)
Dutch National Statistical Office
(CBS), 2020)
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6 Cascading Hazard Risk Model Using BBN

6.1 Introduction

Bayesian Belief Network (BBN) is a probabilistic model used to represent uncertainty and causal
relationships within complex systems. Originating from Bayesian statistics, they provide a
structured approach to combining prior knowledge with new evidence to estimate the
probability of various outcomes. Unlike classical statistics, which assumes fixed parameters, the
Bayesian approach treats these parameters as random variables, reflecting a more flexible and
belief-driven interpretation of probability. This makes BBN particularly useful for decision-
making under uncertainty.

When dealing with two directly related variables in a BBN, the conditional probabilities can be
computed using standard Bayesian inference. Specifically, the posterior probability of the cause
given the effect can be derived by applying Bayes' Theorem. This allows us to update our belief
about the likelihood of a causal variable based on observed outcomes of its effect. General formula
is according to Chivata Cardenas et al.,, 2012:

Plef fect|cause] X P[cause]

Plcauselef fect] = Pleffect]

e P (cause): probability of the cause occurring
e P (effect): probability of the effect occurring
e P (effect | cause): conditional probability of the effect given the cause
e P (cause | effect): conditional probability of the cause given the effect

BBN is a type of graphical probabilistic model, structured as directed acyclic graphs (DAGs).
Within these graphs, nodes represent variables (which may be physical, environmental, social, or
technical), and edges represent direct causal or conditional dependencies between them. Each
node includes a set of mutually exclusive states, and the relationships between connected nodes
are quantified using Conditional Probability Tables. These tables define the probability of a child
node being in a specific state based on the states of its parent nodes. The network operates based
on Bayes' theorem, allowing probabilistic information to be updated and propagated throughout
the system as new evidence is introduced.

Figure 6-1 shows an example of BBN model for cascading multi-hazard scenarios in CRISAFE case
study urban areas.
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Figure 6-1 Bayesian network model used in risk assessment
The construction of a BBN involves several key steps according to ISO 31010:2019:

e Defining the variables within the system;

e Establishing causal or dependency relationships between these variables;

e Specifying conditional probabilities, either from expert knowledge or empirical data;
e Introducing observed evidence;

e Updating beliefs based on new data (belief propagation);

e Extracting the posterior probabilities of outcomes.

An example might involve modelling how infrastructure failure (such as a dam breach) is
influenced by preceding hazards (e.g., earthquakes or extreme rainfall), and how such failure, in
turn, impacts human safety, the environment, and other infrastructure systems.

Because BBNs explicitly account for uncertainty and can incorporate both quantitative data and
expert judgment, they are especially suited for modelling cascading hazard scenarios, where
multiple interrelated hazards and their consequences must be evaluated together. In this way,
BBNs offer a robust tool for multi-risk assessment, particularly in complex urban environments
where decision-making must consider a wide range of uncertain but interdependent factors.

In recent years, the use of Bayesian theory and networks has gained wide popularity due to their
intuitive structure and the growing availability of computational tools. BBNs have been
successfully applied across a broad range of fields, including medical diagnosis, genetics, speech
recognition, economics, image modelling, and even space exploration. Their ability to represent
complex systems and reason under uncertainty makes them particularly valuable for domains
where understanding interdependencies and making decisions with incomplete information is
crucial.
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BBNs support two types of inference:

e Forward inference: Used to estimate the overall system reliability or risk based on the
known probabilities of its components.

e Backward inference: Used to revise the probability of specific components or causes
after observing a particular system outcome.

In the context of engineering infrastructure and risk assessment, BBNs are especially useful for
modelling the interdependencies between critical system components. This is essential when
assessing cascading risks, where failures in one part of the system can trigger failures in others.
A major advantage of BBNs is their dynamic nature when new data becomes available (e.g., sensor
readings, damage reports), the model can update its probabilities accordingly, enabling real-time
adjustment and decision-making.

6.2 BBN for Earthquake - Flooding Cascading Event

The proposed methodology for constructing a BBN aims to capture the complexity of cascading
multi-hazard scenarios, specifically those involving both seismic and hydrological hazards such
as earthquakes and floods. To illustrate this approach, we develop the network based on an
idealized event sequence tailored to the Zagreb case study, see Figure 6-2. In this scenario, a
strong earthquake triggers ground shaking, potentially inducing secondary geohazards such as
landslides or soil liquefaction. Simultaneously, heavy rainfall leads to elevated water levels
upstream. The combined effects of seismic activity and increased hydrological pressure
compromise the structural integrity of a dam, ultimately resulting in its failure and causing
extensive flooding in downstream urban areas. The development of the BBN starts with the
abstraction of a generalized causal graph (See Figures 6-1 and 6-3), which captures the key
elements of hazard progression and interdependencies:

¢ Nodes represent essential variables or system states involved in the scenario, such as
earthquake intensity, slope stability, rainfall intensity, soil saturation, dam integrity, and
urban flood extent.

e Edges define the qualitative causal relationships between these variables, reflecting how
the state of one component influences another (e.g., high rainfall increases soil saturation,
which reduces slope stability).

This graph provides the foundation for structuring the BBN in a way that reflects both domain
knowledge and physical relationships between cascading hazards. The resulting network enables
probabilistic reasoning and inference, offering a dynamic tool for assessing risk propagation
under uncertainty and for identifying critical intervention points.

The next step is construction of Directed Acyclic Graph (DAG), which organizes the multi-hazard
system into interconnected nodes representing variables of different types and functions. These
variables are categorized based on their role in the network:

= Input variables (observed): These represent measurable initial conditions or triggers
of the cascading hazard sequence. In our case, these include seismic magnitude, peak
ground acceleration (PGA), rainfall intensity, and reservoir water levels.
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= Latent variables (hidden or unobserved): These are intermediate physical processes
that are not directly observed but critically influence system behaviour. They include
factors such as soil liquefaction, dam fragility, and slope failure.

= Qutcome variables: These nodes represent the final consequences or impacts resulting
from the interaction of multiple hazards. Key outcomes include dam breach, urban
inundation (flooding), and utility disruption (e.g.,, power, water, or communication
networks).

= Observational variables: These refer to real-world measurements or proxies used to
validate or update beliefs within the network. One example is the use of Damage Proxy
Maps (DPM) derived from satellite remote sensing, which can detect structural changes
on the surface and provide indirect evidence of damage in affected areas (Xuechun et
al,, 2023).

By organizing variables into these functional categories, the network structure supports both
forward simulation of cascading hazard outcomes and backward inference when new
observations become available.

In the next step of the BBN development, each node in the network is defined by a Conditional
Probability Table, which quantifies the likelihood of a node being in a particular state given the
states of its parent node(s). These tables reflect the causal relationships between hazards,
vulnerabilities, and potential impacts.

For instance:

» If heavy rainfall persists for several days and reservoir water levels exceed critical
thresholds, the probability of dam instability or overtopping increases substantially.

= If slope angle is steep and dam body is saturated due to prior rainfall, the likelihood of
landslides can become critical.

» [furban flooding coincides with telecommunication infrastructure failure located in low-
lying zones, the probability of communication disruption increases significantly.

= If power grid nodes are exposed to both seismic shaking and subsequent flooding, the
likelihood of cascading utility failures significantly increases.

Because the number of possible input combinations increases quickly when there are many
parent variables, Conditional Probability Tables are usually built using a combination of data,
model results, and expert input. This helps keep the network realistic while still manageable to
compute.

These are some of the typically included variables for earthquake-flood scenario: Primary hazard
variables which represent the initial natural events and environmental conditions (Earthquake
magnitude, PGA, rainfall intensity, Soil saturation index), Secondary hazard and system variables
which account for processes or conditions that evolve due to the primary hazards (Soil
liquefaction potential, Dam or levee stability, Water level in upstream reservoirs) and Impacts
and consequences which describe the outcomes that may affect people, infrastructure, and
ecosystems (dam failures, Urban flooding and inundation, Infrastructure damage, Contamination
of drinking water supplies, Disruption of telecommunications and energy services).

Once all the previously described steps have been completed, the BBN becomes ready for
dynamic updating with real-world observations. As new data becomes available during or after a
multi-hazard event, the probabilities within the network are recalculated in real time to reflect
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the current state of the system. Such input allows the recalculation of posterior probabilities for
related hazard nodes, such as landslide occurrence or infrastructure damage, thereby refining the
understanding of ongoing or potential impacts.
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Figure 6-2 Graphical representation of the process flow for BBN model development (adapted from
Gehl,2017)
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Figure 6-3 Possible BBN model for cascading earthquake — flood hazard scenario

The presented BBN model will be used in the case studies to perform risk assessment for selected
areas for cascading hazard scenarios. results are used to show the possibilities BBN approach
offers for risk assessment of cascading hazard events. The Conditional Probability Tables will be
populated with the data based on the fragility curves for critical infrastructure determined in D2.2
(Gavin et al. 2025). Expert judgment will be used to fill in the gaps within the analysis to enable
establishment of a structured and comprehensive framework which will be further quantified in
D3.2 Case study cascading multi - hazard risk assessment.
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7 Conclusions

In the task 3.1 as part of CRISAFE project a risk assessment methodology for cascading multi-
hazard scenarios in urban areas has been developed. Such scenarios are complex and uncertain,
requiring an approach that can address gaps in data and the probabilistic nature of hazard
interactions. For this purpose, the methodology is based on Bayesian Belief Networks (BBNs),
which represent causal relationships between hazards and manage uncertainty using conditional
probabilities.

This deliverable defines the input datasets requirements for a development of comprehensive
risk assessment, covering population, exposure, and infrastructure, and applies them to two case
studies: Zagreb (Croatia) and Rotterdam (the Netherlands). The examples of collected input data
in the previous steps in the CRISAFE project are presented for both case studies.

The risk assessment methodology using BBN starts from a broader perspective detecting all
possible connections between different events. In the next step, the most relevant path is selected,
which links the primary event and a chain of secondary events leading eventually to potentially
defined failure mechanisms. For that selected hazard scenario, probabilities of all events are
calculated through the probabilistic graphical model, based on which BBN model for quantifying
cascading hazard effects on CI, the environment, and cultural heritage. Is developed.

The goal of the scenario development is to find out the direct impacts of one hazard event and the
indirect effects through so-called potential cascading effects of a secondary hazardous event and
the follow-up impacts on the critical infrastructure. These cascading effects are not always known
beforehand. BBN allows combining complex relationships between different variables and the
probabilities of their occurrence into a uniform analysis. Different models, data and analyses are
assimilated, together with the sectoral and intersectoral expert judgement, into the calculation to
show these cascading effects and the potential of their influence.

The results of this report form the basis for Deliverable D3.2, which further applies this
methodology to levee failures in the Netherlands and retention system failures in Croatia,
producing a framework ready for broader urban risk assessments. Implementing the risk
methodology in the urban areas will provide valuable information for infrastructure managers to
plan prevention measures, and for CPAs to adequately plan response measures for cascading
hazard scenarios.
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