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Foreword 
The first time I was introduced to a CityGML data model was in 2016 for the Bachelor course ȖGeografisch 

modelleren van de gebouwde omgevingȗ. Up to that point I had followed my Bachelor Sustainable Innovation 

and knew nothing about the digitalization within the building industry and was far from understanding what 

CityGML data models entailed. Only years later when I started my thesis would I discover the interesting 

world behind that one untitled picture on a lecture slide that I saw that day of a 3D model of a (not too 

pretty) street. I was dumbstruck. I know that street. I had walked along that street for nearly 20 years of 

my life. There was the McDonalds I used to go to with the insatiable hunger of a teenager when I had to 

change busses to go home from my high school; and right next to it was the optician where I bought my 

first pair of glasses; followed by many other stores which I knew by heart. And on the right side - taking up 

nearly half of the pavement - those annoying raised beds of greenery that the municipality had put in a few 

years before to make the street look nicer but which looked dead all year round and only obstructed the 

walk flow. 

Nowadays Iȗm still shocked. How could the German city where I was born and raised, a city that feels like 

itȗs been fighting technological growth and innovation for decades, where I always have to carry cash with 

me because there is a great chance that I canȗt pay by card, be one of the first cities in the world that was 

partially modelled in CityGML? Now I know that the Netherlands and Germany are at the forefront of the 

world when it comes to the research and application of semantic 3D city models. And that the initiative 

Spatial Data Infrastructure North Rhine Westphalia created the data file that I saw a glimpse of so many years 

ago. So far though, I have been unable to get my hands on the original data file to ravel in it myself. 

For a long time, I have been fascinated by the fact that the built environment shapes peopleȗs lives, 

experiences, and memories. A city can help people express themselves, create a feeling of never being 

alone, of connectedness, of safety, or provide a silent oasis when needed. At the same time, a poorly 

designed city ȓ of which there are sadly many - can lead to disconnectedness, chaos, loneliness, vulnerability, 

and even death. To me, the complexity of a city in mesmerizing and there is beauty in the fact that one 

person will never fully understand the inner workings and intrinsic web of a city. Even though I try to do 

so - to a certain extent - with this thesis. 

Climate change and the causes and effects of it, are another obsession of mine that has influenced me and 

my studies throughout my life. So it felt unnatural to me - unthinkable even - to not include climate change 

in my thesis one way or another. And with my love for the North Sea and the Netherlands, it quickly 

became clear that I wanted to research the effect that water can have on a city, or rather the nuisance and 

danger of it in a country that ȓ for a whopping 59% of its land area - is vulnerable to flooding. 

As probably everyone who ever graduated will say, the process was far from easy. I remember many lonely 

days on floor 5 of Vertigo. But this made the days when someone else joined me at the self-proclaimed 

CME graduation corner - with a lovely view of the buildings atrium - so much easier. Working on my 

graduation thesis by myself also taught me that I am not made for lonesome work but enjoy working within 

a team, laughing together and discussing the topic at hand.  

Still, I can say that I very much enjoyed my graduation topic and that there was never a day that I wished I 

had chosen something different. Although a smaller scope would have probably saved me a lot of time and 

energyȟ 

Thank you for reading my thesis, I hope you enjoy it!  
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Summary 
According to the 2020 Global Risk Report by the World Economic Forum (2020), three of the top five 

risks that the world is currently facing - by both likelihood and impact - are related to climate. Among 

extreme weather events, flooding is seen as one of the major contributors to loss of human life and 

economic damage. The UN environment programme (2020), furthermore, states that floods are going to 

become more frequent in the near future due to long-term global climate change making floods an even 

more serious threat. Urban areas are especially vulnerable to floods due to their high population and 

infrastructure density. At the same time, urbanization is changing the hydrological status of urban areas and 

the flow path of the water by building new roads and buildings and destroying a cityȗs natural flood defence 

system such as the water infiltration rate of soil in the process (World Economic Forum, 2019; Yang & 

Zhang, 2011; Zhi et al, 2020). 

Building flood resilient cities is therefore becoming increasingly important to mitigate more extreme urban 

hazards, withstand the increased threats and recover from incidents more quickly. 

This research presents a process of developing an open semantic 3D city model based on CityGML that 

can be connected to the results of a flood simulation model to uncover the direct and indirect effects of 

future floods on a city, its inhabitants and its critical infrastructure and quantify the effects in a Flood 

Resilience Score. In addition, this study explores the potential of using the developed model as a spatial 

planning support tool for city planners to prioritize the redevelopment of certain areas and to test new 

spatial design decisions. Below, the system architecture of the developed spatial planning support tool that 

is at its core an open semantic 3D city flood model, is depicted. Throughout the study, there were different 

ways of modelling certain parts of the process, may it be the choice of base model or the use of certain 

software. The main argument that influenced these decisions was the leading question; Ȗwould urban 

planners (with a little help from programmers) be able to use this model themselves?ȗ, often resulting in 

choosing the Ȗsimplerȗ option. 

 

System architecture 
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The process developed in this graduation thesis consists of three parts; the development of a semantic 3D 

city model in combination with the results of a flood simulation model, the development of a Flood 

Resilience Score, and the development of a spatial planning support tool for urban planners. 

The first part (Chapter 4) successfully develops a semantic 3D city flood model of Rotterdam. The process 

of creating the semantic 3D model begins with setting up the model including obtaining and validating 3D 

city data from the Municipality of Rotterdam. The CityGML files that store the 3D city building data are 

then enriched with additional building information and infrastructure points that were identified as playing 

a critical role during floods (Section 2.1.5). This information is later used in Chapter 5 to evaluate the impact 

of the flood on buildings and households. Additionally, other fixed built environment objects such as trees, 

lamp posts and trash bins are added to the model. The process of enriching the 3D city model turned out 

to be a long one because many of the files had validation and coding errors which first had to be resolved 

before the files could be imported into the 3DCityDB. To be able to connect two future flood scenarios 

and their flood inundation maps to the 3D city model, a connection was created between the 3DCityDB 

containing the 3D city data and QGIS. The flood layers were then imported into QGIS and the two flood 

scenarios alongside the 3D city model were visualized in QGIS. Overall, this chapter shows that it is indeed 

possible to develop a data-enriched 3D city model based on CityGML and connect flood simulation output 

to it which functions as a basis to later on better understand and prepare for the potential impacts of 

flooding on a city.  

Within the second part of the study (Sections 5.1 & 5.2), a Flood Resilience Score is developed. To develop 

the score, first, a simple spatial analysis is run in QGIS to select all buildings that are flooded followed by a 

more complex spatial analysis - which also takes the flooded critical infrastructure points and their reach 

into account - to select all buildings that are also indirectly affected by the flood. The information on these 

affected buildings is then extracted and merged with additional information from the 3D city model in 

3DCityDB which could not be transferred to QGIS. The total numbers of (directly (and indirectly) affected) 

households/buildings/infrastructure points are then calculated and used as input for the Flood Resilience 

Score. Following the development of the score, the results for the total study area are used as a baseline 

to compare and evaluate the Flood Resilience Scores of the different neighbourhoods. This comparison 

highlights certain neighbourhoods in the study area that require the attention of urban planners. 

During part 3 (Sections 5.3 & 5.4) the potential of developing a spatial planning support tool for city 

planners based on the developed semantic 3D city flood model is explored. To change the 3D model in 

such a way that future environmental plans can be included when calculating the resilience of the study 

area includes several steps. First, the urban planner has to create a geo-referenced Shapefile including the 

ground area of each building, the height at which the building will be constructed using the local AHN, and 

embed a unique identifier into each building that can later be used as a primary key. In this case, the existing 

spatial plans for the large-scale urban development of ȖNieuw Kralingenȗ in the city of Rotterdam are utilized. 

Next, the 2D Shapefile is transformed into a 3D CityGML file and enriched with data using FME. After 

removing the buildings and fixed objects that would be demolished, the new 3D spatial plan is imported 

into the existing semantic 3D city model, the same spatial analyses are run as in Section 5.1 and the Flood 

Resilience Scores for the new environmental plan are calculated. At the end of the study, the results of the 

scores for Nieuw Kralingen are evaluated and compared to the scores of the total study area and it is 

concluded that, overall, Nieuw Kralingen is less affected by a flood than the total study area. 

This study offers a deeper insight into semantic 3D city modelling and tests the limits of CityGML models 

in combination with openly available data and software. While using Rotterdam as a study area, the research 
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provides both visual and quantified insight into the direct and indirect effects of a flood, allowing for a more 

comprehensive understanding of the potential impacts. The 3D city flood model and the resulting Flood 

Resilience Score can also be changed and further enriched based on the data available, allowing for a 

dynamic and adaptable model that can be updated as new information becomes available. 

Overall, this research is a first step towards the process automation of developing these models, which has 

the potential to greatly improve our ability to understand, prepare, and build for floods and to make 3D-

model-based spatial planning support tools more accessible and useful for urban planners. 
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Nederlandse samenvatting 
Volgens het Global Risk Report 2020 van het World Economic Forum (2020) houden drie van de vijf 

grootste risico's waarmee de wereld momenteel wordt geconfronteerd - zowel qua waarschijnlijkheid als 

qua gevolgen - verband met het klimaat. Wat extreme weersomstandigheden betreft, worden 

overstromingen beschouwd als een van de belangrijkste oorzaken van verlies aan mensenlevens en 

economische schade. Het VN-Milieuprogramma (2020) stelt voorts dat overstromingen in de nabije 

toekomst vaker zullen voorkomen als gevolg van de wereldwijde klimaatverandering op lange termijn, 

waardoor overstromingen een nog ernstigere bedreiging vormen. Stedelijke gebieden zijn bijzonder 

kwetsbaar voor overstromingen vanwege de hoge bevolkings- en infrastructuurdichtheid. Tegelijkertijd 

verandert verstedelijking de hydrologische status van deze gebieden en de stroombaan van het water door 

de aanleg van nieuwe wegen en gebouwen en vernietigt zo het natuurlijke waterkeringssysteem van een 

stad, zoals de waterinfiltratiesnelheid van de bodem in het proces (World Economic Forum, 2019; Yang & 

Zhang, 2011; Zhi et al, 2020). 

Het bouwen van overstromingsbestendige steden wordt daarom steeds belangrijker om extremere 

stedelijke gevaren te beperken, de toegenomen bedreigingen te weerstaan en sneller te herstellen van 

incidenten. 

Dit onderzoek presenteert een proces voor de ontwikkeling van een open semantisch 3D-stadsmodel op 

basis van CityGML dat kan worden gekoppeld aan de resultaten van een overstromingssimulatiemodel om 

de directe en indirecte effecten van toekomstige overstromingen op een stad, haar inwoners en haar 

kritieke infrastructuur bloot te leggen en de effecten te kwantificeren in een 

overstromingsbestendigheidsscore (Flood Resilience Score). Bovendien onderzoekt deze studie de 

mogelijkheden om het ontwikkelde model te gebruiken als een instrument ter ondersteuning van de 

ruimtelijke ordening voor stadsplanners om de herontwikkeling van bepaalde gebieden te prioriteren en 

nieuwe ruimtelijke ontwerpbeslissingen te testen. Hieronder wordt de systeemarchitectuur weergegeven 

van het ontwikkelde Ȗtoolȗ ter ondersteuning van de ruimtelijke ordening, dat in de kern een open 

semantisch 3D-stadsoverstromingsmodel is. Tijdens het onderzoek waren er verschillende manieren om 

bepaalde onderdelen van het proces te modelleren, of het nu ging om de keuze van het basismodel of het 

gebruik van bepaalde software. Het belangrijkste argument dat deze beslissingen beïnvloedde was de 

leidende vraag: "zouden stedenbouwkundigen (met een beetje hulp van programmeurs) dit model zelf 

kunnen gebruiken?", waardoor vaak voor de "eenvoudigere" optie werd gekozen. 



13 
 

 

Systeemarchitectuur 

Het in deze afstudeerscriptie ontwikkelde proces bestaat uit drie delen; de ontwikkeling van een semantisch 

3D-stadsmodel in combinatie met de resultaten van een overstromingssimulatiemodel, de ontwikkeling van 

een overstromingsbestendigheidsscore (Flood Resilience Score) en de ontwikkeling van een instrument ter 

ondersteuning van de ruimtelijke ordening voor stedenbouwkundigen. 

Het eerste deel (hoofdstuk 4) ontwikkelt met succes een semantisch 3D-stadsoverstromingsmodel van 

Rotterdam. Het proces van het creëren van het semantische 3D model begint met het opzetten van het 

model, inclusief het verkrijgen en valideren van 3D stadsgegevens van de Gemeente Rotterdam. De 

CityGML-bestanden waarin de 3D-gebouwgegevens zijn opgeslagen, worden vervolgens aangevuld met  

gebouwinformatie en infrastructuurpunten waarvan is vastgesteld dat ze een kritische rol spelen tijdens 

overstromingen (paragraaf 2.1.5). Deze informatie wordt later in hoofdstuk 5 gebruikt om de gevolgen van 

de overstroming voor gebouwen en huishoudens te evalueren. Daarnaast worden andere vaste objecten 

in de bebouwde omgeving, zoals bomen, lantaarnpalen en vuilnisbakken aan het model toegevoegd. De 

uitbreiding van het 3D-stadsmodel bleek een langdurige opgave omdat veel van de bestanden validatie- en 

codeerfouten bevatten die eerst moesten worden opgelost voordat de bestanden in de 3DCityDB konden 

worden geïmporteerd. Om twee toekomstige overstromingsscenario's en hun overstromingskaarten aan 

het 3D-stadsmodel te kunnen koppelen, werd een verbinding gemaakt tussen de 3DCityDB met de 3D-

stadsgegevens en QGIS. De overstromingslagen werden vervolgens geïmporteerd in QGIS en de twee 

overstromingsscenario's werden samen met het 3D-stadsmodel gevisualiseerd in QGIS. Over het geheel 

genomen toont dit hoofdstuk aan dat het inderdaad mogelijk is om een met data verrijkt 3D-stadsmodel 

te ontwikkelen op basis van CityGML en daaraan een overstromingssimulatie te koppelen die als basis dient 

om later de potentiële gevolgen van overstromingen voor een stad beter te begrijpen en daarop voorbereid 

te zijn.  

In het tweede deel van de studie (delen 5.1 en 5.2) wordt de overstromingsbestendigheidsscore (Flood 

Resilience Score) ontwikkeld. Om deze score te ontwikkelen wordt eerst een eenvoudige ruimtelijke 
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analyse in QGIS uitgevoerd om alle gebouwen te selecteren die overstroomd zijn, gevolgd door een meer 

complexe ruimtelijke analyse - die ook rekening houdt met de overstroomde kritieke infrastructuurpunten 

en hun bereik - om alle gebouwen te selecteren die ook indirect door de overstroming zijn getroffen. De 

informatie over deze getroffen gebouwen wordt vervolgens geëxtraheerd en samengevoegd met 

aanvullende informatie uit het 3D-stadsmodel in 3DCityDB die niet naar QGIS kon worden overgebracht. 

Het totale aantal (direct en indirect getroffen) huishoudens/gebouwen/infrastructuurpunten wordt 

vervolgens berekend en gebruikt als input voor de overstromingsbestendigheidsscore (Flood Resilience 

Score). Na de berekening van de score worden de resultaten voor het totale studiegebied gebruikt als 

basislijn om de overstromingsbestendigheidsscores (Flood Resilience Score) van de verschillende buurten 

te vergelijken en te evalueren. Uit deze vergelijking blijkt dat bepaalde buurten in het studiegebied de 

aandacht van stedenbouwkundigen nodig hebben. 

In deel 3 (paragrafen 5.3 & 5.4) worden de mogelijkheden onderzocht om een instrument ter 

ondersteuning van de ruimtelijke ordening voor stadsplanners te ontwikkelen op basis van het ontwikkelde 

semantische 3D-stadsoverstromingsmodel. Om het 3D-model zodanig aan te passen dat toekomstige 

milieuplannen kunnen worden meegenomen bij de berekening van de veerkracht van het studiegebied, 

moeten verschillende stappen worden doorlopen. Eerst moet de stadsplanner een Shapefile met 

georeferentie creëren, waarin het grondoppervlak van elk gebouw en de hoogte waarop het gebouw zal 

worden gebouwd  gebruik makend van het lokale AHN, zijn opgenomen, en elk gebouw een unieke 

identificatiecode geeft die later als primaire sleutel kan worden gebruikt. In dit geval worden de bestaande 

ruimtelijke plannen voor de grootschalige stedelijke ontwikkeling van "Nieuw Kralingen" in de stad 

Rotterdam gebruikt. Vervolgens wordt de 2D Shapefile omgezet in een 3D CityGML bestand en aangevuld 

met gegevens met behulp van FME. Na verwijdering van de gebouwen en vaste objecten die gesloopt 

zouden worden, wordt het nieuwe 3D ruimtelijke plan geïmporteerd in het bestaande semantische 3D 

stadsmodel, worden dezelfde ruimtelijke analyses uitgevoerd als in paragraaf 5.1 en worden de Flood 

Resilience Scores voor het nieuwe omgevingsplan berekend. Aan het eind van de studie worden de 

resultaten van de scores voor Nieuw Kralingen geëvalueerd en vergeleken met de scores van het totale 

studiegebied en wordt geconcludeerd dat Nieuw Kralingen over het geheel genomen minder wordt 

getroffen door een overstroming dan het totale studiegebied. 

Deze studie biedt een dieper inzicht in semantische 3D stadsmodellering en test de grenzen van CityGML 

modellen in combinatie met openlijk beschikbare gegevens en software. Met Rotterdam als studiegebied 

biedt het onderzoek zowel visueel als gekwantificeerd inzicht in de directe en indirecte effecten van een 

overstroming, waardoor een vollediger begrip van de potentiële gevolgen mogelijk wordt. Het 3D-

stadsoverstromingsmodel en de resulterende Flood Resilience Score kunnen ook gewijzigd en verder 

uitgebreid worden op basis van beschikbare gegevens, waardoor een dynamisch en aanpasbaar model 

ontstaat dat kan worden geactualiseerd wanneer nieuwe informatie beschikbaar komt. 

Al met al is dit onderzoek een eerste stap naar de automatisering van het ontwikkelingsproces van deze 

modellen, die ons de mogelijkheid geven om overstromingen te begrijpen, ons hierop voor te bereiden en 

hiermee te bouwen aanzienlijk kan verbeteren en op 3D-modellen gebaseerde hulpmiddelen voor 

ruimtelijke ordening toegankelijker en nuttiger kan maken voor stadsplanners.  
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Abstract 
With climate change accelerating, flooding is becoming a major global risk. Urban areas in particular are 

vulnerable to flooding due to their high population and infrastructure density. At the same time, water-run 

off is increased because of soil sealing and soil compression. Building flood resilient cities is therefore 

becoming increasingly important to mitigate floods, withstand the increased threats and recover from these 

events more quickly while reducing the human and economic cost of floods in the process. 

This research presents a process of developing an open semantic 3D city model based on CityGML that 

can be connected to the results of a flood simulation model to uncover the direct and indirect effects of 

future floods on a city, its inhabitants and its critical infrastructure and quantify the effects in a Flood 

Resilience Score. In addition, this study explores the potential of using the developed model as a spatial 

planning support tool for city planners to prioritize the redevelopment of certain areas and to test new 

spatial design decisions. The open semantic 3D city flood model of Rotterdam is created by obtaining and 

validating 3D city data, enriching the CityGML files with additional building and infrastructure information, 

and connecting the model to flood simulation results. The Flood Resilience Score is then developed by 

quantifying the direct and indirect impacts of flooding on buildings, households, and critical infrastructure 

points to evaluate the flood resilience of the neighbourhoods of Rotterdam. Lastly, a spatial planning 

support tool is developed to evaluate the flood resilience of the new environmental plan ȖNieuw Kralingenȗ 

in Rotterdam. 

Overall, the process development in this research can help cities better understand the impacts of flooding 

and change their spatial planning accordingly. 

 

Keywords: Semantic 3D city models, CityGML, 3DCityDB, Flood Resilience Score, spatial planning 
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1. Introduction 

1.1 Problem definition 
With climate change accelerating all over the world and its effects intensifying, the Deltaprogramma 

Ruimtelijke Adaptatie (2016) has identified four threats to the Netherlands; floods, heavy rainfall, extreme 

heat, and extreme drought. These threats are only expected to increase in likelihood and intensity in the 

near future. Reducing climate change and mitigating the effects of these four threats, should therefore be 

a priority to the people that shape the country. One of the threats that the Netherlands has a long-standing 

history with, is the excess of water. In particular the excess of water due to coastal floods can have a 

devastating impact on a country that ȓ for a quarter of its surface - is located below sea level. This long 

history of dealing with floods has made the Netherlands expert on the topic of flood defence systems. 

Dealing with the now looming additional threat of more frequent and intense rainfalls that lead to floods, 

however, is something that the country is not yet prepared for as the lethal flood event that hit western 

Europe in July of 2021 showed. Urban areas in particular are vulnerable to floods because of their high 

population and infrastructure density. At the same time, urbanization has changed the hydrological status 

of the areas by building roads and buildings and destroying a countryȗs natural flood defence and infiltration 

system in the process. The expansions of cities due to population growth only increase the risk of floods 

further by changing the flow path and state of the water. 

City planners, therefore, need a way to test how the existing built environment as well as new urban plans 

will hold up against floods in the future to be able to build flood resilient cities. 

 

1.2 Research statement 
Based on the climate change problem that the Netherlands is facing, this graduation thesis will focus on 

formulating a process to develop a semantic 3D city model and connecting it to the results of a flood 

simulation model to determine the direct and indirect effect of future floods on a city and its inhabitants 

based on a Flood Resilience score. Afterward, the potential of using the combined 3D city simulation model 

as a model-based spatial planning support tool for city planners to test their new spatial design decisions is 

explored. The focus of this research lies in evaluating the spatial plans of a city on its flood resilience before 

the actual event occurs. 

Sub-questions that this thesis will answer are as follows: 

Part 1: Developing a semantic 3D city flood model 

- SQ 1: What are flood resilient cities and how can flood resilience be measured? 

- SQ 2: What are suitable urban flood simulation models? 

- SQ 3: Can the emerging technology of semantic 3D city models be used to support the evaluation 

and design of flood resilient cities and which 3D city model formats can be used for this research? 

- SQ 4: How can the 3D city model be enriched with additional infrastructure and building datasets? 

- SQ 5: Does the semantic model indeed include the additional information on buildings and 

infrastructure? Validation 

- SQ 6: How can the results from a flood simulation model be added to the developed semantic 

3D city model? 
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- SQ 7: How can the flood simulation output be fully connected to the data-enriched 3D city model 

and can the chosen flood scenario be visualized in the semantic 3D city model? 

Part 2: Developing a Flood Resilience Score to evaluate the flood resilience of a city 

- SQ 8: How can flood resilience be measured in the combined model? 

- SQ 9: What are the effects of the future rainfall scenarios on a city and its critical infrastructure? 

Part 3: Exploring the potential of a 3D spatial planning support tool for city planners to evaluate a cityȗs 

flood resilience 

- SQ 10: Can the combined model be used as a spatial planning support tool to allow city planners 

to test their designs against a cityȗs flood resilience? 

- SQ 11: How can urban plans be assessed in terms of flood resilience? 

 

1.3 Research relevance 
Flooding is a significant problem for many cities around the world, as it can cause significant damage to 

infrastructure and disrupt the lives of residents. In some cases, flooding can even lead to loss of life. It is 

also relevant because climate change is increasing the frequency and severity of extreme weather events, 

and designing cities that are resilient to floods can help to protect the safety and well-being of residents. 

Designing flood resilient cities can also help in reducing the economic costs of flooding by investing in 

infrastructure and strategies that can mitigate flood risks. As such, there is a growing recognition of the 

importance of designing cities that are resilient to floods. This thesis seeks to develop a semantic 3D city 

model that can help urban planners to evaluate the effects of a flood on a city to achieve just that; the 

designing of flood resilient cities. 

One key benefit of semantic 3D city models is that they can be used to support spatial planning and 

decision-making. City planners and municipalities, for example, can use these models to evaluate the flood 

resilience of new environmental plans and make informed decisions about how to mitigate flood risks in 

their communities. Overall, this research aims to expose the relevance and importance of developing 

semantic 3D city models as they provide a detailed and accurate representation of a city, which can be 

used to not only support spatial planning and decision-making concerning the flood resilience of cities but 

also has the potential to facilitate an even wider range of (spatial) analytical research.  

This thesis also strives to test the limits of a semantic 3D city model that is based on CityGML to identify 

any weaknesses or limitations in the model and allow for improvements to be made. In addition, testing 

the limits of semantic 3D city models based on CityGML can help to ensure that the model is Ȗfit for 

purposeȗ and meets the needs of the users. These arguments are especially important when the model is 

used as a basis for decision-making, as it is crucial to have accurate and reliable information. At the same 

time, this research also endeavours to test the usability of the semantic 3D city flood model using only 

publicly available data and software. By developing a 3D city flood model using open data and software, 

the model becomes more accessible to a wide range of individuals and organizations, benefiting them 

regardless of their resources or expertise. 

Overall, this research attempts to reduce the research gap of semantic 3D city models by focusing on 

developing a semantic 3D city model in combination with a flood simulation model and a flood resilience 

score which can be used as a spatial planning support tool by city planners. 
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1.4 Reading guide 
The thesis is made up of 3 parts (see Figure 1). Part 1 focuses on developing a semantic 3D city model 

that includes information on the geospatial location of a flood. Within the second part of the research, a 

Flood Resilience Score is developed followed by the exploration of a potential spatial planning support tool 

for city planners in part 3.  

 

Figure 1. Simplified research design. 

Following the introduction, a literature review is conducted to answer the first 3 sub-questions stated in 

Section 1.2 regarding flood resilience cities and their infrastructure (Section 2.1), the exploration of urban 

flood simulation models (Section 2.2), and the emerging semantic 3D city model technologies (Section 2.3). 

The research approach is then described in Chapter 3 including the research design (Section 3.1), the study 

area used for this research (Section 3.2), how the collected data is managed (Section 3.3), the software 

that is used to develop a 3D city flood model and the accompanying spatial planning support tool (Section 

3.4), and the limitations that the research will face (Section 3.5). Next, the first part of the research as 

depicted in Figure 1 is conducted in Chapter 4. The development of a semantic 3D city flood model 

commences with the set-up of the 3D city model (Section 4.1), followed by the data enrichment of the 

3D city model (Section 4.2) and the connection of the model to the results of a flood model (Section 4.3). 

A conclusion (Section 4.4) completes the development of the semantic 3D city flood model. Parts 2 and 3 

are combined in Chapter 5 which focuses on the evaluation of the Flood Resilience Score. First, the Flood 

Resilience Score is developed (Section 5.1) followed by the evaluation of the results of the score (Section 

5.2). To explore the potential of a spatial planning support tool for city planners, the tool is first developed 

(Section 5.3) and then the results of the tool and the Flood Resilience Score of the new environmental 

plan are compared to the former results (Section 5.4). In the end, Chapter 6 concludes the research by 

drawing a conclusion (Section 6.1) and evaluating the research in a discussion (Section 6.2) including points 

of improvement on the research itself (Section 6.3) and recommendations to other researchers, as well as 

decision-makers such as the government or municipalities (Section 6.4).  



23 
 

2. Theoretical framework 
The following theoretical framework including a literature review focuses on answering the first 3 sub-

questions of this research; ȖWhat are flood resilient cities and how can flood resilience be measured?ȗ 

(Section 2.1), ȖWhat are suitable urban flood simulation models?ȗ (Section 2.2), and ȖCan the emerging 

technology of semantic 3D city models be used to support the evaluation and design of flood resilient cities 

and which 3D city model formats can be used for this research?ȗ (Section 2.3). At the end of this chapter 

a conclusion is drawn (Section 2.4). 

 

2.1 Flood resilient cities 

2.1.1 A global need for flood resilient cities 

According to the 2020 Global Risk Report by the World Economic Forum (2020), three of the top five 

risks that the world is currently facing - by both likelihood and impact - are related to climate, with risks 

from extreme weather events (including floods, fires, cold fronts, heat waves, windstorms, etc) scoring 

highest on the likelihood scale and 4th place regarding impact severity. Among extreme weather events, 

flooding is seen as one of the major contributors to economic damage and loss of human life. Worldwide, 

44% of all recorded disasters between 1970 and 2019 have been associated with floods while 31% of the 

total economic losses and 16% of the total human losses during that period are attributed to flooding 

(World Meteorological Organization, 2021). Furthermore, the UN environment programme (2020) states 

that floods are going to become more frequent in the near future due to long-term global climate change 

making floods an even more serious threat. Already, global data on floods shows that increased flooding is 

happening everywhere in the world (FloodList, 2021). 

Only recently did West Europe experience what it means to not be prepared for major floods. During the 

month of July 2021, the area depicted in Figure 2 was surprised by heavy rainfalls that lasted for several 

days. The heavy rainfall turned into lethal floods, costing the lives of at least 224 people. The government 

of the Netherlands (one of the affected but Ȗluckyȗ countries without any deaths) estimated the monetary 

damages in Limburg to be around 1,8 billion euros (Banach, 2021). This extreme weather event was a 

wake-up call for many highly developed and well-funded Western European countries that believed 

themselves to be well prepared and protected by, among others, the European Flood Awareness System. 

 

Figure 2. Map of floods in West Europe in July 2021 (European Commission, 2021). 



24 
 

Urban areas are especially vulnerable to floods due to their high population and infrastructure density. At 

the same time, urbanization is changing the hydrological status of urban areas and the flow path of the 

water by building new roads and buildings and destroying a cityȗs natural flood defence system in the 

process (World Economic Forum, 2019; Zhi et al, 2020). One of these natural flood defence system is the 

soils capacity to absorb the excess water. In urban areas, however, the water infiltration rate of soil is too 

low because of soil compaction which leads to increased instantaneous flooding (Yang & Zhang, 2011). 

Instead of increasing the soils infiltration rate by incorporating more green belts for example, cities heavily 

rely on their man-made sewage systems to transport the excess water outside of the city. 

Currently, around 3 out of 5 cities worldwide with a population size greater than 500.000 inhabitants are 

at risk of natural disasters (United Nations Department of Economic and Social Affairs, 2018). The 

consequences of a flood are manifold; landslides, shifting and sinking of the ground, structural damage to 

buildings, power outages, destabilization of (important) infrastructure, necessary displacement of whole 

cities, increased migration, etc all resulting in social, cultural, and economic losses as well as loss of (human) 

life.  

The World Resource Institute (2020) estimates that by 2030, coastal floods will annually impact 15 million 

people worldwide and yearly damage urban property up to an amount of $177 billion. Meanwhile, riverine 

flooding - mainly resulting from heavy rainfall - are expected to lead to even more damage, globally affecting 

over 132 million people and costing $535 billion in urban property annually. 

Building flood resilient cities is therefore becoming increasingly important to mitigate more extreme urban 

hazards, withstand the increased threats and recover from incidents more quickly. 

 

2.1.2 Need for spatial planning support tool for city planners 

The people and organizations that greatly influence the cityscape and inherently a city's resilience, are city 

planners and municipal policy makers when designing and adopting environmental plans. However, as city 

planners are - on average - no experts in fluid dynamics, it is assumed that they do not know how water 

will behave within their spatial design or what effect excess water will have on their spatial design or the 

surrounding city. A model-based spatial design-decision tool can support them in making spatial design 

decisions. By giving city planners a spatial design-decision tool to evaluate the flood resilience of their 

environmental plans, they can make sure that new urban designs can live up to their full potential in 

contributing to the flood resilience of the city.  

Meanwhile, research papers on spatial planning support systems are manifold, but the systems themselves 

are relatively under-used in practice. Research by Vonk (2006) argues that this is the case due to several 

reasons. For one, while developers provide advanced systems, city planners demand simple systems. The 

main causes for the limited acceptance of these planning support systems are șthe lack of awareness of the 

existence and potential of  PSS [Planning Support Systems], the lack of experience with PSS, and the lack of 

intention to start using PSS among the intended usersȚ (Vonk, 2006). Fortunately, the acceptance of spatial 

planning support tools within municipalities has been changing over the last few years. Municipalities and 

decision-makers are starting to use spatial planning support systems more frequently such as climate stress 

tests to prepare for the consequences of global warming (Deltaprogramma, 2017). 

On average, early interventions in the design process take more time than in a traditional process but the 

benefits of using these tools beforehand (e.g. time-saving and reduction in planning mistakes and costs) later 
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outweigh the additional time required at the beginning of the process (Pick, 2008). The time-effort 

distribution of implementing Building Information Models (BIM) (see Figure 3) for example shows that the 

bulk of the design process is moved to the preliminary design process as well as the schematic design 

process. While these phases require more time compared to the traditional design process where most 

of the workload is done during the construction documentation phase, the costs of design changes are 

kept much lower and the ability to still impact cost and functional capacity is much higher (MacLeamy, 

2004). While BIM is Ȗonlyȗ used for individual buildings, a similar model such as a semantic 3D city model 

covering a much greater area could be utilized to help build flood resilient cities. 

 

Figure 3. The time-effort distribution at the design stage for BIM-enabled and traditional AEC processes 

(MacLeamy, 2004). 

 

2.1.3 Floods in general 

A flood can be defined as an overflow of water that (temporarily) submerges usually dry land. In some rare 

cases, a flood does not consist of water but other fluids. Worldwide, floods are the most common and 

widespread natural disaster among all weather-related disasters which can last for just a few minutes or 

sometimes for weeks (NOAA National Severe Storms Laboratory, n.d.). Interestingly, while the media of 

western countries view floods as a nuisance and the word Ȗfloodȗ has a negative connotation (and this thesis 

only contributes to that stigma), floods also play important roles in agriculture, civil engineering, and public 

health. Other countries such as Vietnam are much more aware of the benefits of floods and therefore 

have a more positive outlook on floods (McClymont et al, 2019). This research, however, will only focus 

on the effect that unwanted floods (will) have on the built environment, and not on the benefits of floods 

in general.  

The occurrence of floods is strongly dependent on land use and its changes such as deforestation, wetland 

removal, flood control measurements, containment of or change in waterways, expansion of the built 

environment, climate change, and sea level rise. When observing floods, it becomes clear that they result 

from one or a combination of the following events; heavy rainfall, melting snow, obstruction of waterways, 

soil impermeabilization (resulting from urbanization or droughts), broken dams or dikes, and high tide. 

Losier et al (2019) define six different types of floods; 
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1. Flash floods; are events where an area is quickly flooded within less than six hours, usually caused 

by heavy rainfall and fast runoff. The intensity of a flood, its location, and distribution, as well as the 

affected area's land use, topography, vegetation, soil type, and population density, are all factors 

that influence if and how quickly a flash flood occurs and the extent of the flood. 

2. Urban floods; refers to flooding in a - mostly densely populated - built environment. The lack of 

infiltration possibilities and the great number of impervious surfaces in a city, lead the water to run 

off more quickly to the lowest point in the affected area, increasing the amount of water on the 

surface. The water flow of an urban flood is difficult to predict due to urban features such as a 

complex drainage network and obstacles such as buildings or walls and a variety of land uses with 

different rates of infiltration. 

3. Fluvial/river floods; happen when the maximum capacity of a river is reached and water is breaching 

the riverbanks and overflowing the riverȗs surrounding area. River floods can for example result 

from heavy rainfall, snowmelt, or the failure of a hydraulic structure such as a dam. 

4. Coastal/onshore floods; mainly affect lowland coastal areas and often result from storm surges. Here, 

the severity of the flood depends on the storm's strength, size, speed, and direction. Other 

potential causes for onshore flooding are high upstream river flow or high tide. The severity of the 

flood is also dependent on onshore and offshore topography. 

5. Pluvial/rain-related floods; result from either intense rainfall that overwhelms the urban drainage 

system leading the system to backlog and flood a city, or run-off or flowing water from rain falling 

upstream where the upstream area is unable to absorb the water. Pluvial floods are typically only 

a few centimetres deep but can result in large property damage. 

6.  Compound flooding; is specifically related to urban areas and can be a result of a combination of 

the types of floods listed above. Compound flooding is complex as excess water can enter a city 

via rivers, rainfalls, storm surges, and through a rise in sea level. At the same time, the water is 

retained in the city because of soil sealing. 

The Netherlands experienced a devastating coastal flood on February 1st, 1953 that originated from a 

storm surge and dike failure and resulted in the total loss of 2395 human lives. This event was a turning 

point for the Netherlands to actively start fighting the water, heavily investing in a flood resistant country 

and planning and building artificial flood protection. Along the way, the Netherlands has become one of 

the major players in the world regarding water management. However, when it comes to increasingly 

heavier and more frequent rainfalls and the urban fabric that plays a key role in the resulting floods, the 

Netherlands is much less prepared as the events of the summer of 2021 have shown. 

 

2.1.4 Definition of flood resilience 

Floods cannot always be prevented. However, the impact of a flood can be mitigated or reduced by 

following resilience principles. Over the last few years, the concept of flood resilience has become much 

more urgent due to climate change which has inherently stoked the interest of researchers, governments, 

and companies alike. This has led to a variety of definitions, measurements, and applications.  

The term resilience was first coined by Holling (1973) who introduced the term in the field of ecology. 

Later it was also used in social sciences, psychology, and disaster management. At its core, resilience can be 

defined as șa systemȗs ability to resume functionality in the wake of a perturbationȚ (McClymont et al, 2019). 

Hodgson et al (2015) elaborate on the definition and also include the ability of a system to resist a 
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perturbation or the time it takes for the system to recover after being disturbed. So an urban area is more 

resilient if its vulnerability to potential damage from flooding is low.  

Until recently, citiesȗ flood policies focused on flood resistance strategies that minimize the probability of 

flooding. This strategy entails that the frequency of flooding is reduced by for example river training, 

constructing embankments, or raising dikes. However, in the wake of climate change, unexpected climate 

perturbations have been occurring more frequently and flood resistance strategies are not great at coping 

with these uncertainties (De Bruijn, 2004a). Furthermore, flood resistance strategies apply one design 

discharge to a whole area (like the Netherlands) which means that there is no distinction made between 

the probability of flooding for different land use types. By implementing only one safety level, it is unclear 

which parts of the area will be flooded when the capacity of the artificial protection is exceeded. Overall 

flood resistance strategies give little attention to the consequences of possible floods while potential flood 

damage is increasing. The false sense of safety for floods can lead to large economic investments in areas 

that are actually at risk of flooding, which is the case in the Netherlands (Vis et al, 2003). In case of a flood, 

the loss of economic value in the Netherlands will be great. The last disadvantage of flood resistance 

strategies that Vis et al (2003) list, is related to the inevitable rise in sea levels. With this inevitable event 

looming in the near future, the water defence structures that are now protecting the dry land will have to 

be raised and improved which will not only require another engineering world wonder (Briaud, 2021) but 

also an exuberant amount of money (Bregman, 2020). 

In recent years, the resistance strategy has been subject to debate due to its disadvantages listed above. 

Alternative strategies have been explored culminating in the introduction of flood resilience concepts; șthe 

ability of a system to persist if exposed to a perturbation by recovering after the responseȚ (Vis et al, 2003). Plate 

(2002) follows by stating that it is more important to minimize the impact of flooding rather than to 

improve the existing flood defence construction. This practice is called Resilient Flood Management which 

increases the ability of the area to recover after a flood. A shift from Flood Resistance Strategies to Flood 

Resilience Strategies can also be seen in the change in citiesȗ flood policies. Instead of fighting floods, cities 

are now focused on living with and minimizing the impact of floods by for example improving the 

permeability of the soil and leaving more room in the urban fabric for urban green spaces. So at its core, 

resilience is the opposite of resistance. According to Vis et al (2003), flood resilience is a matter of different 

measures to reduce the impact of floods. The development of warning systems and evacuation plans as 

well as risk awareness, flood preparedness, and financial preparedness like damage compensation 

regulations and insurances are important aspects of a flood resilience strategy. Adequate land use and the 

application of spatial planning and building regulations is another important matter to minimize the impact 

of inevitable floods. Overall, land use concepts should be defined for areas that are prone to flooding. Also, 

setting and enforcing strict building regulations such as building codes and zone ordinances will set minimum 

acceptable requirements necessary to protect people and their property and regulate land use, respectively. 

Overall, flood resilience is evaluated, developed, and achieved by learning from past events and adequately 

preparing for future ones (Xian et al, 2018). However, the Netherlands is one of the countries that will 

suffer and even already has suffered major human and economic losses when the artificial protection 

systems fail or flooding occurs due to heavy rainfall (Banach, 2021; Rijkswaterstaat, n.d.). Therefore, some 

kind of model is needed so that these real events do not first have to be experienced by the country and 

its population but potential flood events and their effect on the built environment can already be simulated 

beforehand to take measurements accordingly. 
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2.1.5 Critical infrastructure networks and points to manage floods 

During an urban flood, critical infrastructure plays an important role in either preventing or mitigating the 

extreme environmental hazard or accelerating the disaster even further. So what are critical infrastructure 

networks? The Commission of the European Communities (2006) defines critical infrastructure as 

șinfrastructures whose services are so vital that their disruption would result in a serious, long-lasting impact on the 

economy and societyȚ. According to the Deltaprogramma Ruimtelijke Adaptatie (2014), the Netherlands 

classifies its critical infrastructure into 7 functions; energy, telecom/ICT, water network, health, surface 

water, transportation and chemicals, and nuclear plants. So - for example - while a high-quality power and 

transportation network can help mitigate the disaster, the collapse of crucial infrastructure nodes such as 

power plants and transportation hubs can also lead to the loss of life and socio-economic damage beyond 

the impact of the actual hazard.  

In her graduation thesis, De Jonge (2021) assesses five critical infrastructure networks during heavy rainfalls, 

a rainfall of 18,9mm in one hour expected to occur every two years and a rainfall of 35,7mm in one hour 

expected to occur every ten years. The five critical infrastructure networks in question are; 

1. Road network 

2. Electricity network 

3. Mobile network 

4. Accessibility to hospitals 

5. Accessibility to supermarkets 

De Jonge (2021) uses the road network and the electricity network to quantify the resilience of the 

infrastructure of the Hague. 

Meanwhile, the Delta Programme 2023 (Deltaprogramma, 2022) lists thirteen national vital and/or 

vulnerable functions, that each belong to an infrastructure network which is crucial to the flood resilience 

of cities. One of these functions is health and the public health network which focuses less on flood 

resistance, as the other critical infrastructure networks listed above, and more on the resilience of cities 

and their networks. This network ensures that the inhabitants of a city are supplied with all the necessary 

goods and services such as food, clean water, shelter, hygiene products, disease control, emergency 

responses, electricity connection, public transportation, and public order that are needed to survive during 

(flood) disasters. Therefore, the public health network is added to the list of critical infrastructure networks. 

Within these critical infrastructure networks, there are physical infrastructure points that - during a flood 

ȓ can be classified as either vital, vulnerable, or dangerous to the functioning of the city and the health of 

its inhabitants. This thesis compiles a list of potentially important physical infrastructure points within a city 

that city planners should take into account when formulating new plans and strategies. Critical infrastructure 

points are seen as either key entities of a network or important end-users of the critical infrastructure 

networks listed above. To compile the following list of critical infrastructure points, several major flooding 

events and their effects on the city and its people were investigated including the major flood that followed 

Hurricane Katrina in 2005 (Colten et al, 2008) and the pluvial floods in northern Europe in the summer of 

2021. Additionally, the national vital and vulnerable functions in accordance with the Delta Programme are 

taken into account (Kennisportaal Klimaatadaptatie, n.d.). 
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1. Vital infrastructure points (that are also vulnerable when affected by a disruption): 

o Hospitals 

o Fire stations 

o Police stations 

o Supermarkets 

o Electricity boxes 

o Telecommunication masts 

o Fresh water taps 

o Public transportation hubs 

o Distribution centres 

o Bridges 

o Municipality buildings (eg. city hall, municipal utility yard) 

o Sewage pits 

2. Vulnerable infrastructure points (that do not directly contribute to a cityȗs flood resilience): 

a. Hospitals 

b. Nursing/elderly homes 

c. Electricity boxes 

d. Bridges 

e. Monuments and world heritage 

f. Education centres 

g. Office buildings 

h. Residences 

3. Dangerous infrastructure points (that can have a potentially disastrous effect when disrupted): 

a. Sewage pits 

b. Energy (nuclear) plants 

c. Storage of hazardous substances 

Nowadays, infrastructures are highly interconnected and dependent on each other (see Figure 4). These 

infrastructure network dependencies can be divided into 4 types; physical, cyber, logical, or geographical 

(Rinaldi et al, 2001). In a highly complex built environment with countless entities and relationships, these 

complex interdependencies lead to so-called Ȗcascading effectsȗ during disturbances such as a major flood 

(Zimmerman & Restrepo, 2009). An example of a cascading effect would be a public electrical box being 

flooded leading to an electricity network failing in the surrounding area which leads to the 

telecommunication network going down, which means that first responders such as police officers or 

firemen/women cannot be contacted which results in false or no deployment of first responders to the 

disaster sites. 
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Figure 4. Illustration of the critical infrastructure dependencies in a circle diagram (de Bruijn et al, 2019). 

The infrastructure networks make sure that our everyday life is safe and runs as smoothly as possible 

without any uncomfortable interferences. However, current infrastructure is designed for historic climate 

conditions. It can therefore be expected that in the future, already existing infrastructures will become 

more vulnerable to extremer and more frequent weather events (Auld, 2008). This inherently means that 

the state of infrastructure will decrease more rapidly or even cease to operate, plunging a city into chaos. 

Besides maintaining a city's critical infrastructure, the effect that a future urban flood can have on the 

interdependent infrastructure networks and the resulting cascading effect from this event needs to be 

investigated to be able to build cities that are more resilient to floods.  

Carrying out stress tests to identify which critical infrastructure networks are vulnerable is also the first of 

six proposed steps in the Dutch roadmap to protect critical infrastructures from disruption of hazards 

(Bles et al, 2020). This is followed by analysing the impact of such a network if it is disrupted, identifying 

possible cascading effects, and determining the most important risks. These first 4 steps of the roadmap 

could in theory be executed by using a digital twin in combination with a flood simulation model. 

 

2.1.6 Measuring a cityȗs flood resilience 

The Resilience Shift (n.d.) provides a Resilience Toolbox that includes 29 different tools related to the 

resilience of cities. These tools range from an open source urban simulation system to a training concept 

to improve the resilience and adaptive capacities of users, to the City Resilience Index developed by Arup 

and the Rockefeller Foundation which serves as a planning and decision-making tool for cities concerning 

urban investments. This City Resilience Index with its 52 indicators focuses primarily on systems, institutions, 

and policies, while people and the resources available are less important (Leandro et al, 2020). 

Overall, many methods exist to measure resilience but there is no consensus on which measurement 

method is best, especially because each tool defines resilience slightly differently and different entities of the 

built environment are taken into account (De Bruijn, 2004b). Another potential reason why there is such 

a great variety of tools could be because the resilience of cities and their (critical) infrastructure networks 

can be evaluated during different temporal phases (De Jonge, 2021; Li et al, 2019). Before an event occurs, 

one can evaluate the preparation plans for the potential event, during the event, the cityȗs resistance, 

absorption, and accommodation potential can be tested, and after the event, the recovery time can be 

calculated to see how long it takes for a city to get back to its steady state. In the end, the choice for flood 
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resilience indicators to quantify the effect of a flood comes down to the availability of data. This research 

will therefore create its own method. 

The focus of this research lies in evaluating the spatial plans of a city on its flood resilience before the actual 

event occurs. There are two main ways to analyse an urban flood, by visualizing the extent of the flood or 

by quantifying the effect of the flood on the city in a score or index. 

 

Assessing through visualizing floods 

So far, city planners mainly use flood maps that are generated by flood simulation models to see which 

urban areas are in danger of being flooded. There are many tools available that can visualize the water 

level in the built environment during a certain moment in time. Figure 5 depicts different examples of 

flood visualizations that show the extent of a flood. Using flood maps, city planners are able to draw 

visual conclusions regarding the flood resilience of spatial plans, such as the location of the most affected 

areas within a city and the depth and velocity of the floods which indicates the most endangered areas 

within a flood. What the visualization of a flood does not show, however, is the effect that a flood has on 

a city and its infrastructure. The visualization of a flood does not automatically generate a list of all the 

buildings that fall within the flooded area, color-coding the buildings that are most vulnerable, dangerous, 

or vital to citizens, nor does the visualization takes into account that a flood can also have an impact on 

the area surrounding the flood. To quantify a cityȗs flood resilience, different tools are required. 

  

 

 

Figure 5. Visualization of a flood scenario in the Demo Digital Twin of Antwerp (IMEC, 2018) (top left), a rainfall 

data visualization in Rotterdam (Leskens et al, 2017) (top right), a flood model simulation of TUFLOW (Van 

Ackere et al, 2016) (middle) & a 3D GIS visualization of a flood in Broward County, U.S. using Esriȗs ArcScene 

software (DeVito, 2015) (bottom). 
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Assessing through quantifying flood resilience 

Quantifying and assessing the impact of an urban flood to draw a conclusion on the flood resilience of a 

city is not a straightforward method as the literature review by Hammond et al (2015) shows. There is a 

variety of researchers and institutions that mainly focus on the tangible impacts of a flood such as loss of 

live, number of people rescued, injuries sustained, cost of damages, and value of lost production. Impacts 

of a more intangible nature are much more difficult to assess and quantify. Indicators such as damages in 

regards to someoneȗs means to pay for them, the long-term impact on peoplesȗ physical and mental health, 

or resulting infections are much more difficult to quantify (Hammond et al, 2015).  

Socio-economic, socio-technical, and human factors are involved in measuring resilience and the 

unpredictable extent of flood events makes flood models non-linear and complex (Davidson et al, 2013). 

There are a few, however, that try their hand at assessing flood resilience. Oladokun et al (2017) for 

example developed a fuzzy logic-based resilience measuring model using three input factors; inherent 

resilience, supportive facilities, and resident capacity. The research findings resulted in a fuzzy inference 

system that generates resilience indexes for households. In the meantime, Leandro et al (2020) propose 

an event-based scalable Flood Resilience Index for assessing climate change adaptation. According to the 

authors, the developed Flood Resilience Index is capable of identifying households and districts in the city 

of Munich, Germany that are (1.) most affected by heavy rainfall, (2.) will benefit the most from household 

climate adaptations (adding a flood-proof gate with an indoor tank and a submersible pump system), and 

(3.) identifying the most resilient households and districts. Zhang et al (2021) makes use of the entropy-

weighting TOPIS method ȓ a multi-attribute decision method to approximate the optimal solution - to 

diagnose flood resilience of 31 key flood control cities in China. First, urban disaster resilience was divided 

into four dimensions; economic, social, environmental, and management. Then, within these dimensions, 18 

assessment factors that affect urban disaster resilience were identified, a judgement matrix was set up, and 

each indicator was weighted according to the entropy weight method to calculate what kind of impact the 

indicators have on city flood resilience.  

These researches have in common that they all produce some kind of flood resilience score. What the 

researches do not do, is to get an overview of the effect that a flood has on a city to establish the resilience 

of a city. A city model in combination with a flood simulation model which facilitates querying, can display 

the effect of a flood on a city while serving as a spatial planning support tool for city planners by taking into 

account the importance of certain infrastructure points during a flood. 

 

2.2 Inventory of flood simulation models 
Floods, especially in urban areas, are overly complex and chaotic due to the phenomenon of Ȗcompoundȗ 

flooding where water Ȗentersȗ the city from several points of origin, such as rivers, rainfalls, and storm surges 

and where it is retained due to soil sealing (Losier et al, 2019). Spatial planning decision-making to prevent, 

mitigate and manage Ȗcomplexȗ floods is therefore needed to build the flood resilient cities of the future. 

However, to do so, floods first need to be modelled.  

Throughout human history, people have been trying to understand, predict, mitigate, and utilize floods. But 

only since the 1970s, with the help of computational power and technological advances, researchers have 

been able to vastly improve flood inundation models, which has led to the development of a substantial 

number of models. Overall, with these new developments, researchers were given a more detailed insight 
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into the behaviour of water, identifying among others the location of floods, flood areas, flood depth, and 

the velocity of the water. Flood inundation models can be used for many purposes; for example, flood risk 

mapping, flood damage assessment, real-time flood forecasting, flood-related engineering, water resources 

planning, or investigating river bank erosions and floodplain sediment transport (Teng et al, 2017). 

A model should be carefully selected based on the demands of its end-user. Teng et al (2017) sort the vast 

number of models into 3 categories; empirical methods, hydrodynamic models (including 1D, 2D, and 3D 

models), and simplified conceptual models. Models based on empirical methods use observations and 

historical data to reconstruct floods and therefore reflect the past rather than the future. This also makes 

the models more accurate and robust than other models and allows the modelȗs output to be used as 

input in other models. However, because inputs cannot be manipulated (as they are based on past events), 

the model cannot be used to investigate the impact of changes. Meanwhile, hydrodynamic models are 

mathematical models that replicate fluid motions in either 1D, 2D, or 3D. 1D models treat a flow as one-

dimensional along a centre line that only goes in one direction. These models are used to represent the 

flow going through a pipe or confined channel or to model an open surface floodplain flow. As the name 

indicates, 2D models model floods in a two-dimensional field. The third dimension that is not considered 

is the water depth which is assumed to be shallow. 3D models do however take vertical features such as 

the depth of water into account which makes it possible to model vertical turbulences, vortices, and spiral 

flows at bends. These features make 3D models highly attractive for modelling catastrophic floods. The last 

category, the simplified conceptual models, are models that do not use complex mathematical equations 

but rather simplified hydraulic concepts such as the bathtub method (Teng et al, 2017). This also means 

that they run faster than the hydrodynamic models and are more suitable to run simulations but they 

cannot be used to investigate dynamic effects. 

According to Teng et al (2017), while empirical methods are sufficient for monitoring floods or assessing 

flooding disasters after they have happened, hydrodynamic models can be utilized to assess the extent of 

a flood - resulting from for example a dam break, tsunami, or flash flood - by changing the model's input 

parameters. Due to their characteristics, 2D and 3D hydrodynamic models are suitable for modelling floods 

in urban areas. 1D hydrodynamic models, however, are incapable of simulating the lateral diffusion of a 

flood, meaning that urban obstacles such as buildings cannot be taken into account. Meanwhile, simplified 

conceptual models are suitable for probabilistic flood risk assessments or multi-scenario modelling on a 

large scale (floodplains greater than 2.000km2). Based on the study by Teng et al (2017), it becomes clear 

that hydrodynamic models and in particular 2D and 3D models are best suited to simulate an urban flood. 

Simulating an urban flood, however, is not enough to evaluate the flood resilience of a city as it only gives 

information on the flood itself. Before flood resilient cities can be built, a city and its infrastructure first need 

to be modelled which requires a great amount of data on the city itself (Hammond et al, 2015). The flood 

modelling results can then serve as simulation input into the virtual city model to assess the damage that 

the urban flood caused. 

In the past few years, research has mainly used 3D city models to visualize floods. Kumar et al (2018) for 

example tried to give a more realistic interpretation and assessment of a flood in Delft by using Cesium 

3D webglobe to layer a 3D city model on top of the open-source flood simulation tool Anuga to visualize 

the flood in a 3D city model. However, the research did not specifically take spatial information into 

consideration during the flood simulation process. According to Zhi et al (2020), when modelling floods, 

only limited consideration is given to 3D spatial information. To find out if 3D spatial information has an 

influence on flood modelling, the authors combined an urban drainage model and a flood simulation model 
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with 3D visualization methods and 3D building models. Their results showed that details on buildings and 

infrastructure indeed need to be added to flood simulations as they play a vital role in the distribution of 

floods throughout a city. Furthermore, while improving the interpretability of flood model data, the 

visualization of urban floods only gives limited information on the actual effect of a flood on a city. In 2021, 

Ghaith et al tried designing a framework to șdevise a city digital twin under flood hazards through the integration 

of data acquisition systems, hydrology and hydraulic modeling, physical infrastructures and entities, demographic 

information, and real-time system behaviorȚ using the city of Calgary, Canada as a study case. Based on this 

framework, digital twins should be able to imitate floods and their impact on a cityȗs infrastructure, identify 

vulnerable locations in the city during a flood, increase a city's flood resilience, and develop strategies to 

mitigate the risk of floods. In the end, the researchers were able to visualize an urban flood in the centre 

of Calgary in a 3D city model and query the number of buildings and sections of road that were affected 

by the flood including their corresponding inundation depth. 

So far, the existing models are only able to show a small number of localized effects that an urban flood 

can have on a city, such as the location of the flood and the water depth and velocity at a specific location. 

However, urban floods have much greater impacts on a city than just flooded buildings as any real disaster 

has shown. Most of these impacts have to do with citiesȗ critical infrastructure networks and points. 

Flood models are yet incapable of identifying the direct as well as indirect effects of a flood on a city's 

infrastructure and its inhabitants as they are missing important information on the urban environment itself 

that goes beyond the geometries and infiltration rates used for flood simulation models. By connecting a 

flood model to a semantic 3D city model which is capable of handling a great amount of urban data, the 

flood resilience of a city could in theory be identified. 

During a COP26 webinar, the Centre for Digital Built Britain of the University of Cambridge presented 

CReDo, their web-based and open-source Climate Resilience Demonstrator, which is meant to consider 

the cascading effects resulting from floods (National Digital Twin Programme, 2022). The focus of CReDo 

is on modelling the country's infrastructures and the interdependencies among them in a 2D model. 

Currently, the demonstrator only uses urban data of a fictitious city and can only simulate one pre-

programmed flood scenario with a handful of prescribed implementation choices and their ranked 

monetary costs and resilience score (see Figure 6).  
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Figure 6. CReDo visualization (Digital Twin Hub, n.d.). 

In the meantime, the Dutch company Movici has been developing a more complete 3D model of the 

Netherlands and its critical infrastructure which takes into consideration the countries road-, train-, 

electricity-, gas-, sewage-, and telecom network as well as its air- and seaports. The interconnectedness 

between the infrastructures is modelled and potential scenarios of the future are simulated and visualized. 

Figure 7 shows an example of the Ȗimpactȗ interface from the software platform SIM-CI (now known as 

Movici) which measures the potential cascading effects of a sluice break in the Hague. Currently, however, 

Movici's simulation model is unable to layer a flood simulation model over their ȖSystem of Systemsȗ model 

to show the cascading effects of an urban flood. 

 

Figure 7. User interface of the SIM-CI software platform (NGInfra, n.d.). 




























































































































































































































