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Foreword

Thefirsttimelwags nt r oduced to a CityGML dat a mBeodrafischwas i
modelleren van de gebouwde omigevinyp t o t hat point | had foll owe«
and knew nothing about the digitalization within the buildingyiehaswas far from understanding what
CityGML data models entailed. Only years later when | started my thesis would | discover the interesting
world behind that one untitled picture on a lecture slide that | saw that day of a 3D model of a (not too
pretty) street. | was dumbstruck. | know that street. | had walked along that street for nearly 20 years of
my life. There was the McDonalds | used to go to with the insatiable hunger of a teenager when | had to
change busses to go home from my high schoaigahdext to it was the optician where | bought my

first pair of glasses; followed by many other stores which | knew by heart. And on the- tigkingide

nearly half of the pavemerhose annoying raised beds of greenery that the municipgtity hraa few

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

Nowadays I dm still shocked. How could the Ger man
i t O0s b eecmoldgicagdgnoivth and innovation for decades, where | always have to carry cash with
me because there is a great chance that | cana(t

partially modelled in CityGML? Now | know that the Netitrknd 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 Westpatdithe data file that | saw a glimpse of so masy yea

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

For a long time, | have been fascinated by the fact thiasithenvironmenshapegppeopl elds | i v
experienceand memoriesA citycan help people express themselgeste a feeling afever being

alone, of connectedness$,safetypr provide a silent oasis when needed. At the sameatipaarly

designed cifiy of which there are sadly margan lead to disconnectednebspslonelinessulnerability,

and everdeath 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 | try to do
S0- to a certairextert - with this thesis.

Climate change and the causes and effectaraf #nother obsession of mine thatimisenced me and

my studieshroughout myf. So it felt unnatural to menthinkable everto not include climate change

in my thesisme way or another. And with my love for the North Sea and the Netherlands, it quickly
became clear that | wantedrasearch the effect thamtercan have on eity, or rather the nuisance and
danger oft in a countnthatf for a whopping 59% of its tharea is vulnerable to flooding.

As probably everyone who ever graduated will say, the process was far from easy. | remember many lonely
dayson floor 5 of Vertigo. But this made the days when someone else joined me atpieisdified

CME graduationorner - with a lovely view of the buildings atriuso much easier. Working on my
graduation thesis by myself also taught me that | am not made for lonesome work but enjoy working within
a team, laughing together and discussing the topic at hand.

Stil]l can say that | very much enjoyed my graduatimnaiag that there was never a day that | wished |
had chosen something different. Although a smaller scope would have probably saved me aridt of time
energh

Thank you for reading my thesis, | 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 faciry both likelihood and impacére related to climateéAmong

extreme weather events, flooding is seen as one of the major contributors to loss of hanean life
economic damagéhe UN environment programme (202flthermorestates that floods are going to
become more frequent in the near future due to-teng global climate change making floods an even
more serious threatUrban areas are especially vulnerable to floods due to their high population and
infrastructure dengi At the same time, urbanization is changing the hydrological status of urban areas and
the flow path of the water by building new roads
systemsuchasthe waterinfiltrationrate of soiin the process (World Economic Forum, 20khg &

Zhang, 201%hi et al, 2020).

Buildindlood resilient citigs therefore becoming increasingly important to mitigate more extreme urban
hazards, withstand the increased threats and recover fromtsntidenquickly.

This research presergproces®f developingn opensemanti@D city modebased on CityGMthat

canbe connected tthe results of a flood simulation modelincoverthe direct and indirecaffects of

future floods on a cityitsinhabitants and its critical infrastrucame quantifythe effects ira Flood

Resilience Scoie. addition, this stuakploresthe potential ofisingthe developednodelas a spatial

planning support todbr city plannerso prioritize the redevelopment oértain areaand totest new

spatial design decisiddelow the system architecture of the developpdtial planning support tool that

isat its core an open semargIo city flood modeis depicted hroughout 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 t hat influenced t he
plannerf wi t h a I ittle help from programmers) be abl
choosing the Usimplerd option.
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Theprocesgleveloped in this graduation thesissistef three partsthe development of a semalix
city modelin combination with the results of a flood simulation mteeldevelopment of a Flood
Resilience Score, and the development of a spatial planning support tool for urban planners.

The first par{Chapterd) successfully devel@psemantic 3D city flood model of Rotterd&ine process

of creating the seman8® model bemswith setting up the model including obtaining and validating 3D
city datafrom the Municipality dtotterdam. The CityGML files thatrstthe 3D city building dasae

then enriched with additional building information and infrastructure powes ¢higientified as playing

a critical role during floofB3ectior.1.9. This informatioislater used ihapters to evaluate the impact

of the flood on buildings and households. Additionally, other fixed built environment objects such as trees,
lamp posts and trash bareadded to the model. The process of enriching the 3D city toaued out

to be alongonebecausenany of the files had validation and coding errors which first had to be resolved
before the files could be imported into the 3DCityDiBbe able to connect twatureflood scenarios

and their flood inundation maps to the 3D city model, a connectianeated 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 i0@&#thischaptershowsthat it is indeed
possible talewelop adataenriched 3D city modbhsed on CityGML and connect flood simulation output

to it which functions as a basis to latebetier understand and prepare for the potential impacts of
flooding on a city.

Within the second part of the stuBectios5.1 & 5.2)a Flood Resilience Score is develdjpadevelop

the scorefirst,a simple spatial analysis is run in QGIS to select all buildings that afelfteeetdy a

more complex spatial analysighich also takes the flooded critical infrastructure points and their reach
into account to select all buildintigat are also indirectly affected by the fldbd.information mthese
affected buildingsthen extracted and merged with additiorfalimation from the3D city model in
3DCityDBwhichcouldnot betransferred to QGIShe total numbeyof (directly(and indirecthygffected)
households/buildingérastructure pointare then calculated and used as input for the Flood Resilience
ScoreFollowing the development of the score, the rdsulthbe totalstudy area are used a baseline

to compareand evaluatthe Flood Resilien&ores of the different neighbourhoo@ss comparison
highlights certain neighbourhoods in the studyrata@quire the attention of urban planners.

Duringpart 3 (Sectiam5.3 & 5.4)the potential of developing a spatial planning support tool for city
plannerdased on theleveloped semantic 3D city flood madedxploredTo change th8D model in

such awvay that future environmental plans can be included when calculating the resilience of the study
areaincludes several steps. First, the urban plamsiercreate ageoreferencedhapefile including the
ground area of each buildittge height at whidhe building will beonstructed using the local AHIXd
embeda unique identifiénto each buildingpat can later be used as a primarylketis cas¢he existing
spatiaplans fothelargescale urban developmentifieuw Kralingedin the city of Rotterdamre utilized.
Next, the 2D Shapefile is transformed into a 3D CityGManfilenriched with datasing FME. After
removing thduildings and fixed objects that would be demolished, tHé&Dnspatial plan is imported
into the exigng semantic 3D city mogile same spatial anatyare run as in Section arid the Flood
Resilience Scores for the reswironmental plan are calcula#¢dhe end of the stugyhe results of the
scores for Nieuw Kralingen are evaluated and cothparde scores of the total study amad it is
concluded thabverallNieuw Kralingeis less affected lyflood 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 inisitghthe 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 datalboxaitap 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 apiiit understand, prepare, and build for flaoutio make3D-
modetbasedspatial planning support ®lore accessibdnd useful fourban 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 geconfronta@anel qua waarschijnlijkheid als

gqua gevolgen verband met het klimaat. Wat extreme weerstandigheden betreft, worden
overstromingen beschouwd als een van de belangrijkste oorzaken van verlies aan mensenlevens
economische schade. Het -WNieuprogramma (2020) stelt voorts dat overstromingen in de nabije
toekomst vaker zullen voorkomen gdsolg van de wereldwijde klimaatverandering op lange termijn,
waardoor overstromingen een nog ernstigedreiging vormen. Stedelijke gebieden zijn bijzonder
kwetsbaar voor overstromingen vanwege de hoge bevo#anigdrastructuurdichtheid. Tegelijker
verandert verstedelijking de hydrologische statdeasgebieden en de stroombaan van het water door

de aanleg van nieuwe wegen en gebo@mwearernietigko het natuurlijke waterkeringssysteem van een
stad, zoals de waterinfiltratiesnelheid vaodkm in het proces (World Economic Forum, 2019; Yang &
Zhang, 2011; Zhi et al, 2020).

Het bouwen van overstromingsbestendige stedent daarom steeds belangrijker om extremere
stedelijke gevaren te beperken, de toegenomen bedreigingen te weerstaliar &n Iserstellen van
incidenten.

Dit onderzoek presenteert een proces voor de ontwikkeling van een open semaistisdar3@del op

basis van CityGML dat kan worden gekoppeld aan de resultaten van een overstromingssimulatiemodel om
de directe en indiree effecten van toekomstige overstromingen op een stad, haar inwoners en haar
kritieke infrastructuur bloot te leggen en de effecten te kwantificeren in een
overstromingsbestendigheidssc#®od Resilience Scpréovendien onderzoekt deze studie de
mogdijkheden 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. Hierondirdesysteemarchitectuur weergegeven

van het ontwikkeldébol(ter ondersteuning van de ruimtelijke ordening, dat in de kern een open
semantisch 3Btadsoverstromingsmodel is. Tijdens het onderzoek waren er verschillende manieren om
bepaald®endedelenvan 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 beinvioedde was de
leidende vraag: "zouden stedenbouwkundigen (met een beetje hulp viaimprogjadit model zelf

kunnen gebruiken?", waardoor vaak voor de "eenvoudigere" optie werd gekozen.
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Het in deze afstudeerscriptie ontwikkelde proces bestaat uit drie delen; de ontwikkeling van een semantisch
3D-stadsmodel inombinatie met de resultaten van een overstromingssimulatiemodel, de ontwikkeling van
een overstromingsbestendigheidsg€doed Resilience Scoee)de ontwikkeling van een instrument ter
ondersteuning van de ruimtelijke ordening voor stedenbouwkundigen.

Het eerste deel (hoofdstuk 4) ontwikkelt met succes een semantsiEuSiverstromingsmodel van
Rotterdam. Het proces van het creéren van het semantische 3D model begint met het opzetten van het
model, inclusief het verkrijgen en valideren van 3Degidsgs van de Gemeente Rotterdam. De
CityGMLbestanden waarin de 3i2bouwgegevens zijn opgeslagen, worden venadggesuldnet
gebouwinformatie en infrastructuurpunten waarvan is vastgesteld dat ze een kritische rol spelen tijdens
overstromingen (pagraaf 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 vuilnishdidiemadel toegevoegde
uitbreidinggan het 3Bstadsmodel bleaen langdurige opgav@adat veel van de bestanden validatie
codeerfouten bevatten die eerst moesten worden opgelost voordat de bestanden in de 3DCityDB konden
worden geimporteerd. Om &g toekomstige overstromingsscenario's evemtromingskaartean

het 3D-stadsmodel te kunnen koppelen, werd een verbinding gemaakt tussen de 3DCityDB imet de 3D
stadsgegevens en QGIS. De overstromingslagen werden vervolgens geimporteerd in @&k en de
overstromingsscenario's werden samen met hst&i3model gevisualiseerd in QQI8t het geheel
genomertoont dit hoofdstuk aan dat het inderdaad mogelijk is om eatatagerrijkt 3Dstadsmodel

te ontwikkelen op basis van CityGML en daae@verstromingssimulatéekoppelen die als basis dient

om later de potentiéle 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) deaiterstromingsbestendigissicore (Flood
Resilience Scoreptwikkeld. Om dee score te ontwikkelen wordt eerst een eenvoudige ruimtelijke

13



analyse in QGIS uitgevoerd om alle gebouwen te selecteren die overstroomd zijn, gevolgd door een meer
complexe ruimtelijke analyske ook réening 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 geéxtraheerd en samengevoegd met
aanvullende informatie uit het-8tadsmodel in 3DCityDB die niet naar QGIS kon worden overgebracht.

Het totale aaml (direct en indirecgetroffen) huishoudens/gebouwen/infrastructuurpunten wordt
vervolgens berekend en gebruikt als input voovelstomingsbestendigheidsscore (Flood Resilience
Score)Na de berekeningan de score worden de resultaten voor het totale studiegebied gebruikt als
basislijn om deverstromingsbestendigheidsscores (Flood Resilienceé@cdeeyerschillende buurten

te verglijken 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 3Btadsoverstromingsmodel. Om hetr8Bdel zodaig 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
georeferentiereéren, waarin hgrondopgrviak van egebouw en de dogte waarop het gebouw zal

worden gebouwd gebruik makendn het lokale AHNzijn opgenomen, en elk gebouw een unieke
identificatiecodgeeftdie later als primaire sleutel kan worden gebruikt. In dit geval wobéstedaede

ruimtelijke plannen voor de grootschalige stedelijke ontwikkeling van "Nieuw Kralingen" in de stad
Rotterdam gebruikt. Vervolgens waiei2D Shapefile omgezet in een 3D CityGML bestaaangevuld

met gegevens met behulp van FME. Na verwgjdernde gebouwen en vaste objecten die gesloopt
zouden worden, wordt het nieuwe 3D ruimtelijke plan geimporteerd in het bestaande semantische 3D
stadsmodel, worden dezelfde ruimtelijke analyses uitgevoerd als in paragraaf 5.1 en worden de Flood
Resilienc&cores voor het nieuwe omgevingsplan berekend. Aan het eind van de studie worden de
resultaten van de scores voor Nieuw Kralingen geévalueerd en vergeleken met de scores van het totale
studiegebied en wordt geconcludeerd dat Nieuw Kralingen over hétggeioeeen 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 3dfiWvRBmterdam 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 potentiéle gevolgen mogelijk wordt. Het 3D
stadsoverstromingsmod®i de resulterende Flood Resilience Score kunnen ook gewijzigd en verder
uitgebreid wordemp 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 orde mogelijkheid gevem overstromingen te begrijpen, biesopvoor te bereiden en

hiermeete bouwen aanzienlijk kan verbeteren en ogm8Dellen gebaseerde hulpmiddelen voor
ruimtelijke ordening toegankelijker en nuttiger kan maken voor stadsplanners.

14



Abstract

With climate change acceleratilogpding ioecominga major global riskirban areas in particular are
vulnerable tdlooding due to their high population and infrastructure déwghg same timevaterrun

off is increasetbecause of soil sealiagd soilcompresion.Building flood resilient citisstherefore
becoming increasingly important to mitigaoels withstand the increased threats and recover tihese
eventanore quicklyvhie reduengthe humarand economicostof floodsin 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 andritisat infrastructure and quantify the effects in a Flood
Resilience Score. In addition, this study explores the potargiattbe developed model as a spatial
planning support tool for city planners to prioritize the redevelopment of certaimdreageat new

spatial design decisidrtseopensemanti@D cityflood model of Rotterdam is created by obtaining and
validatin@D city data, enriching the CityGML files with additional building and infragtfaotsgon,

and conneatgthe model to flood simulation resufibe Flood Resilience Scorthen developed by
guantifyinghe direct and indireémpactsf flooding on buildingsouseholdsand critical infrastructure

pointsto evaluatehe flood resilience of th@eighbourhods of RotterdamLastlya spatial planning

support toolis developed to evaluate the flood resilienteafew environmental plahNi e uw Kr al i n¢
in Rotterdam

Overall, the process development in this research can help citiasdettstiand the impacts of flooding
andchange their spatial planning accordingly

KeywordsSemantic 3D city models, CityGML, 3DCityDB, Flood Resilience@tialeplanning
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1. Introduction

1.1 Problem definition

With climate changacceleratingll over the worldand its effects intensifying, the Padgramma
Ruimtelijke Adaptat{2016) has identified four threats to the Netherldlutgls, heavy rainfall, extreme
heat, and extreme drougfihese thre@ are only expected to increasdikelihood and intensity in the
nearfuture.Reducing climate change and mitigating the effdeseafour threats, should therefore be
a priority tothe peoplethatshape theountry One of the threats thahe Netherlandbkasa longstanding
historywith, is theexcessf water In particulartie excess of water due twastafloods can have
devastating impagh a countrythat? for a quarter of itsurface islocatedbelow sea leverhis long
history of deling withfloods has made thHéetherlandexpert onthe topic offlood defence systems.
Dealing with the now looming additiahatatof more frequent and intense rainfeiis lead to floods
howeverjs something that the country is not yet prepareddahelethalflood eventthat hitwestrn
Europein July of 2028howedUrban area# particular arerulnerableo floodsbecause of their high
population and infrastructure densitythe same time, urbanizatiaschangd the hydrological status
of theareas by building roads and buildings anmdydegtecountry sinatural flood defen@nd infiltration
system in the procede expansions of citidge to population growth onigicrease the risk of floods
further by changirtge flow path and state of the water.

City plannergherefore needa wayto test how theexistinduilt environmerds well as new urban plans
willhold up again$ibods in the futuréo be able to build flood resilient cities.

1.2 Researchtatement

Based on thelimate change problem that tietherlands is facinpis graduation thesis will focus on
formulatinga process talevelopa semanti@D city modeland connecting it tthe results of flood
simulation modeb determinethe direct and indireadffect of future floods on aiindits inhabitants

based on &lood Resilience scofdterward, the potential of using the combined 3D city simulation model

as amodeibased spatiplanning suppotbol for city planner® test theimew spatial design decisiens
exploredThe focus ofhis research lies in evaluating the spatial plans of a city on its flood resilience before
the actual event occurs.

Subguestions that this thesis will answer are as follows
Part 1 Developing aemanti@D cityflood model

- SQ 1:What areflood resiliencitiesand how cafflood resiliencbe measured
- SQ2:What are suitable urban flood simulation models?
- SQ 3:Can the emerging technology of semantic 3D city models be sappaat theevaludbn
and desigof flood resilient citiesd which 3D city model formats can be used for this research?
- SQ 4: How can the 3D city model be enriched with additional idtastand budingdatasets?
- 5: Does the semantic modeideedinclude the additional information buildings and
infrastructure¥alidation
- SQ 6: How can the results framflood simulation model be added to the develgeadantic
3D city model?
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- SQ 7How can the flood simulation output be fully connected to theadaizhed 3D city model
and @an thechoserflood scenaride visualized the semantic 3D city mo@el

Part 2Developing a Flood Resilience Scoezatuate the flood resilience of a city

- SQ8: How can flood resilience be measured in the combined model?
- SQ9: What are the effects of tlieturerainfall scenarios arity and its critical infrastructure?

Part 3:Exploring the potential ofaD spatial planning support téat city plannerto evaluate a gitd s
flood resilience

- SQ 10: Can the combined model be used ggadial planning supptool to allow city plamers
to testtheirdesigmsgai nst a ci?tyius fl ood resilience
- SQ 11:How can urban plans be assessed in terms of flood resilience?

1.3 Researchelevance

Flooding is a significant probfemmany 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 tdtlss of life.
also relevartiecause climate change is increasirigetheency and severity of extreme weather events
and designing cities that are resilient tosloan help to protect the safety and weling of residents.
Designindlood resilient citiesan also help iredudéngthe economic costof flooding by irasting in
infrastructure and strategies that can mitigate floadAds&uch, there is a growing recognitibthe
importance of designing cities that are resilient to.flDoidtheds seekgo developa semanti@D city

model that can helprban planner® evaluate the effects of a flood on a titachieve just thahe
designingf flood resilient cities

One key benefit of semantic 3D city modelthat theycan be used to support spatial planning and
decisiormakingCity planners ahmunicipalitiefor examplegan use these models to evaluate the flood
resiliencef new environmental plans and make informed decisions about how to fioitidatsks in

their communitieverall this researclaims toexposethe relevancend importancef develojng
semantic 3D city modahsthey provide a detailed and accurate representation of a city, which can be
used tonot only support spatial planning and deeisaking concerning the flood resilience of cities but
dsohas the potential tfacilitatean everwide range ofspatialpnalytical resesn

This thesis also stritegest the limits of a semantic 3D city model that is basedy@ML to identify

ary weaknessor limitations in the model and allow for improvements to be.nmadddition, testing

the limits of semantic 3D city models based on CityGklIln hel p t o ensure that
purposeld and meet Fhededrguments aesmcially impartdntewhan she maslel is

used as a basis for decisitaking, as it is crucial to have accurate and reliable inforatiersame

time, this research alsndeavours to test thesabilityof the semantic 3D city flood modeding only

publity available data and softwdye developing a 3D city flood model using open data and software,
the nmodel becomes moreccessibled a wide range of individuals and organizaliensfiting them
regardless of their resources or expertise

Overall, his 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 planningtdoppby city planners.
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1.4 Reading guide

The thesis is made up dparts(see Figuré). Part 1 focuses on developing a semantic 3bhadgl
that includsinformation on th@eospatidbcation ofa flood. Within thesecond parof the research, a
Flood Resilience Score is developed followed by the explofratjmstential spatial planning support tool
for city planners in part 3.

Development of a semantic 3D Development of a Flood Potential of a spatial planning
city flood simulation model Resilience Score (FReSco) support tool for city planners

Following théntroduction, a literature review is conducted to answdirghe subbquestions stated in
Sectiorl.2regardindlood resilienceitiesand thér infrastructur€Sectior2.]), the exploration of urban
flood simulation models (SectoB), andhe emergng semantic 3D city model technolog@estior?.3.

The research approach is tliescribed i€hapter3 including the research desectior8.]), the study
area used for this research (Sectidh how the collected data is managed (Se8t®nthe software
that is used to develop a 2idy flood model and the accompanying spatial planning support tool (Section
3.4, and the limitations that the research will face (S8c§omext,the first part of the research as
depicted in Figurk is ®nductedin Chapter4. The development of a semantic 3D city flood model
commences with the sep of the 3D city model (Sectidnl), followed by the datanrichment of the

3D city model (Sectiah2 andthe connection of the model the results o flood mode{Sectiort.3.

A conclusion (Sectidrd completes the development of the semantic 3D city flood modelR Bad$

are combined i€hapter5 which focuses on the evaluation of the FlooddResilscore. First, the Flood
Resilience Score is developed (Segtipfolloved by the evaluan of theresults of the score (Section
5.2. To explore the potential of a spatial planning support tool for city pltmetrsl is first developed
(Sectiorb.3 and then the results of the tool and fleod Resilience Score of the new environmental
plan are compared to the former resgetion 5.4. In the endChapter 6¢concludes the research by
drawing &onclusiorfSection 6.1dndevaluating theesearclhin a discussid®ection 6)Ancluding points

of improvement n the researcihtself(Sectior6 3) and recommendations to othesearchers, as wedl a
decisiormakers such as the government or municipalities (Set}tion
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2. Theoretical framework

The followingtheoretical framework includindjtarature review focuses on answering the first 3 sub
guestionsof this research) WHt are floodresilien citiesand how carflood resiliencée measured

(Sectior2 . What ardJsuitable urban flood simulation mddelsp Secti on 2. 2) , and [
technology of semantic 3D city models be used to supp@itdheation and design of flood resilient cities

and which 3D city model formats can be used for this res@arcli?S e §. Atth® end d thiSchapter

a conclusiois drawn (Section 2.4).

21 Flood resilient cities

2.1.1 A global need for floogksilient 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 facifyy both likelihood and impacire related to climate, with risks

from extreme weather eventsi¢iuding floods, fires, cold fronts, heat waves, windstorms, etc) scoring
highest on the likelihood scale ahgldce regarding impact severity. Among extreme weather events,
flooding is seen as one of the major contributors to economic damage afnduiessndife. 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 Orgemation, 2021). Furthermore, the UN environment programme (2020) states
that floods are going to become more frequent in the near future due-tedanglobal climate change
making floods an even more serious threat. Already, global data on flootteshmssased flooding is
happening everywhere in the world (FloodList, 2021).

Only recently did We&turope experience what it means to not be prepared for major floods. During the

month of July 2021, the area depicted in Fiywas surprised by heamainfali 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 Ul uc
damage@ Limburg to be around 1,8 billion euros (Banach, 2021). This extreme weather event was a
wakeup call for many highly developed and-fumtled Western European countries that believed
themselves to be well prepared and protected by, among otherspiwaBUFlood Awareness System.

Emergency Response Coordination Centre (ERCC) - DG ECHO Daily Map | 16/07/2021
Western Europe | Floods and UCPM Assistance E Wiml
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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 urlzenl @heflsw path of the

water by building new roads and buildingkasdest roying a cityds natur al
procesgWorld Economic Forum, 2019; Zhi et al, 2028 of thesanatural floodlefencesystem is the

soils capacitp absorb the excess water.urban areas, however, the water infiltratienasoil isoo

low because ddoil compactiomhich leads tincreased instantaneous floodivang & Zhang, 2011

Instead oincreasing the soils infiltration ratenbgrporating more green belts for examptes heavily

rely on theimanmadesewage systemsti@ansport 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 (empomfrastructure, 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 floodsialiil anpact 15 million

people worldwide and yearly damage urban property up to an amount of $177 billion. Meanwhile, riverine
flooding mainlyresulting from heavy rainfaleexpected to lead to even matamag, globallaffecing

over132 million people and cosy$535 billion in urban properynually

Buildindlood resilient citigs therefore becoming increasingly important to mitigate more extreme urban
hazards, withstand the increased threats and recover from incidentsickbyre qu

21.2 Need for spatial planning support tool for city planners

The people and organizatiaist greatly influence the cityscape and inherently a city's resiberite
planners anthunicipal policy makewhen designing and adopting environmental plans. However, as city
planners are on average no experts in fluid dynamiitds assuntkthattheydo not know how water

will behave within their spatial desigwhat effect excess water will have orrthgatial design or the
surrounding cityA modetbased spatial desiggcision tool can support them in making spatial design
decisioa By giving city planners a spatial egsdgjsion tool to evaluate the flood resilience of their
environmental planthey can make sure that new urban designs can live up to their full piotential
contributing to the flood resilience of the city.

Meanwhile, research papers on spatial planning support systemiaide Inathe systems themselves

are relatively undaised 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 causesifthe limited acceptance of these planning support systesnsdree | ack of awar
existence and potential of PSS [Planning Support Systems], the lack of experience with PSS, and the I
intention to start us(Vonkg2008)Sriuaately,rihg actceptancei ohspatiat d e d
planning support tools within municipalities has been changing over the last few years. Municipalities and
decisiormakers are starting to use spatial planning support systems more frequentlynsathsisesk

tests to prepare for the consequences of global warbettggrogramma017)

On average, early interventions in the design process take more time than in a traditional process but the
benefits of usinheseoolsbeforehande.g. timeauig and reduction in planning mistakes and latsts)
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outweigh the additional time required at the beginning of the p(&iels2008) The timeeffort

distribution ofmplementin®uilding Information Models (B(&)e Figur8) for exampleshows thathe

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 stinction documentation phase, the costs of design changes are

kept much lower and the ability to still impact cost and functional capacity is mu¢kidigleamy,

2004)Whi |l e BI'M is Uonl yi( simaendodef sach asiemadti 30 citg manidél b ui | ¢
coveingamuchgreater areaauld beutilized to help build flood resilient cities.

1

@ COST OF DESIGN CHANGES

@ TRADITIONAL DESIGN PROCESS

EFFORT / EFFECT
£

4

DESIGN PHASES

21.3 Floods irgeneral

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 athgerelated disasters which can last for just a few minutes or
sometimes for weeks (NOAA National Severe Storms Laboratonnteid3tingly, whitbe media of

western countries view floods asanuisancel t he wor d Uf | o omd(andthiateesim ne g a
only contributes to that stigma), floods also play important roles in agriculture, civil engineering, and public
health. @her countries such as Vietnane much more aware of the benefits of floods and therefore

have a more positive thaok on floodgMcClymont et al, 2019)his research, however, will only focus

on the effect that unwanted floo@gll) 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 ystexpansion of the built
environment, climate change, and sea lev&/nhen.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 impermeaklihtion (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 floodare events where an area is quickly flooded within less than six hours, usually caused
by heavyainfall 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 oacditha extent of the flood.

2. Urban floodsefers to flooding in-amostly densely populatedbuilt 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 Veest 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 varigtgofhlind
different rates of infiltration.

3. Fluvial/river flogasppen when the maximum capacity of a river is reached and water is breaching
the riverbanks and overflowing the riverds s
from heavyainfall, snowmelt, or the failure of a hydraulic structure such as a dam.

4. Coastal/onshore flpatnly affect lowland coastal areas and often result from storm surges. Here,
the severity of the flood depends on the storm's strength, size, speedeciioth.ddther
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/raielated floodsesult from either intense rainfall that overwhétmairban drainage
system leading the system to backlog and flood a city;ofir euflowing 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 resularge property damage.

6. Compound floodiigyspecifically 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 syrgad 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 fldeebrary s, 1953 that originagd from a

storm surge and dike failure and reduilt the total loss of 2395 human lividgs 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 iaréf flood protection. Along the way, the Netherlands has become one of
the major players in the world regarding water management. Howles®Brit comes tancreamgly

heaver and more frequentinfalland the urban fabric that plays a key roteamesulting floodshe
Netherlands iswuch lesprepared athe 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 principl€ver 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 alikénishas led to a varietf 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 itseooma, vesilienc
defhnedas a systemids ability to r es u(eClymantrecat, 2009 al i t y
Hodgson et al (201%laborate on the definition and also include the ability of a system to resist a
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perturbation or the time it takésr the system to recover after being disturbed. So an urban area is more
resilient if its vulnerability to potential damage from flooding is low.

Unt i | recentl vy, citiesd flood policies fofcused
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 fratiy@nd 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 distitechenwaan

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 strategygive 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 caseNattierlandgVis et al, 2003)n 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. Wiithbthisweew

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 Bdadg2021) but

also an exuberant amount of moiiByegman, 2020).

In recent years, the resistance strategy has been subject to debate due to its disadvantages listed above.
Alternative strategies have been explouédinatingn the introduction of flood resilience concepts;h e
ability of a system to persist i f(Vieastq,@%PlAtet o a p
(2002 follows by stating that it is more important to minimize the impacodinfijorather than to

improve the existing flood defence construction. This practice is called Resilient Flood Management which
increasethe ability of the area to recover after a flood. A shift from Flood Resistance Strategies to Flood
Resilience Strategg can al so be seen i n Instdacof figtimgrilapds, cities c i t i
are now focused on living with and minimizing the impact of Hgods examplamproving the
permeability athe soilandleaving more room in the urban faldor urban green spac&o 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 a
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 buildingtiegsiia another important matter to minimize the impact

of inevitable floods. Overall, land use concepts should befdefianeds that are prone to flooding. Also,

setting and enforcing strict building regulations such as building codes and noas witliset 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 futte ones(Xianet al,2018) However, the Netherlands is one of the countries that will

suffer and even already has suffered rhajman andeconomic losses when the artificial protection

systems fail or flooding occurs due to heavy réddafich, 202 Rijkswaterstaat, h.dhereforesome

kind ofmodel is needed so that these real events do not first have to be experienced by tharmbuntr

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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21.5 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 evenSarttieat are critical infrastructure
networks?The Commission of the Eurgwe Communities (2006) defines critical infrastructure as
sinfrastructures whose servi ces arastingimpastontthal t ha
economy aAcabrdisgdocthd&eltagrdgramma Ruimtelijke Adaptati# 42, the Netherlans

classifies its critical infrastructure into 7 functoesyy,telecom/ICTwater network, health, surface

water, transportatioandchemicals&nd nuclear plantSo- for example while a higiguality power and
transportation netork 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 aadsmitic damage beyond

the impact of the actual hazard.

In her graduation thedd® Jonge (2028ssesses five critical infrastructure networks during heavy rainfalls
arainfall of 18mm in one hour expected to occur every two years and a rainfallmh3% one hour
expected to occur every ten yedrhe five criticadfrastructure networks in question are;

Road network

Electricity network

Mobile network

Accessibility to hospitals

5. Accessibility to supermarkets

PwnNPE

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

Meanwhile, the Delta Programr@23 (Deltaprogramma2022 lists thirteen nationadital and/or
vulnerabléunctionsthat each belong taanfrastructure netwonkhich is crucial to the flood resilience

of cities. One ofhese functiamnis health andhe public health networwhich focuses less on flood
resistance, as the other critical infrastructure networks listed aafmbweore on the resilience of cities

andtheir networksThis 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 traasiportand public order that are needed to survive during

(flood) disaster$herefore, the public health network is added ttighef critical infrastructure networks.

Within these critical infrastructure networks, there are physical infrastrucisréhpéiduring a flood

f can be classified @thervital vulnerableor dangerouso the functioning of the city and the health of

its inhabitant3his thesis compdla 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 impor@wisers 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 floagtthat follo
Hurricane Katrina in 20Q6olten et al, 200&ndthe pluvial floods in northern Europe in the summer of

2021 Additionally, theational vital and vulnerable functions in accordance with the DeltarReageam

taken into accourfKennisportaal Klietadaptatie, n)d.
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1. Vital infrastructure points (that are also vulnerable when affected by a disruption):
0 Hospitals

Fire stations

Police stations

Supermarkets

Electricity boxes

Telecommunication masts

Fresh water taps

Public transportatidmubs

Distribution centres

Bridges

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

Sewage pits

nerable infrastructure points (that do not

Hospitals

Nursing/elderly homes

Electricity boxes

Bridgs

Monuments and world heritage

Education centres

Office buildings

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

2. Vu

>SQ@ "0 o0 O0T®» _0 0000000 0 0 O

Nowadays, infrastructures are higiirconnected and dependent on each other (see Bjgliteese
infrastructure network dependencies can be divided into 4 types; physical, cyber, logical, or geographical
(Rinaldi et al, 2001ha highly complex bu#nvironment with countless entities and relationships, these
complex interdependencies leadtesm| | ed Ucascading effectfodd duri n
(Zimmerman & Restrepo, 2009). é&xample of a cascading effect would be a publidagligotrx 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 resuftdse or no deployment of first responders to the

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

The infrastructure networks make sure that our everyday life @dafens 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 vulnesble to extremer and more frequent weather evghutd, 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 infrastructireffeht 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 testsitlentify 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, 2020phis isdllowed by analysing the impact ohsuoetwork 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.

216 Measuring a cityds 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 anehaldisgptool for cities concerning

urban investments. This City Resilience Intteixs/2 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 whichenteasurem
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 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 everg, durimme event , the ci
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 steadly tatend, the choice for flood
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resikeénce indicatort® quantify the effect of a flomdmes down to the availability of datds 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 actua
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 usedfibaps 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.5Fipypiets diffent examples of

flood visualizatiotizat show the extent of a flootllsing 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 edeagered

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 theoded area, colaroding 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 t he f,difecedttoolsTaerequuelnt i fy a ci

Figur®. Visuattion of a flood scenario in the Demo Digital Twin of Antwerp (IMEC, 2018) (top left), a rainfall
data visualization in Rotterdam (Leskens éf)gtopQdght), a flood model simulation of TUFLOW (Van
Ackere et al, 2016) (middle) & a 3D GI'S visual:@

software (DeVito, 20{5)ttom)
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Assessing through quantifying flood resilience

Quantifyig and assessing the impact of an urban flood to draw a conclusion on the flood resilience of a
cityis not a straightforward method as the literature review by Hammond et al (2015) shows. There is a
variety of researchers and institutions that mainky doctne 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 intangibleature are much more difficult to assess and quantify. Indicators snchges dh
regards to someoneds wMmeams itmp agay ofno mp etolpd ra,s Ut tpe y
or resulting infections are much more difficult to quantify (Hammond et al, 2015).

Socieeconomic, socitechnicaland human factorare involved inmeasuringresilience and the
unpredictable extéof flood events makélood models notinear and complgPavidson et al, 2013)

There are a fewhoweverthat try their hand at assessing flood resili@tadokun etal (2017 for

example developed azkzy logibased resilience measuring modeig three input factors; inherent
resilience, supportive facilities, and resident capacity. The research findings resulted in a fuzzy inference
system that generates resikeimciexes for households. In the meantime, Leandro et al (2020) propose

an evenbased scalable Flood Resilience Index for assessing climate change adaptation. According to the
authors, the developed Flood Resilience Index is capable of identifyinglfamskdistricts 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 flpambf gate with an indoor tank and a submersible pump system), and

(3.) identifyigp the most resilient households and districts. Zhang et al (2021) makes use of the entropy
weighting TOPIS methdda multiattribute decision method to approximate the optimal solution

diagnose flood resilience of 31 key flood control cities in Einstaurban 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 matriamneas set up,
each indicator was weigtiaccording 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 predomeekind oflood resilience score. What the
resarches do not das D get an overview of the effect that a flood has on toattablish the resilience

of a city. A city model in combination with a flood simulation model which facilitates caedisgay

the effect of a flood on a city while serving as a spatial planning support tool for city planners by taking into
accaint the importance of certain infrastructure points during a flood.

22 Inventory oflbod simulation models

Floods, especially in urban agease overly compl ex and chaotic due
flooding wher e wasgseeralpdntsoftorigin, suth as fivers, ardsiggrm surgesm

and where it is retained due to soil sealing (Losier et al, dttl plannimigcisiormaking to prevent,
mitigate and manage Ucompl ex 0 dfekilen dtes of te futuree r e f o |
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 inundatiedels, 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 watddentiffngamong others the location of floods, flood areasl, dlepth, and

the velocity of the water. Flood inundation models can be used for many purposes; for example, flood risk
mapping, flood damage assessmentimedlood forecasting, flooelated engineering, water resources
planning, or investigatingmrivank erosions and floodplain sediment transport (Teng et al, 2017).

A model should be carefully selected based on the demands efigerefi@éng et al (2017) sort the vast

number of models into 3 categories; empirical methods, hydrodynamic nchagtey(itD, 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@d r obust than other models and all o
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. Meanwhiimdmiranodels are
mathematical models that replicate fluid motions in either 1D, 2D, or 3D. 1D models treat a flow as one
dimensional along a centre tima only goes in one direction. These models are used to represent the

flow going through a pipe oonfined channel or to model an open surface floodplain flow. As the name
indicates, 2D models model floods in adwaensional field. The third dimension that is not considered

is the water depth which is assumed to be shallow. 3D models do howeverttakiefeatures 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, theimplified conceptual models, are models that do not use complex mathematical equations
but rather simplified hydraulic concepts such as the bathtub rfleghgdet al, 2017This also means

that they run faster than the hydrodynamic models and are mi@aiglesto 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 nmolelstdezed to assess the extent of

a flood- resulting from for example a dam break, tsunami, or flash ffip@thanging the model's input
parameters. Due to their characteristics, 2D and 3D hydrodynamic models artosuitadiédingfloods

in urtan area 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 probabilistit fisk assessments or msdgnario modelling on a

large scale (floodplains greater than 2.G00Rased 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 simulatéaodurban

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 whictequires a great amount of data on the city {tdalhmond et al, 2015)he flood

modelling results can then serve as simulation input into the virtual city model to assese thatdamag

the urban flood caused.

In the pasfew yearsresearch has mbirused 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 epaurce flood simulation todhuga 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 consideratiangiven 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 resuitd gtadvdetails 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 citfurthermore, while improving the interpretability of flood model data, the
visualizatioof urban floods only gives limited information on the actual effect of a flood on a city. In 2021,
Ghaith et al tried designing a framewoktbe vi se a city digital twin und:
of data acquisition systems, hydnmudblgydraulic modeling, physical infrastructures and entities, demographic
information, and keal me s y s tusing thd a@tyhoh Galgaryr, Janada as a study case. Based on this
frameworkd i gi t al twins should be able to imitate flo
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,rsearchers 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 mdslare 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 citysthifmoded buildings as any real disaster

has shown Most of these impacts have to do witlegicritical infrastructure networks and points.

Hood modelsare yet incapable of identifying the direct as well as indirect effects of a flood on a city's
infrastructureand its inhabitanés they are missing importarfibrmation orthe urbanenvironment itself

that goes beyond the geometries and infiltration wagesfor flood simulation moddyg. connecting a

flood model to asemantic 3D city modeihich is capable of handling a great amount of urbathdata

flood resiliencef 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 welbased and opesource Climate Resilience Demonstrator, which is meant to consider
the cascading effeatsulting from floax{National Digital Twin Programme, 2028 focus of CReDo

is on modelling the country's infrastructures and the interdependencies amangat2&mmodel
Currently, the demonstratanly 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 s¢see Figur6).
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Figuré. CReDo visualiza(@igitalf'win Hub, n)d.

In the meantime, the Dutch company Mdwasi been developing a more comp82emodel of the

Netherlands and its critical infrastructure which takes into consideration the countriesairgad

electricity, gas sewage and telecom network as well as itsaid seaports. The interconnectedness

between the infrastructures isdetied and potential scenarios of the future are simulated and visualized.
Figuuefshows an example of the Ui mpac-€Clinowkmawaasf ace f
Movici) which measures the potential cascading effects of a sluice breaguetberkéntly, however,

Movici's simulation modeliisbleo layer a flood simulation model overtieBy st e m mddel Sy st e m
to show the cascading effeatsn urban flood.

Figur. User interface of the-SIMoftware platform (NGInfch)
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