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ABSTRACT

Hydrodynamic models are @i usedto simulate inundatiorpatterns Based onhese simulationsa
well-informed decision on evacuation planniitgcase of a dike breaaan be madeYet,hydrodynamic
modelsare affected by uncertainties irmmong othes, the dike breach locationSensitivity analysesre
often used toassess the effect of the variabilitydmcertaininput factorson the output of hydrodynamic
models However,a sensitivity analysis of the inundation pattern the dike breach location in a
systematic way with a larger dataset of breach locations is missing in literdtueeaim of this study is
thereforeto assesshe spatial and temporadensitivity ofinundation patterns tahe locationof a dike
breach

In order to simuate inundation patterns an accurate and computationally efficient model was sebdp
the study area, dike ring 48) the hydrodynamic modelling package 3Dhis modelling packageses a
subgridmethod which accountfor high resolutionspatial data ira computationally eftient way. Part
of the model setup was a sensitivityralysis of the computational grith this analysis, the effect of
computationalgrid size on the inundation pattern artlde computational time (waltlock time)was
determined.The setup model was used to simulatedike breach at4 potential dike breach locations.
After the simulations, he maximum inundation exterstof the different simulationsvere qualitatively
compared Based on the comparison, clustersaike breactes which resulted iqualitatively similar
inundationextents were madef-or every clusterthe spatialsensitivity of thearrival timesand the
spatiotemporalsensitivity of themaximum water depthso the dike breach location in the clustare
analysedAs an indicator of taspatialsensitivityof the arrival timesthe Mean Absolute Difference
(MAD)of the arrival timesof the different simulations in the cluster was computed &wery inundated
location in the hinterlandFurthermore for every inundated location in the hinterlanthe MADof the
maximumwater depthsat every dayf the different simulations in the cluster was computed

The sensitivity analysidf the computationalgrid mainlyshowed thatthe computationalgrid barely
influences theaccuracyof the simulated inundation patternHowever,an incorrect schematization of
underpasses in the computational grid can have a large influentgkeisaccuracy Therefore, the
computational grid wasocally refined around the underpassesich increased the accuracy of the
inundation pattern Theanalysis of the maximum inundation extersisowed thatdike breaches soutbf
the high regional dike along the Rijnstrangen area resudtgnalitatively similar maximum inundation
extentwhile dike breaches north of this dilalso result ira qualitatively similar maximum inundation
extent Based on the analysis of the arrival tingesl maximum water deptin both clusters it was

found thatthe spatotemporalsensitivity of theinundation patternto the dike breach locatioare
determined bythe elevation, the presence diigher line elements and the distance to the dike breach
locations.In lowerlying and centrally located areas, tireindation patternis only slightlysensitiveto

the dike breach locatioandfor a short perid. In areas wth similar elevation andt a less central
location, the inundation pattern islightly more sensitive to the dike breach location. In more elevated
areas which are less centrally locatélug inundation pattern isignificantlysensitive to the dike breach
locationandfor a longer periodContrary to this, if these elevated areas are located at the edges of the
lower areas and further away from all dike breach locatidhs,inundation patterrwill be almost
insensitive to the dike breach location. Monegr, the inundation patternin small compartments which
are completely enclosed by obstacles without large openings and underpiassgsificantlysensitive to
the dike breach locatioand for a long periodFurthermore,  general, it can be concluded that the
sensitivity ofinundation patternmostly decreases over time.
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1.INTRODUCTION

1.1 H.OOD®ND FLOOD MITIGATION MEASURES IN RIVERINE AREAS

Floods areamongthe most devastating natural hazards worldwiféerwey et al., 2017)Compared to
other weatherrelated disasters, floods annually affect the most ped@engman, 2021; Tellman et al.,
2021). In the period 20122020, 82.7 million people worldwideere affected by flood§CRED, 2022)
Generally, hireedifferent types of floodingre distinguished namelycoastal pluvial (extreme rainfall)
and fluvial(river) floods (Xu et al., 2023)or river floods specifically, it is expected that the affected
global population will increase from 21 million in1Z0to 54 million in 2030This igue to climate
change and socteconomic developmeniVerwey et al., 2017}urthermore, the exposuref people
and assetso river flooding will also increase in the coming decades. It is expected that in th@5dtal
exposedoopulation willhaveincreasel to 1.05 billion Moreover,in the same yearthe value of exposed
assets to river flooding wilhcreaseto 126 trillion USBvhich is an increase of 250% with respect to 2010
(Jongman et al., 2012Fauses fathisincrease in exposure river floodingare climate change
(Maranzoni et al., 2022; Verwey et al., 2017; Winsemius et al., 28t6homic development and
population growth in floogprone areas, and inadequate river managemgtitBaldassarre et al., 2009;
Verwey et al., 2017; Winsemius et al., 2016)

Several structural and nestructural measures areidely adopted to mitigate flood riskn riverine areas
and improvefluvial flood resilience. Structural measures inclutike systems and retentiobasins Due
to the presence of dikes, the perception of risk decreases, which can encourage further economic
development and population growth in the embanked afdaBaldassarre et al., 2009; Ferrarag,
2020; Maranzoni et al., 2022Jhis will reslt in higher flood damages and deaths in the event of dike
failure (Maranzoni et al., 2022Pne of theincreasindy applied nopstructural measures ian early
warning system. These systems enable the prediction of inundation pattBased orthese
predictions, emergencsctionscan be takersuch as evacuatioand deployment of temporary flood
barriers(Maranzoni et al., 2022Yhese systems are not only important in areas without structural
measures. Despite all efforts adopteddike design and maintenancejikes can still breacltfFerrari et
al., 2020) Timelywarning and subsequent evacuation can reduce the mortality with several orders of
magnitude(Jonkman & Vrijling, 2008)Vhen people are not warned and evacuate based on directly
perceiving the flood danger, casualties can be up to six times highererine areagAlonso Vicario et
al., 2020)Both facts clearly stress the importance of early warning and subsequent evacuation.

1.2 PROBLEM DEFINITION

Hydrodynamianodels may help to make a wdtiformed decision on evacuation planniimgcase of a

dike breach Simulations of these models can be useddentify crucial flood processes suah

inundationextents and inundation water depo 5 Qh NA I S | £t @ HaM®PT CSNNF NR
2015; Maranzoni et al., 2022y et, as all other numerical models;drodynamic modelapproximate

physical processes and are affected by uncertainties in the input @diour et al., 2022; Oubennage

et al., 2019)One ofthese uncertain input parameteis the location of a dike breach 5 Qh NA I S | f &3
Maranzoni et al., 2022 hedike breacHocation is highly dependent on the geometrical and

geotechnical characteristics of tlikke as well a®on the water level in the rivefMaranzoni et al., 2022)

These factors arencertain as wel{Beven et al., 2014)



The uncertaintyin these factords often capturedbyfragility functions in probabilistianalyses (e.qg.,

LISE SG fdX HandpT . 2YSNR SiG FfdX wampT 5SS . NHzA 2y
Vorogushyn et al., 2010Fragilityfunctionsdescribe the probability of a breach as a function of the

water levelandareused to determineéf a dikeat a certain locatiorwill breach(De Bruijn et al.2014)

Althoughthe uncertaintiesn dike breach location ar@ccounted foiin severdstudiesby using fragility

functions the effects of the uncertainty in the dike breach location on the inundation patt&wenot
beensystematically stuaid. When inundation patterns are mentioned in the rest of this report, flood

arrival times and inundation water depths are considered unless otherwise stated.

Sensitivity analysesre often used tassess the effect of the variability in the ingattorson the output

of hydrodynamic modelé 5 Qh NA I S{ I f & 3. ThersensftiVity of thé rhiodeBedl inlinfatoB 1 1 M ¢
patterns to somanput factors is studied extensively such as the sensitivity to bottom roughigessnd
elevation and the gridesolution (e.g.Alipour et al., 2022; Hesselink et al., 2003; Liu et al., 2019)
However the sensitivity of inundation pattesto different dike breach locationsas not yetbeen

studied in depth. Tadesse and Fro@®20)researched the sensiity of inundation water deptho

breach process parameters which included dike breach location. They concludetighatindation

water depthis very sensitive to dike breach location. However, this conclusion was based on the analysis
of only two dikebreach locations on the same river streté¢turthermore, it was based on theodelled

water depth atonly one location in the floodplainerrari et al(2020)selected dike breach locations

every 2 km for flooding scenarios. They observed that two close breachesreftef insimilar

inundation patterns but sometimes the inundation pattern may change dramatically even for relatively
close breachedn case the inundation pattern changésamatically even for relatively close breaches
water authorities need to modehanydike breachesvhich are close togeer. This is neessaryto get

an overview opotentialinundation patterrs. This in turn wilhelp toaccurately predict thénundations
pattern during a dike breaciHowevermodelling many dike breachessults in a larggomputational

time which is undesirableA sensitivity analysimay reveahow sensitivethe inundation pattern is to the
dike breach locationBased on this information, it can be decided hagcuratelyit shouldbe

determined wherea dikewill breach and thereby howmany dike breaches should be simulaitgo

accuratdy predict theinundation patternin case of a dike breachBtill, a sasitivity analysis of the
inundation pattern to dike breach location in a systematic way with a larger dataset of breach locations
iS missing in literature.

1.3 OBJECTIVE

The objective of this researdls toassesshe spatial and temporagensitivity ofinundation patterns to
the locationof a dike breachSensitivity refers tahe difference in the arrival times and water depths
due toadike breach at another locationThis sensitivity may vary both spatially and tempotallyis
spatial variance in the sensitivitgeans that the water deptlor the arrival time at a location in the
hinterland may be more sensitive to tlikéke breach locatiothan the water depth or the arrival timat
another locationin the hinterland Furthermore atone moment intime, the water depth at a particular
location in thedike ring may be more sensitive to tdé&e breach locatiothan at a later instance during
the inundation. Thigs the temporal variance in the sensitivity of the inundatioatiern to the dike
breach location.

A hydrodynamic model is set ugf astudy areaThe inundation patterns caused by the dike breaches at
different locations in the primary flood defences$this study areavill be comparedDike ring 48n the
Netherlands is selected to serve as a study afedike ring area is an administratigeea whch is
protected against floodingy a system of primary flood defenc€BAW, 1998)Dikering48is situated in



the province of Gelderland and is part of the management area of waterboard Rijlssl Ths dike
ring is protected by primarflood defencesalong the rivers Rhine, Pannerdensch Karidaseand Oude
IJsselMore information about the case study can be foundsiection3. 1

The scopef this researchs limited tosingledike breachest pre-selected location: the primary flood
defences along the Rhine, Pannerdensch KanaalZsseéIMoreover, modellinghe discharge through
the riversand the moment of dike failure will not be part ofilstudy. This is done to ensure that the
focus is on the sensitivityf the inundation pattern to the dike breach location.

1.4 RESEARCH QUESTIONS
The main researchjuestion of this study is as follows:

To which extent is thevolutionof theinundation pattern sensitive tihe locationof a dike breach
in the primary flood defences dike ring48?

To answer the main research question and to structure the reseéoahyresearchsub-questions are
formulated. The first subquestion deals with setting ufhe hydrodynamic modelTobe ableto analyse

the sensitivity of the inundation patterns, these patterns should firsabeuratelysimulatedusing a
hydrodynamic modelUnfortunately,there areno field measurements ghistoric)inundation water

levels and arrival timei the study areaThis means that thaccuracy of theimulatedinundation

pattern cannotbe determined with respect to field measurements. Therefore, accuracy in this study is
defined as theextent to which the simulated inundation patters consistent with the simulate
inundation pattern in a reference modéiurthermore, a balance should be found between accuracy and
computational timeA very accuratenodel may result in large computational timéxie tothe potential
large numberf simulated dike breaches, large computational time is ngreferable.The first sub
guestion is

1. How can an accurate and computatiolyafficient hydrodynamic model be sgito compute
inundation pattern®

After an accurate and computationally efficient hydrodynamic model is seinupdation patterns can
be derived from the resultsThese inundation patternsill be clusteredbased orthe similarity of their
maximum inundation extents. The second splestion deals with finding dike breaches which result in
gualitativdy similar maximum inundatioextents

2. Whichdike breaches result gualitativelysimilarmaximum inundatiorextents?

Although sveraldike breaches may result in qualitatlyeimilar maximum inundation extents, the
arrival timesof the inundation caused by these dike breaches may differ. Yet, this difference may be
larger at one location than another. In the third sghestion, this spatial sensitivity of the arrival times
to dike breaches with qualitative similar maximum inundatioextents will bestudied

3. What is thespatialsensitivity of the arrival times to dike breach location?

Similar tothe arrival times, the differences in the maximum water deptfislike breachesvith
gualitative similar maximum inundation extentsay be larger at one location than anothéfet, these
differences at a certain location may alshange duringhe flood event Therefore, the fourth sub
guestion is as follows:



4. What is the spatial and taporal sensitivity of thenaximuminundation water depths to dike
breach locatiof?

1.5 OUTLINE

Theoutline of thisthesis isas bllows. Firstly, theDutch flood safetapproach the way to model dike
breachinduced inundationsind the usednhydrodynamic modelling packagell be described in the
theoreticalframework Chapter 2). Secondlythe methodology will be presentedlong with an
introduction of the study area and used datasets (Chapjeimportantstepsin the methodology are
the modeland scenario seup, the sensitivity analysis of the computational gadd the analysis of the
simulation results. Afterwards, theesults of the sensitivity analysis of thbemputationalgrid and the
analysis of the simulation results goeesented in detailn respectively Chaptet and5. In Chapter6,
the main findings and limitations of this research are discusB#tlly,conclusions to the research
questions are drawmandrecommendations for futureesearch will be givem Chapter7.



2. THEORETICARAMEWORK

2.1 DUTCH FLOOD SAFETY APPROACH

The Netherlands is at a constant threat of flooding by the sea or riFayarel shows the water depths
that would be experienced ithe Netherlands in the absence of apgmaryflood defencesPrimary
flood defencegrotectagainst flooding from the sea, the major rivers and the large lakegprevent
flooding, the Dutchationalgovernment drafted the Water Act which forms tbasis of flood protection
standardsfor the primary flood defencedn addition toprimary defencesregional defences protect
against flooding fronsmaller riverscanals and mamade lakesA breach in regional defences will
generally have a smaller impthan a breach in the primary defencd$e safety standards for these
defences are set by the provincial authoritisd not by the national governmeiiiKok et al., 2017)

Maximum water depth (m)
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Figurel Water depths in the Netherlands in the case without primary flood defeiadset al., 2017)

In 2017, a newilood protectionstandardfor the primaryflood defenceswas definedvhichmeant a shift

in the Dutch flood safety approachn the old standardas described ifundamentals mWater Defences
(TAW, 1998)an optimum safety level was determinger dike ringwhichonly considered the hydraulic
load on theflood defences. Thisafety level was expresses a water level with a certaexceedance



probability. The primaryflood defences in a dike rirghould beable to withstand thiglesignwater level
The dike rings and theorrespondingstandard exceedance probabilities are showifrigure2. In fact,
due to the focus on withstanihg design water levelshis standardmainly focusse on the safety against
overtoppingand assumes that this is the main failure mechanislowever this assumption isot
entirely orrectaccording tdfindings ofthe National Flood Risk Analysis in the NetherlandsH. In the
report of this analysidt was concluded that piping was the most important determinant of the
probability of flooding for dikes along the rivgfgNK2 Project Office, 2012)

Standard frequency per year

1250 El 1500
11250
1:2000
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Figure2 Dike ring areas and their exceedance probabiliticsk et al., 2017)



Due tg among othersthe describedone-sided focus on hydraulic load and the failure mechanism
overtoppingin the old standarda new flood safety standard was develop@&tisstandard is extensively
described inthe documentFundamentals ofFlood Protectiofy the Expert Network for Flood Protection
(Expertisenetwerk Waterveiligheid: ENY{Kok et al., 2017)n the new standardthe optimum safety
levelisbased on theconcept of flood riskFlood isk refers to both the probability and the consequences

of flooding.Based orthe expected societal impact, economic damage and number of casyatties

decided which probability of flooding is appropriate per dike segmiengeneral, if theexpected
consequences of a flood are higher, the allowed probability of flooding is lower. Using this approach, an
almost equal risk is given to all parts of the Netherlands which are liable to flooding. Yet, due to the
differences in ansequences at every dike segment, the maximum probabilitioofifingis different

from one dike segment to anothefhe probability of flooding for all primary dike segments in the
Netherlands is shown iRigure3. Note that the maximum probability of flooding is not the same as the
exceedance probabilitwhich was prescribed in the old standaithe probability of flooding refers to

both the exceedance frequency of a certain hydraulic load (as in the old standard) and the probability of
a flood defence failure at this hydraulic log&b, in the new standardhoth the hydraulic load andlood
defence propertiesare consideredvhile in the old standard, the hydraulic load was ociysidered

The change in standard can also be seen in the study area, dike ringth8.dld standard, the

exceedance probability wad1250 yearIn the new standardthe dikes around the dike ring were split

into three dike segments which were assignesiaimum allowed probability of floodingf 1/1000Q
1/3000and 1/3000 yearThe first segmengéxtends from the DutclGerman border along the Rhine and

the Pannerdensch Candlhe secondnd thirdsegmentrun along respectively the 1Jssel and the Oude
IJsselThe segments and their correspondipbability of floodingare shown in the closeap inFigure

3. The differencan the allowed probability of flooding between the segments is caused by the difference
in the consequenced.he southern pdr directly behind the first segment is more densely populated and
more companies are present which makes that the consequences will be larger in case of.a flood

In the old approach, flood safety measures were mainly aimed at the prevention of floods (e.g., higher
dikes). However, in the case of a flood, the consequences would be devastating. Therefore, in the new
risk approach, the muHliayered safety (MLS) wastioduced which is described by Hoss et(2013)

MLS assists in finding measures which also reduce the consequences of floods and thereby enhance
flood safety. MLS consists of three layers. The first layer consists of physical measures such as flood
defences which aim to prevent flooding. The second layer contains physical measures such as spatial
planning and adaptation of buildings which aim to reduce the consequences of flooding. The third layer
concentrates on organisational measures which can cedhe consequences of flooding. This layer is
also referred to as crisis management and includes disaster plans, risk mapsyaauityg systems,
evacuation, temporary physical measures and medical help. So, in the new approach, more attention is
paid tomeasures which reduce the consequences of floods.
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Figure3 Annual probabilityof floodingfor all primary dike segments in the Netherlands as part of the new flood risk approach
The closeup shows the dike segments and their corresponding probadbilitpodingin dike ring 48.

2.2 MODELLINGIKEBREACHES AND THEIR RESUNUINDATIONS

In order toimplement measurethat reduce the consequences of floodsowledge about inundation
is neededThis knowledge is often acquired through modelliAdirst step in modelling of dikereach
inducedfloods is to selegbotential dike breach location&ection2.2.1). Secondly, if a dike faié
potential dike breachocation adike breach is formed kich will evolve over timeSeveral rethods are
available tomodelthis evolution (Section2.2.1). Water from theriver will flow through the breach and
will inundate the hinterland. Flooding of the hinterland is oftdescribedusing the shallow water
equations(Section2.2.3.



2.2.1 Selection of dike breach locations

In literature, the selection of potential dike breach locations is generally done using threedfypes
methods. Firstly, dike breach locations are selected based on expert judgemendéeByuijn et al.,
2014; Huthoff et al., 2015Moreover, preliminary model simulations are used to select dike breach
locations.Roughly two types of preliminary sirations can be distinguished in literature. In the first
type, the most vulnerable diklecationsare selectethased ona comparison between simulatgueak
water levelsandthe dike heightt / dzNNJ y S 1§ ®X wnwnT RA . I brRal 8 & NNB
fragility function(Maranzoni et al., 2022)n the second typgnundation patterns are simulated using a
2D model These simulations are usgalfind locationswhich would result in large overland flows
(Bomers et al., 2019r to groupdike breatieswhich result insimilarinundation patterngApel et al.,
2009) Thirdly, the selectiorof dike breach locationsan be based on data presented in other literature
(e.g.,Curran et al., 2019; Goeury et al., 2022; Mazzadeiil., 2017)

When studying the sensitivity of the inundation pattern to dike breach location, dike breach locations
need to be selected in such a way that all different inundation patterns in the study aremaseed.

Studies in which theelectionis basedn the expected inundation consequences or simulated inundations
can give valuable information about the different inundation patterns which can occur in the study area
or comparable areas. Thereby, it canaginsight in the number and spacing of dike breach locations which
need to be selected. Three of such studies will be discussed below, namely Arends and BR&3thpp

de Bruijn et al(2014)and Apel et al(2009)

Arends and Bisschqj@2014)researched the flood risk in dike ring 48 as part of the VNK project. Based on

the simulations done in this project, they concluded that the primary flood defences in this dike ring can
be divided into six dike sections. The final inundation ei#e flood damage are almost independent of

the exact breach location within each section. In other words, a dike breach at every location in a certain
section will result in the same final inundation extent and flood damage. These sections are shown in
Figured4.

Legenda

1. Grens - Lobith
2. Lobith - Herwen

3. Herwen - Pannerden
4. Pannerden - Kandia N

5. Kandia - Westervoortsebrug
6. Westervoortsebrug - Doetinchem 0 2 4 8km
L : 1 i |

Figure4 Dike sections where the final inundation extent is almost independent of the exact dike breach location in the section
(Arends & Bisschop, 2014)



For their research, De Bruijn et §2014)researched the societal flood risk in the Netherlands inclgdi

dike ring 48. For their research, they selected dike breach locations based on their expected consequences.
If a breach is expected to have significantly different consequences from a neighbouring breach, an
additional breach location was defined. Foistassessment, they took land use, elevation and higher line
elements into account. In their research, they came to the same sections as in the VNKAepods &
Bisschop, 2014)

Apel et al(2009)used 2D simulations to get a more manageable hanof dike breach locations for the

rest of their research. In these simulations, inundations were modelled every kilometre along the Rhine
between Cologne and Rees. The dikes along this river stretch are almost 330 km long. The inundated areas
were compaed to each other and grouped according to their similarity. The resulting 43 representative
dike breaches were then used in the rest of their research. Based on this research, it can be concluded that
dike segments in the Lower Rhine area where inundapiatterns are independent of the exact breach
location within the segment are at least 1 km.

2.2.2 Modelling dike breach evolution

Dikes can faih a variety of ways called failure mechanismbe three most dominant failure
mechanisms for river dikes are overtopping, macrostability (sliding inner slope) and piping (backward
internal erosionVNK2 Project Office, 2012) overtoppingadike fails due tovater which flows over

the landward slope of the dike amtogressivey erodesthe cover at this side of the diKgan Bergeijk et
al., 2021; Vorogushyn et al., 2008)dike fails du¢o macroinstability when the water pressure in the
dike or the soil layers belothe dike becomes too large. This causes the landwardesbtdphe dike to
become unstable and to sliq@ AW, 2001)Another consequence of highater pressure in the soil

layers below the dike is the formation @forizontal)pipesbelow the dikeWhen these pipes reach the
river, the flood defencewill subside into the created cavities and f@AW, 1999)

If a dikefails, a breach will form and evolve over time. The formation and evolution of a dike breach
subject to overtoppingan be roughly divided in three phagg&@kinuma & Shimizu, 2014; Rifai et al.,
2018; Schmitz et al., 2021; Zhao et al., 20Ib}he first phasethe landside slpe is erodedthe breach
deepenstowards thebottom of dike and breach opening begins to widen gradually. In the second phase,
the breach opening begins widen rapidly in the downstream directiom the third phasethe rate of
breach wideniig decreaseseading toa continuing but slow bredtexpansion in the lateral direction
(width of the breach)In literature, several dike breach models are used to describe the evolution of a
dike breachThese dike breach models try to captuhese describeghphasesA frequentlyused breach
model, especially in Dutch studigsg., de Bruijn et a(2014) van Mierlo et al(2007) Courage et al.
(2013)and Huthoff et al(2015), is the model of Verheij and Van der Knabpthe dike breach model of
Verheij and Van der Knaap, the evolution of a dike breach issgllbreach deepening and a breach
widening phase

Furthermore, m literature, breach evolution isften described by a linear functiof®pel et al., 2006;
Curran et al., 2020; Goeury et al., 2022; Meunier & Merwade, 2014; Vorogushyn et al., 2010,Th( 2)
choicefor a simpler methods often made, because the prediction of dike breach growth is highly
uncertain(Bomers et al., 2019; Meunier & Merwade, 201fhismakes that several models will give an
overprediction or underprediction of the historical observed breach wi@tarogushyn et al., 2010)

Another method which is frequently used to describe breach width over time is to assume a fixed breach

widtho ! LISt SG | f ®X wnndT 5 Qh20RR;IMazSoleni bt &l.$p2014201WdsT a | NI y i
means that breach evolution happens instanémusly after the initiation of the breach and the breach
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will keep the fixed width over time. This choice is often made based on sensitivity analyses of for
example Mazzoler(R014)and Di Baldassar@009)which concluded that the breach developmdime
had negligible effect on the outflow hydrographs.

2.2.3 Equations describing inundation flow

After a dike breachwater will flowthrough the hinterland behind the dik&his flowcan be

characterized as shallow flo8hallow flow in this contexteans that the horizontal extent of the flow is
much larger than the flow deptfBates, 2022; Cheviron & Moussa, 2018)is is especially valid for
inundations of the hinterlanavhere water depths are no more than a few metéBates, 2022)The

water inthe hinterlandmovesdue to two forcingsThe first forcing is the change in static pressure
gradient due to a difference in the water level. Water tends to flow from the location with a higher water
level and thereby higher pressure to locationshwdt lower water level and thereby lower pressure. The
second forcing is frictional resistance. Water flows along surfaces and experiences shear from these
surfaces which causes energy losses and slows down theTitmaescribeshallow flowof water subject

to these two forcingsthe shallow water equationare frequentlyused.Theseequationsarederivedby
depth-averaging the Navier Stokes equatiofkis means that the vertical velocities and the vertical
profile of the horizontal velocity componés are neglectedDirectly from this assumption it follows that
there is a hydrostatic water pressure distributidfor a full derivation of the shallow water equations
based on depth integration of Navier Stokes equations, the reader is referfdgidadynamics

textbooks

The conservation of mass is described by the continuity equation
T =16 0O,

ToT o 1o (2.1)
0 - o &t 2.2)
Where:
"O cfudd water depth [m]
— ot water surface elevatiomeasured from the undisturbed wateurface[m]
o 6w bathymetrymeasuredpositive downward from the undisturbed water surface
[m]
6 ahufo depth-averagediow velocity in the sdirection [m/s]
0 o depth-averagedlow velocity inthe y-direction [m/s]
N oo source or sink term (e.gprecipitatior) [m/s]
0 time [s]

The continuity equation describes that the changes in the water depth (first taret)alanced by the
divergence of the volumen the xdirection (second termand ydirection (third term). Moreover, water
can flow in or out the system due to a source or sink term (fourth term).

Assuming thatthe Coriolis force and eddy viscosity are negligitile,donservation of momentum in
both horizontaldirections is described by

16,16 ‘ré..(%—w,,
T0% 0o f oo™ 2.3)
Toérobro..(%—tbb, -
7o %Mo %o t oo™ (2.4)
Where:
Q gravitational acceleration (=9.8t s?)
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W bottom friction coefficient-]
The momentum equationsepresent a balance of the local inerfi@st term), the convectiveinertia
(second and third term)the hydrostatic pressuréfourth term)andthe bottom friction(lastterm).

2.3 2DHYDRODYNAMMODELLING SOFTWARE

2DH hydrodynamianodels are the most widely used models $imulating flood event¢Ghostine et al.,
2015; Hunter et al., 2007; Teng et al., 201@)these models, flow is modelled time two horizontal
dimensions and the assumption is made that thater depth is smaltompared to the other two
dimensiongBates, 2022; Cheviron & Moussa, 2016; Teng et al., 2Th&jeis a wide varietpf 2D
hydrodynamianodellingpackages whichumerically solvéhe 2D shallow water equations or
approximations to these equatior(Bates, 2022; Hunter et al., 2007; Jodhani et al., 2022; Mudashiru et
al., 2021; Teng et al., 2017)

One of these modelling packages33i, developed by a consortium of Nelen en Schuurmans, Deltares,
TU Delft and Stelling Hydraulieghich will be used in this stud$Di solves the full 2D dep#weraged
shallow waer equationsincluding a subgrid method. This method accounts for high resolution
information of the modelling domain. This includes imfi@ation of thebathymetry and roughness.
Furthermore the subgrid technique doeasot significantly increase the computation costkile it
stronglyimproves the accuracy of the simulatioesults(Casulli, 2009; Volp et al., 28)1This

improvement in the accuradg caused by the way spatial information of the modelling domain is
considered in subgribased models compared to conventional modétsa conventional model,
information of the modelling domairis averaged over the compational cells. If the computational cell
size is increased, more and more spatial resolution is lost which causes a less accurate representation of
the modelling domairand thereby of the simulated flow processes. In a sublgased modelspatial

data i not averaged over the larger computational grid cells, but is incorporated in the model via the
higherresolution subgrid, so spatial resolution is not lost.

In its computationsn the cloud, 3Di considerbathymetric and roughness variations which have a
smaller scale than the computational cells. As a varying surface elevation in a computational cell is
allowed, the computational cell can be partly wet, completely wet or completely dry as can be seen in
Figure5 (Volp et al., 2013)
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Figure5 A schematic view a computational grid cell (large cube) with bathymetry (oraagkshldefined on the underlying
subgrid where a part of the computational grid cell is dry. Figure edited from Nelen en Schu(@022)s

The model uses a structured, staggered computational gtiecomputational cells are perfect sques
wherewater levels are computed in the centres of these computational cells (blue d&iglne6) and
the flow velocities at the cell edges (blue bard-igure6). At some locationsa finer resolution of the
computational grid may be required due, tor example more complex flow. In 3Di, the grid can be
refined. For refining grid cells, 3Di uses a method called qreggrefinement. In this method, the to be

refined computationatells are divided by a factor 4 compared to the neighbouring cells (see right top
corner inFigure6) (Nelen & Schuurmans, 2022)
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Figure6 Structured, staggered 2D grid including a refinement which is used in 3Di. Water levels are defined at the cell centres
(blue dots) and velocities at the cell edges (blue bars). The water level domain is indicated by blaméthasnomentum
domains by green and orange argaielen & Schuurmans, 2022)
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Roads and other higher line elements can have large effects on the inundation pattraiea(de
Bruijn et al., 2018; Prinsen et al., 202 erefore, it is important to ppperly schematize these objects.
Althoughhigh resolutiorelevation is considered in 3@inly higher lineelementsthat are located at the
computational cell edgeare detected and will block the flowhe dher higher line elementsvill leak
which means thapixelsdownstreamof the higher line elements will get wet whithis is notexpected
This happensecausevithin a computational cellall subgrid pixelthat have a lower elevation than the
uniformwater levelin the computational celvill get wet. In this way, line elements are bypassadi
accounsfor higher line elements withimomputational cells by defining obstachekich should be given
explicitly tothe model(green line inFigure7). These obstacles aefinedby a line segment and an
elevationwhichare placed ovea computational cellFor2D flowlinks(blue dashed lines iRigure?)

that are crossedby the obstacldthick red linesn Figure7), the obstacle height is used instead of the
groundelevationas the exchange levélhis means thatvater will only flow tocomputational cells
behind the obstacle if the water level in themputational cell in front of the obstacle is higher than the
elevation of the obstacle

8- @_|
- -
- S
@ | S —
h‘"’"h-. - r

1
1
1
e == |

p - Tm—a

—— o B e T
- a"** I
~ - I
1
i H
\
\
A 1
o Fars ] 1
(Wi \y |
e E—— & *--

Figure7 Example of a@mputational grid including local grid refinemeratisd an obstacleThe momentum domains are
indicated by theblue andpinkplanes. Thelrawn obstacle elementre given with a green line and the flow links with a dashed
blue line. The dw links closed by the obstacle @nelicated bya thick red lingNelen & Schuurmans, 2022)

14



3.METHODOLOGY

In this chapter, the methdology which is used in this study to answer the research questisns
explained. A schematic representation of the method is shoinrfrigure8. The method consistsf seven
steps, which can be summarized as follows:

1.

In the first step, the model schematisation is setwipich contains mostnformation aboutthe
spatial domainMissirg key elements were added to tledevation rastemand obstacles were
defined.Based on the model schematisation, a hydrodynamic model is built by 3Di.
Thefinal computationalgrid settinggoverall grid size and grid refinementggre determined
based on &ensitivity analysidn this analysis, the effect @bmputationalgrid size on the
inundation pattern andhe computational time (waltlock time)was determinedBased on the
final gridsettings, a computational grid is made within the hydrodynamic model.

Scenarios were definea tun simulations with the developed hydrodynamic madevery
scenario represents a dike breach at another locatiothe primary flood defence of the study
area. 15 potential dike breach locations/ere selected based on thetudiespresented in Section
2.2.1 The dike breach locations are numbered according to the distance to the fRdaman
border along the primary dikdzurthermore, for all scenarios, the same initial and boundary
conditions ad inflow hydrograph were defined his was donto minimize the number of
uncertainties in the analysis and to keep the focus on the sensitivity of the inundation pattern to
the dike breach location. The inflow hydrograph represents the inflow from tke lolieach into
the study area.

Every scenario is simulateting the set up 3Di hydrodynamic modghe simulation time of
evely simulation was 3 days based on advice of an expert at the waterboard (G. watodeen
personal communication, May 2@023).According to this experthe first three days of an
inundation are the most important days for evacuation purposes as water tends to stop rising or
already even falls and flows back to the river after around three deysdike breach was
initiated directly at the start of the simulatioThe simulatiosare rumberedafter the
correspondinglike breach locatios In the postprocessingf the simulation resultsthree types
of maps were generatechamely maximuninundation extentmaps, arrival time maps and
maximumwater depthmaps.

Themaximum inundation exterstof the different simulationsvere qualitatively compared
Based on the comparison, clustersdike breacles which resulted iqualitatively similar
inundationextents were madeThese clusters were used in thaantitative part of the analysis.
For every clusterthe spatialsensitivity of thearrival times to the dike breach location in the
cluster isanalysedAs an indicator of this sensitivity, the Mean Absolute DiffergifddAD) ofthe
arrival timesof the different simulations in the cluster was computed éwery inundated
location in the hinterland. In the computation of the MAD, every simulaisocompaed to
everyother simulationonly oncelf the MAD is higher than six houssa certain locationthe
arrival time at this location is (very) sensitive to the dike breach locationeigltister.The six
hours were based on advice Gf van den Houte(personal communication, May 20, 2023).
For every clusterthe spatiotemporakensitivity of themaximum water depthso the dike
breach location in the cluster nalysedFor every inundated location in the hinterlanithe

MAD of the maximumwater depthsat every dayf the different simulations in the cluster was
computed The MAD served as an indicator for the sensitivity of the maximum water depths to
the dike breach locatiorif the MAD is higher than 20 cm, the maximum water depth at this
location and moment in time is (very) sensitive to the dike breach location in this cluster. The 20
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centimetres were based on advice of G. van den Houten (personal communication, May 20,
2023).
Thesteps of the method are described in more detail in tokdwing sectionsBeforehand, thestudy
area and the used data are introduced.

NModel rasters c tat | arid " dat anal
DEM and roughness omputational gri Maximum inundation nalysis maximum
— extent — inundation extent
3Di hydrodynamic model
Obstacles Clusters of
r simulationsidike
breach locations
Grid settings itivity analysis ’_|:
computational grid
. Analysis arrival Spatial sensitivity of arrival
Model schematisation| Arval time maps ] fime maps per cluster times to dike breach location|
Model set up Simulations dike I~
breach location
scenarios
Spatiotemporal sensitivity of
Maximum water Analysis maximum
Dike breach depth maps H water depth maps max‘mub";e"a“s:]e‘ruizglunns fodike
locations ~ per cluster
Analysis simulation
Initial and boundary Dike breach lacation results

conditions scenarios -
Inflow at breaches Scenario set up

Figure8 Flowchart of the used method

3.1 (HARACTERISTGISTHETUDY AREA

Dike ring 48 is used dise casestudy Figure9). This dike ring imainly situatedn the province of
Gelderland in the Netherlandmd is part of the management area of waterboard RiyiJsselThe
other part of the dike ring is situated Bermany The German pamf the dike ring is not completely
used as a study area, becausisiexpected thain case of a dike breach in the Dutch paviter will not
flow east of Rees. This expation is based orinundation maps presented in Arends and Bisscfiji4)
and Prinsen et a(2020)and thehigher elevation in this area compared to the rest of the study area as
can be seen ifrigurel0. The dike ring is protected by primary dikes along the Rhine, Pannerdensch
Kanaal]Jsseand OuddJsselAfter crossing the GermaBbutch border the Rhine bifurcates in the
Pannerdensch Kaml and the Waal. The Pannerdensch Kanaal flows roughly to the northwest and
bifurcates into theJsselnd Nederrijn at Westervoort. The Outlissels a tributary of thdJsseand
flows into thelJsse&t Doesburg.

Arendsand Bisschof2014)and Pmsen et al(2020)thoroughly describe the main characteristics of dike
ring 48.The most important characteristics of the study atkat influence the inundation are the
elevation,local obstacledand useandwaterbodies The elevation in thareamainly ranges betweef

and 20 m+NAPYet,Montferland in the middle of the study areaasilly area withan elevationup to 85
m+NAPThe elevation to the east of the Montferland and the German part of the study area is higher
than to the west of he Montferland.The elevation in the study area can be seeRigurel0. Major
(elevated) infrastructurebjectsin the area are the highways A12/A3 and A18, the railway lines Arnhem
ZevenaailEmmerichOberhausen, Zevenad&yoetinchemWinterswijk and the freight railway
Betuweroute.Along the two highways in the area, several larger business areas are located.
Furthemore, larger urban areas in the dike ring are Westervoort, Duiven, Zevenaar, Didam, Doetinchem
and Emmerich am Rhei@utside these urban aread)dland use in the dike ring is mainly agricultural
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(livestock farming and arable farmin@he study area atscontainsseverallarge waterbodiesThe most
noteworthy waterbody is the Rijnstrangen area whadntains aormer course of theRhineand is

completely enclosed by dikes
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Figure9 Map of study area: dike ring 48he dotted lineésthe DutchGerman border

3.2 DaTA
In order tosetup an accurate hydrodynamic modiel 3Diwhich can simulaténundation patterns,
several datasets are needefin overview of theised datasets is given below.

Firstly, for the edvation in the study areawo datasets were usedror he elevation in the Dutch padf
the studyarea a digitalelevationmodel (0BM) of the Netherlands (AHNZ4AlIgemeen Hoogtebestand
Nederland was utilized PDOK, n.da). The Dutch BM has a resolution d8.5x0.5 M. For the German
part of the dike ring, the EM of the stateNorth RhineWestphalia was used which has a resolution of
1x1 n¥(Geodateninfrastruktur NRW, n.dlp both DEMsthe ground elevatiorof buildingsisused.The
ground elevatioris used as it is expected that in case ofiraundation, water will eter the buildingsand
will fill the buildings.Therefore, using the roof level would result in @averpredictionof the water level
as the storage in the area is underpredictdthe DEMT the study areds shown inFigurelO.
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Figurel0 DEM of the study areand the dike breach locations that are used in the sensitivity analysis of the computational grid.
In this DEM, théottom elevation of the Oude IJssel ahd underpasses in the obstack® adjusted.The red boxes are the
locations of the closepsin Figurell (solid line) andrigure12 (dashed line).

Secondlyland use data werasedto determine the roughnessoefficient as reommended by de Bruijn
et al.(2018) For the Dutch part of the dike ringhe datasetLGN (Landelijk Grondgebruik Nederland)
which is a map of the land use in the Netherlamdss utilised\Wageningen Environmental Research,
n.d.). The resolution of this land use map was 0.5x0?5Fuar the Gerran part of the study area, a map
with land use was extracted from a global land cover map provided by European Space (&$cy
2020) The resolution of this map is 10x16.rMlext to a low resolutionanother downside of this map is
the low number ofdnd use classes. This medinat roads and houses felt in the same category while
they have a different roughness. As no better options were available, this land use maglised. A
conversion table was used to converty R dza S {2
found in Appendix A.

al y gefligedtThis AR dad ey S 4

Both roads and underpasses are important for determining the location olfoited obstaclesnd the
openings in thesebjects Therefore,a datasewf the Dutchphysicalenvironment Basisregistratie
Grootschalige Topografie, BGWich contains the locations and dimensions of the underpaasdsthe
location of the roads in the Netherlands was ugeDOK, n.eb). On top of this, the waterboard

provided a dataset with additional underpasses whichreveot part of the BGTLastly a graph of the
daily measured water levels in the Oullisseivas used to determine the initial water levels in the Oude
IJsse(Waterschap Rijn en IJssel, 2023)
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3.3 MODEISETUP

Within 3Di, a 2DH hydrodynamic modeltbé dike ring was developed to simulate dike breautiuced
inundations.This model was based @modelschematisatiorwhich includes model rastsy1Dand 2D
elements and several settingbwo model rasters werased namely an elevation ana roughnes
raster. Two missing key elements were added to the elevation rgSextion3.3.1). Furthermore,
obstacles were defined which agb element{Section 3.3.2. No 1D elementsvere added to the model
schematisation Settingsaboutcomputationalgrid refinements and overadjrid size wereletermined
based on a sensitivity analy$8ection3.3.3. In the hydrodynamic modethe computational grids built
based on these settings.

3.3.1 Modelrasters

To simulate flow im two-dimensionaplane,the model requiresnformation aboutelevationand
roughnesdn the areaTo define the elevation in the area, ti¥EMof the Dutch and German panere
combined.In order to keep theastersmanageable on the used computdéie DEM was defined ora
resolution of2x2 nt. Based orthe land use mapsa roughness map was defined on the same resolution
as the DEM.

Twokey elements were added to tHBEM namely the Oude |Jsg@Vaterway)andunderpassesThe
OudelJsselvasadded tothe DEMby lowering theelevation at all subgrid pixels of the Ouldsseby 3.5
m which is the average depth of the Outlsse{Hoorweg, 2014)This adjustment was made to ensure
that the storag of Oude IJssel was corredtigorporated For all other waterbodies in the area, the
elevation of the water level as present in the DEM was used as the bottom Bassgd on thelatasets
with underpasses (BGT and dataset of the waterboard) and the BENdottom elevation of
underpassesvith an unrealistic bottom levelvasadjusted This adjustment of the elevation wa®ne to
enable flow of the water through the underpassasthe correct elevatiorand to avoid artificial
blockageThe difference in elevation of an underpass befangl afteradjustingthe bottom level of
underpass irthe DEM can be seen igurell.

Figurell Example ofin underpasga)beforeand (b) afteradjustingthe bottom elevationof underpass ithe DEM The location
of this closeup is shown as the red baith solid linesn FigurelO.

3.3.2 Obstacles

As mentioned irSection2.3 higher line elementshould be explicitlgiven to themodelling software to
prevent leakageTherefore,the DBM was studiedor higher line elementsvhich were subsequently
addedas obstaclesMoreover, a tool within3Diwas used to detedeakingelements whictwere 0.5
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metres higher than the surroundingsea It was assumed that this elevatiaifferenceis enoughto
blockflow for a periodand that smaller elevation differences do rgnificantlycontribute toslowing
down inundation If theseleakingelements werdocated on roadgfound in the BGTQr small dikes, thg
were alsoaddedas flood obstacles. For all obstes| itwas assumedhat they can only overflow anavill
not fail. A map with all obstacles can lbeund inFigure47in AppendixB.

3.3.3 Computational grid

A sensitivity analysis of the computational grid sims executed to determine the effect of thygid size
on the inundation patterrand the computational timéwall-clock time) Based on the outcomes of this
sensitivity analysighe overallcomputational grid sizand thegrid refinementswvere determined The
sensitivity analysis was split into two phases. In the first prasenulationof a dike breach at Loo was
run (for this location: se&igurel0). The dike breach was modelled apoint sourcewith a constant
discharge of 1000 fs andthe simulation time was 3 dayA.point sourcewith a constant discharge was
chosento reduce the number of uncertainties in the compsam. The describedscenario was rurfor
different grid resolutionsnamely 80x80 fi(Model 80), 100x100 fA{Model 100) and 160x160m
(Model 160)As a reference, a simulation of this scenario waswith a grid sizeof 40x40 n, because it
is assumed that the model witlné finest grid resolution produces the most accurate resditse
differencesin the water depths and arrival timdsetween the gridsand the reference simulation were
analysedo determine the effect of the grid size on thegariables.The results of this analysis are
presented in Sectiof. Based on this analysis atite computational time of the different grids, one of
the three grids was selecteghich was further analysed in the second phase

In the second phase, it was verifigddhe selected computational grid sizdso provided accurate results
for inundation patterns at other location&imulationsof a dike breach dboesburg and at Spi{kor

these locations: seEigurel0) with the same constant discharge as in the first phasee run. Thisflood
eventlasted5 days because thignabledthe water to flow further inlandhan for a shorter eventin

this way,the accuracy of the modeksults at locations deeper inlarmbuld also be determinedased

on the differencesn the water depths and arrival times between the selected and the reference grid,
the selected grid wakcally refinedThe results of this second phase d¢snfound in Sectiod.2

Based on the results of treensitivity analysis of the computational gt&ke Chapted), the main part of
the study areavas assigned a grid resolution of 64x64 he grid resolution in Montferland was kept
coarser at 256x256 fas it is expected based on the elevation of this area and the inundation maps
presented in Arends and Bissch@®14)and Prinsen et a(2020)that this area will not be inundated.
Furthermore,grid refinemenswereimplementednearall underpassebased on thé width. The
computationalgrid wasalsorefined nearwaterways in the study areahich have embankmentat both
banks.The grid resolutiomearthe underpasses and theaterwayscan be found imespectivelyTable4
andTable5in AppendixC.A closeup ofthe final computational grid with grid refinements around De
Keel andaroundunderpasses in anopenings between obstacles can be foundrigurel2 The location
of this closeup can be found as the red box with dashed line&igurel0.
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Figurel2 Closeup of the final computational grid with grid refinements around De Keel and around openings beiwken
underpasses inbstaclesThe location of this closgp can be found as the red box with dashed linéSgnre10

3.4 SCENARISET UP

Scenarios were defined to run simulations with the developed hydrodynamic model. Every scenario
represents a dike breach at another location in the primary flood defence of the studyRuteatial

dike breach locations were select€8ection3.4.1). Furthermore, for all scenarios, the same inflow
hydrograph(Section3.4.2 and initial and boundary conditions (Secti®d.3 were defined After

definition of the scenarios, the scenariogme simulatedn the cloudusing the set up hydrodynamic
model. The length of every simulation was 3 daysl the dike breach was initiated directly at the start
of the simulation. This simulation length was chosen based on the advice of an expert at the waterboard
(G. van da Houten personal communication, May 20023) He stated that the first three days of an
inundation are the most important days for evacuatipurposes as water tends to stop rising or already
even falls and flows back to the river after around three days simulations were numbered after the
corresponding dike breach locatior3o, simulation 2 corresponds tlike breach location 2.

3.4.1 Seleted dike breach locations

For this study, a set of potential dike breach locations is selelotexed on the studies okrends and
Bisschop(2014) de Bruijn et al(2014)and Apel et al(2009)which were introduced in SectioR.2.1
Arends and Bissch@@014)and de Bruijn et a[2014)found thatthe primary dikesaround the study area
can be divided into six dike sections. The final inundation extent and flomdda are almost independent
of the exact breach location within each sectiGirthermore, lased on tle study of Apel et a(2009) it
can be concluded thatike segmentin the Lower Rhine areahereinundation patterns are independent
of the exact breach location withithe segment arat least 1 kmong
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Based on thesstudies the decision was made to include at least two potential dike breach locations per
dike sectionwhich were defined by Arermland Bisscho2014) This was donén order to cover all
potential inundation patternsat leasttwice. As the first fourdike sections are shortera dike breach
location was selected every two kilometresthese four sections. Yet, the fifth and $idike sectiorare
longer. Thereforein the fifth and sixth dike section, the dike breach locations were spaced four kilometres
apart. The resulting dike breach locations are showhRigure13. The dike breach locations are numbered
according to the distance tthe DutchGerman bordealong the primary dikeSo, dike breach location 2

is 2 km away from the DuteBerman border.
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Hgure 13 Selected dike breach locations. The dike breach locations are nundee@ding to the distance to the DutGerman
border along the primary dike.

3.4.2 Schematisation breachesdinflow hydrograph

All breaches were schematizedagpoint sourcewith an imposednflow hydrograph The choice was
made to use the samimflow hydrograph for every dike breach location, because using a breach model
with a water level boundary condition would have addedraxincertainties to the analysi$hisused
inflow hydrograph can be found iRigurel4. The inflow hydrograph only covers three days as this is the

simulation length.
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Figurel4Inflow hydrograph usedt every dike breach location this studyand a partof the breach outflow hydrograph used in
Bomerq2021)

The usednflow isbased on a hydrograph as presented in Bon{2@21)of which a part is shown in
Figureld. Bomerssimulated the outflow hydrograph of potential dike breaches in the Lower Rhine area
using a hydrodynamic model. One of the simulated dike breaches was in the western part of the study
area.To obtain the outflow hydrograph of this breadbomers(2021)used aconstantbreach width of

150 metres However, his is quite wide for breaches in the Lower Rhine dr@sed on historical data of
Verheij and Van der Knagp003)and Apel et al(2008).Bomers et al(2019)combined these two

datasets and deteninedthat the average breach widtin these datasets wasgs m. Therefore, in this
study, the discharge of the presented outflow hydrograph is halved as the width is two times smaller
than in Bomerg2021) This is in accordance withodellingresultsof Tadesse and Froh{2020)which
showedthat by halvinghe breach width the breachdischarge was also approximately halved.
Furthermore, the initial sharp peak in the data of Bomé&621) which can be seen iRigurel4, was not
used This peakvas not present in other literature which simulated dike breach outflow in the same
region (e.g.Mooijaart, 2023; Prinsen et al., 2020he usednflow hydrograph in this study resulted in
almost the same cumulative inflow volume after three days for a similar breach width as in Prinsen et al.
(2020)(275 Mn? vs. 280 Mn). Using the initial peak in the data of Bom&821)would have resulted

in a cumulative inflow volume of 300 Mrafter 3 days.

3.4.3 Initial and lbundary conditions

For most of the study area, it is assumed that at the start of the simulation, the surface is dry which
means that no parts of the study area initially flooded. Morequt is assumed that the soil is

completely saturated which means that no water can infiltrate into the soil. For the Oude IJssel, initial
water levels were prescribed which can be foundable6 in Appendix B.
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The boundaries of the model domain were closed boundaries. This meansaheiter will flow to the
dike ring 49 which is the dike ring to the north okelring 48. Furthermore, this means that it is assumed
that all outlets from the dike ring to the Rhine, Pannerdensch Kanaaldsséare closed and therefore

do not discharge water to these waterways.

3.5 ANALYSISF THE SIMULATIRESULTS

During all simulations, the water levels in evepmputational grid cell andt every timestepvere

stored After every simulationthe stored water levels were pogtrocessediuring whichwater depth
maps were generatedlhe water depth is computeds tre difference between the water level and the
surface elevation. As the surface elevat{@EM)is defined on the subgrjdhe water depth is also
computed per subgrid pixeBased on theomputedwater depths arrival time mapsvere generatedor
every simulation The arrival time in these maps is defined as the first instance in time when a subgrid
pixel is inundated. In pogirocessing, a pixel is indicated as inundated when the water depth is*1®10
After postprocessingthree types ofmapswereanalysedFirstly, foreach simulationmaps with the
maximum inundation extent ereanalysed As no water can flow out of the study ardae tothe
prescribed initial (no infiltrationaind boundary conditionsyater keeps flowing into the studsrea due

to the prescribed discharge hydrographhereforethe maximum inundation extent is the final
inundation extent at the end of day Secondlythe arrival time maps weranalysedThe last type of
mapswhich were analysewere three mapsvith the maximumwater depthsatt = 1, 2 and 3 days.
These analyses are discussed in the sections below.

3.5.1 Analysis maximum inundation extent

The first step in the analysis was to qualitatively compare the maximum inundation extent of the
different simulationsby visual inspectionrBased on the comparison, clusters of simulations with
gualitatively similar inundation extents were made. These clusters are selected for the quantitative
analysis of the arrival times and maximum inundation water depths.

3.5.2 Analysis arrival times

The obgctive of this part of the quantitative analysis is to determine the spatial sensitivity of the arrival
times to the dike breach location in a certain cluster. The clusters were determined in the qualitative
part of the analysis and include simulationsiwgjualitatively similar inundation extents. The differences

in the arrival times of the different simulations in the cluster at a certain location are an indicator for the
sensitivity of the arrival time at this point. Differences in arrival times tenldettome significant when

they are close to or larger than six hours. According to G. van den Houten (personal communication, May
20, 2023), the safety region makes evacuation plans based on the expected arrival times of the flood in
the area. The safety rémn is a public body in the Netherlands which is tasked with regulating and
administering emergency services during crisis situations. In their evacuation plans, the safety region
uses intervals of six hours. This means that people who live in areaswiliible flooded in the first six
hours will be evacuated together in the first six hours. People who live in areas which will be flooded in
the second six hours will be evacuated together afterwards. Therefore, if differences in arrival times
between the dfferent simulations at one location become larger than six hours, people at this location
will certainly be evacuated either too early or too late.

To quantify the differences in the arrival times, the Mean Absolute Difference (MAD) aftikral times

of all simulations in a certain cluster was computed. The MAD at a certain location gives an indication of
the sensitivity of the arrival time at this location. If, at a certain location in the inundated area, the MAD
is lower than six hourghere is no small average difference in the arrival time of the different
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inundationsat this location If there is a small average difference, arrival times at this location will be
almost the same for all compared inundations. This means that the atnva at this location is not

(very) sensitive to the dike breach location in this cluster. If the MAD is higher than six hours, this means
that the arrival time at this location is (very) sensitive to the dike breach location in this cluster.

The used equation of the MAD is as follows:
B B "Yqi "Y;

v 00 o5 ; (3.1)
C
Where:
“Yh arrival time at pointoof the inundation caused by dike breach locatis]
0 number of aldike breach locations in a cluster
0 all dike breach locations in a cluster
0 number of dike breach locations in set
0 set with all dike breach locations in cluster ahiare further away from the Duteh

German border than dike breach locati@®
This equation can be explained using an example. One of the clusters contains four dike breach locations
with qualitative similar maximum inundation extents: dike breach locafip4, 6 and 8. In this case, dike
breach location 2 is the closest to the DuiGlerman border)  ¢ftiphp andG  t. Furthermore, if
Q ¢, thend  thehp, ifQ t1,thend  o@hp,if'Q @ thend Y andifQ , theno . This
means that irfact the sum of all cells above the main diagonal in the following matrix is calculated.
this way,the arrival time of each simui@n iscompared tothe arrival time inevery other simulation in
the clusteronly once.

Equation 3.1 was based on the equation of the Mean Absolute Error (MAE). The MAE is often used in
literature to compare simulated variables (e.g., water depth) between two different models or between
a model and measurements (e.gadir et al., 2019; Papanicolaou et al., 2010; Pasquale et al., 2014;
Pinos & Timbe, 2019Y he equation of MAE was adjusted for this study to be able to compare results of
multiple simulations at one location instead of comparing the results of two simulations &pieul
locations.
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3.5.3 Analysignaximumwater depths

The objective of this part of the quantitative analysis is to determinesthegtiotemporalsensitivity of the
maximum water depth for the dike breach location in a certain cluster. The differences in the maximum
water depths of the different simulains in the cluster at a certamoment in timeandlocation are an
indicator for the sensitivity of thenaximum water deptlat thispoint in time and spaceAccording to G.
van den Houten (personal communication, May 20, 20@8jerences in maximum watedepths tend to
become significant when they are close to or larger than 20Tamquantify the differences in the
maximum water depthsthe MADof the water depthsof all simulations in a certain cluster was
computed.This was donat three moments in the, namelyat the end of day 1, day 2 and dayThe
MAD at a certain locatioand momentgives an indication of the sensitivity of theaximum water depth
at this locationand moment If, at a certain location anthoment in time, the MAD is lower than 2n,
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the maximum water depth at this location and moment is not (very) sensitive to the dike breach location
in this cluster. Howeverf the MAD is higher than 20 cm, the maximum water depth at this location and
moment in time is (very) sensitive to tlike breach locatiom this clusterThe same type of equation
as for computing the MB for arrival timeswas usedo calculate the MB®for the water depths

L B B "Qrpn Qrp

0 00 ;

g 66 p (3.2)

Where:

Qip water depthat pointcwat momentoof the inundation caused by dike breach locatieh
[m]
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4. RESULTOF THEENSITIVITY ANALYSHS HE
COMPUTATIONAL GRID

In Figurel5, an impression of the inundatigpatterns of simulated dike breachest Loo and @jk using
the reference modeis given. These simulations were used in the sensitivity analysis obthputational
grid.
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Figurel5Inundationpatterns of inundationstarting at Loo (ec) and at Spijk (). Inundation water depths are shown af
hours (a and d), dlay (b and e) and 3 days and f) These inundationgtterns are simulated using the reference model.
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4.1 HRST PHASBIKE BREACHl&O
The computational time of the simulations performed with the different grid sizeéke first phasecan
be found inTablel.

Tablel Computational time of threelay simulations performed with the different grid sizes for a dike breach at Loo
Computational time is based on calculations of 3Di in the cloud.

Grid size [M] | Computational time [h]
Reference model 40x40 16.40
Model 80 80x80 3.61
Model 100 100x100 2.68
Model 160 160x160 1.00

In Figurel6a, differences irthe water depthafter 12 hoursdbetween model 8@nd the reference model
are shown Positive differences (blue) indicate that the water deptimiodel 80is larger than in the
referencemodel. In Figurel6b, differences in the watedepthafter 12 hoursbetween model 160 and

the reference model are showit.can be seeiin Figurel6that in generalthe differences in water

depth between grids with a lower resolution and the reference grid are small (below 10Mongover,

after 1 day, differences in water depths between coarser grids and the reference grid tend to get even
smaller.Furthermore the redand bluecolours meanhat respectively morandless volumeof water

flows to these areas the reference model compared to the coarser modglsis indicates thathe grid

size impadithe volumes of water which flow to the different parts of the study area.
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Figurel6 Differences in water depth between a grid with resolution of (a) 80x8&nich40x40 rhand (b) 160x160 Aand
40x40 M after 12 hours Positive differences (blue) indicate that the water depth in the grid with a resoti®0x80 rhor
160x160 ris larger than in theeference grid

In Figurel7a, the differences in arrival times between model 80 ahe reference model are shown.
Positive differences (blue) indicate that the water arrives latanadel 80 than in the reference model.
In Figurel7b, the differences in arrival times between model 80 and the reference model are shsvn
can be seen ifrigurel?, the differences in the arrival times a major part of the inundated area are
small (well below 1 hour) especially when comparing model 80 with the reference model. Yet, at the
edges of the inundated area, differences are larger.
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Figurel7 Differences in arrival times betweéme Qrid with resolution of (@ 80x80%and 40x40 rhand (b) 160x 160 Frand
40x40 . Positive differences (blue) indicate that the water arrives later in the grid with a resolution of 80®8Q60x160 rh
than in the reference simulation

Based on the first phagsaf the sensitivity analysis, model 8@s selected. The results of the simulation
with this computational grid showed the moagreement with the reference model as differences in
water depths were very snlsandthe area with large differencea the arrival times was smaller tham

the other grids Furthermore, the computational time ohodel 80 for a flood event of 3 days was still
acceptableas can be seen ifablel. Lastly,althoughdifferences in water depth and arrival times
between model 10Gand the reference modelere not significantly larger thabetween model 80 and

the reference model, this grid was not chosennasdel 100 cannot be refined furtherhis is caused by
the requirement in the modelling software that an even number of subgrid pixels should be located on
the edge of a computational grid cell.

4.2 SECOND PHASHKE BRACHES AAOESBURG AMDIIK

The computational time of both the reference model aswlected mode(model 80)¥or the fiveday
simulation at both breach locations can be foundable7 in AppendixE.The differences in the water
depth and arrival times betweemodel 80and the reference model for the dike breach location at
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Doesburg were qualitative similar to the resutif the dike breach at Loo, described in the previous
section.

However, for the breach location at Spijk, differences in water depth and arrival times bemedal 80

and the reference model were much larger than at Lad-igurel8a, the differences in water depths at

the end of thefirst day between model 80 and the reference model are shdwirigurel9a, the

differences in water depths at the end of the first day between model 80 and the reference model are
shown. As can be seenhiigurel8aandFigurelQa, dfferences in water depthafter 1 dayranged from

0.4 m up to 2 m while differences in arrival times ranged up to 12 hours. Analysis of the results and the
elevation of the obstacles showed that the largest differences couldttrébuted to differencesn the
exchange level or schematisation of the openings in the obstdetegsexamplein model 80some
openingsin the Rijnstrangen areaere either closed or had a higher exchange level which causes higher
water levels in front of an opening and laterigal times behind the opening. Therefore, all openings in
the obstacles were refined to 40x4(°in model 80 This adjusted computational grid is referred to as
adjusted gridL.

Toassess the effect of these refinements on the differences in the widpths andarrival times, adike
breach at Spijkvith a similar discharge as in tipeevious phases of the sensitivity analysis

simulated The computational timef this simulationcan be found irTable2. InFigurel8b, the
differences in weger depthafter 1 daybetween adjusted grid and the reference model are shown. As
can be seen ifrigurel8b, the differences in water depth becamigsificantly smaller and are mostly
below 0.1 m. Yet, large differences can still be observed at the east of the inundated area. At this
location, water from the reference model arrives much earlier than water in adjustedLgfidis is
probably caused bgnobstacle in the computational grid of the reference model whiclksitot extend
completely to the edges of the model domain. This means that water can flow around the obstacle
which may result in earlier arrival times.
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Figure18 Differences in water deptlafter 1 daybetween(a) model 80 andhe reference model and (b) adjusted gtidnd the
reference model. Imodel 80 no openings/underpasses in this area are refined while in adjusted, gaiild
openings/underpasses are refined.

In Figurel9b, the differences in water depthfter 1 daybetween adjusted grid 1 and the reference
model are shownAs can be seen lRigurel9b, differences in arrival times becana¢ésosmaller and are
mostly below 1 hour. This decrease in the differences in waggtldand arrival times can be attributed
to the importance of obstacles and thereby openings for guiding the flow in the Rijnstrangen area,
because flow in this area is strongly confined by a lot of (sm@bankmentsRefining all obstacles
instead of dlopenings to 40x40 fdid not further decrease the differences in water depth or arrival
times. Yet, the computational time increased as can be se@alire2.
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Figurel9 Differences in arrival times between (apdel 80and the reference model and (b) adjusted driahd the reference
model. Inmodel 8Q no openings/underpasses in this area are refined while in adjusted, griidopenings/underpasses are
refined.
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A shortcoming of using a computational grid with a grid size of 8086 that this grid cannot be
refinedfar enough to properly schemat@zmall underpasses (<20 nihis is caused by threquirement
in the modelling software that an even number of subgrid pixels should be located on the edge of a
computational grid cell. Therefore,similar scenario as for adjusted grid 1 and&®wimuhted with

two other computational gridsvhich overcame this problenThe grid sizes and computational time of
these adjusted grids 3 and 4 can be found @ble2. Results of tie simulationswith these gridshowed
that the resulting water depths and arrival times in adjusggatl 4 showed more agreement witthe
reference model thann adjusted grid 3Furthermore,the grid arouncharrow underpasses (width < 10
m) wasproperly schematizeth adjustedgrid 4 contraryto adjustedgrid 3. Therefore, based on this
sensitivity analysighe main part of the study area was assigned a grid resolution of 64%64an
around underpasses in obstacles, téd was refined.
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Table2 Computational time of onelay simulation at Spijk with the reference model and several adjusted grids

Name Grid size major part| Refinements| Computational time [h]
study area [n] [m?]
Reference model 40x40 - 4.18
Adjusted gridl: all 80x80 40x40 1.00
openings/underpasses refined
Adjusted grid2: all obstacles refined 80x80 40%x40 1.73
Adjusted grid3: all 96x96 48x48 0.98
openings/underpasses refined 24x24
12x12
Adjusted grid4: all 64%64 32x32 1.89
openings/underpasses refined 16x16
8x8
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5.RESULTS

5.1 MAXIMUM INUNDATION EXTENT

Thesimulations ofdike breaches at the different dike breach locatisasult in wo distinct types of
maximum inundation extentafter 3 days The maximum inundation extents dfie simulations 218 are
overlayedin Figure20. Here, e greyisigreenisharea is inundatedn simulations 218. Differences in
the maximum inundation extent are visible in areas |, Il and Ill. Nidae) is only inundateh
simubltions10-18 area Il (orange areas) ontysimulations2-8 and area Ill (purple area) only for dike
breach locations 2 and ¥.et, these areas are only limited in surface area compared to the greyish,
inundated areaTherefore, it can be concludéhat dike breaches at locations 28 lead all to aimilar
maximum inundation extentn the rest of this report, this cluster of dike breadgationsand
simulations will be referred to as Cluster South.
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Figure20 Overlay ofmaximuminundation extens after 3 daysof simulations2-18 (Cluster South)Greengrey is inundatedh all
simulationsArea | (blue) is only inundatéusimulationsl0-18, area Il (orange areashlyin simulation®2-8 and area Il(purple
ared) onlyfor simulations 2 and 4
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In Figure21, the maximum inundation extents eimulations 2040 are overlayedHere, he greenish

area is inundatedn simulations 2810. As can be seen fRigure21, area I\{orange areajs only
inundatedin simulation24. Again, tre surface ara of this part of the inundated area of dike breach
location24is limitedcompared to thegreenisharea.Therefore, it can be concluded that dike breaches
at locations20-40lead all to a similar maximum inundation extent. In the rest of this report, this cluster
of dike breacHocationsand simulations will be referred to as Cluster South.
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Figure21 Overlay of maximum inundation extents aftedays ofsimulations 2040 (Cluster North)Thegreenisharea is
inundatedin all simulationsArea IV (orange) is only inundatedsimulation 24
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The main reasothat all dike breaches i€luster Soutteadto the same maximal inundation exteand

dike breaches in Cluster Nontasult in anothermaximum inundation extent is theegionaldike along

the Rijnstrangen areal’ he Rijnstrangen area is almost completely enclosed by a regional dike which is in
the north of the area up to 5 metres higher than the surrourglerea.This dike forms &rgebarrier for
water flowing from thehighersouth-easern partto the lower-lying northernpart of the study arealn

the east, theRijnstrangerarea isenclosed by theailway from Arnhem tdemmerich and by the higher

lying groundof Montferland. At the lowest point (in the northeast; segrow inFigure2?2) of this

obstacle waterstill hasto rise 2 metredo flow to the lowerlying part of the study area. This means that
water from the dike breadbs south of theregional dikg(Cluster Southshould firstcompletelyfill the
Rijnstrangen area in such a way tlla¢ water willrise with 2 metresat the lowest point of the barrierlf

this has happenedyater will always flow in a similar pattern to the northesternpart of the study

area, which is the lowest lying paBue to the high regional dike armdnsequently filling of the
Rijnstrangen area, allike breachedn Cluster South lead ta similarmaximum inundation extentn

caseof a dike breach to the nortbf thisregional dikgCluster North)water willflow to the north-

western part of the study area, which is the lowest lying pautithermore after this part of the study

area is filled water will distribute over the other areas. However, water will not rise to such a level that it
canflow over the regional dikaround the Rijnstrangen aredahis means that dike breachiesCluster

35



North lead toa similar maximunmnundation extent whih is different fromthe maximum inundation
extent of breaches in Cluster South

Legend

== Highways

= = Railroads

= = Obstacles

Elevation [m+NAP]

Bl <=8.0

Il 8.0-9.0

B 9.0- 10.0

W 10.0-11.0

[ 11.0-12.0

. 12.0-13.0
13.0 - 14.0
14.0 - 15.0

. 15.0-16.0
16.0 - 17.0

[ 17.0-18.0

[0 18.0-19.0

B > 19.0

Figure22 Closeup of the DEMh andaround the Rijnstrangen are@he Rijnstrangen area is the area betweenpheallel

obstacles (regional dikesJhe arrow indicates the location where water will first flowt of the Rijnstrangen area to the

northern part of the study area.

1,
[

In the next sections, theenstivity of the arrival times and maximum water depths for the dike breach
location isdiscussed per clustefhediscussedensitivityis the sensitivity of the arrival times or
maximumwater depth to the dike breach locatiomithin one of theclusters. At the samdocation,
sensitivities may be different when considering the other cluster.

5.2 QLUSTEBOUTH

In Figure23, the dike breach locations in this cluster aagainshown The dike breach locations are
numberedwith black numeralsiFurthermore, therelevant part of the DEM which is covered by final
inundation extent of all simulationis this cluster is showrMoreover, the water level points where
water level graphs of the simulatioiirs this clustemwill be comparedare presentedThese points are
numbered with white numerald.astly, thdocal obstates are represented by the white dashed lines.
Areas between these obstaclesll be referred to as compartment$hese compartments are numbered
with black Roman numerals.
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Figure23 Relevant part of the DEM for Clus&outhwith relevantwater level points where water level graphs will be compared
White dashed lines represelotalobstacles. Areas betwedacal obstacles are compartmerdad are numbered with black
Roman numerals Water level pointsind dike breach fmationsare numbered witliespectivelywhite and blacknumerals.

5.2.1 Arrival times

In Figure24, the MAD of the arrival times foClusterSouthis shownln general,fithe MAD is low, the
arrival time at this location is not (very) sensitive to the location of the dike breach iclttsterof dike
breach locations. If the MAis high, the arrival time ahis location is (very) sensitive to the location of
the dike breach irClusterSouth Specifically,lte sensitivity of the arrival time the dike breach location
becomes significant when the MADdigse to or larger than six houas was explained iregtion 3.5.2
Based on this criterion, it can be seerFigure24that the sensitivity of the arrival times igysiificant in
compartments |11, lll, VIVIlIland 1X.The location of these compartments can be foundrigure23
Furthermore,at some locations icompartments IV and Mhe arrival times are also significantly
sensitive to the dike breach location in this cluster. In all other compartmentsrtinval times arenot
significantly sensitive to the dike breach location in this cluster.
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Figure24 MAD of the arrival timesfor Cluster SouthWhite dashed lineepresentocal obstacles.

As can be seen iRigure24, the arrival timesn compartmentd, Il andlll (orangered areas) are very
sensitive to the dike breach location this cluster As already mentioned, the sensitivity of the arrival
timesin these compartments is significaffhese compartments are enclosed by high regional diees
can be seen ifrigure22. Floods which statin one ofthese compartmentsvill immediately inundatehis
compartment The regional dikes blodkundationsstarting at dike breach locations outside these
compartmentsfrom arriving in thee compartmentsThese inundations will only arrive in these
compariments ifan opening in the regional dikes is found or when the water levels have risen high
enough in the Rijnstrangen are@hese later arrival times can also be s#eRigure25in whichthe
water level graphsf the differentsimulationsat water levepoint 1 (seeFigure23for the locationof
this point)are shown Inundations in simulation0 to 14allimmediately flood this compartment as
theseinundatiors startin this compartmentThe inundationsn all other simulationsvill arrive at least a

day laterin this compartment due to the high regional dike.
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Figure25Water levein simulations 2 to 18 (Cluster Soug)water levelpoint 1

Furthermore,ascan be seen ifrigure24, the arrival timesin compartmentslVandV (the Rijnstrangen
areg are not very sensitive to the dike breach locatiarCluster SouthAs already mentioned, the
sensitivity of the arrivalilnesat most locations in these compartments is not significant. These
compartments areentrally locatedand lower lyingwith respect to most dike breach locatioas can be
seen inFigure23. Due toits lower elevationthe inundationsin most simulationsvill flow to this area

early in the flood eventMoreover, due to its central locationith respect to most dike breach locatis,
most inundations will arrive in this area at approximately the same tifinés can be seen in water level
graphsat water level point AseeFigure23) which are shown ifrigure26. Inundationsin simulations2-

8, 16 and 18 arrivat aimost the same timeyery early at thiswater levelpoint. Inundationsin
simulations10 to 14 arrive only 2 hours latdbecausdhese inundations are temporarily blocked by the
high regional dikes around the compartment where these inundatgiag. Variations in the sensitivity

in the Rijnstrangen area can be mainly attributed to the location with respect to all dike breach locations
and the elevation of the location. For exataparrival times at higher parts of this area which are less
centrally located (closer to sontike breachlocationsthan others) are more sensitive to the dike breach

location.
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Water level at water level point #2
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Figure26 Water leveln simulations 2 to 18 (@ter Southpt water level point 2

As can be seen iRigure24, arival timesin compartmentVI(yellowgreen areapre more sensitive to
the dike breach locatiom Cluster SouthThis sensitivity is also significanttae MADis higher than six
hours.Thisis mainly caused biys less central locatioand its higher elevation with respect to
compartmentlV and V(Rijnstrangen areeas can be seen iRigure23. Compartment Vis closer talike
breachlocations2 and 4and in a lesser extent to dike brealdtations6 and 8 than to dike breachd$
to 18. This already causes differences in the attimes to occuin this area. These differencase
increased as inundationa simulationsl0 to 18 need to overcome an elevation difference between
compartmens IV and (Rijnstrangen argeand a large part of tisicompartmentYI). Overcoming an
elevation difference takes more time # water level ithe completelower-lying area in front othe
higher elevatedareaneeds torise These differences in arrival times can also be noticed in the water
level graphs of thelifferent sirrulationsat water level point 3 (se€igure23) which are shown ifrigure
27. Inundations in simulation2 and 4 arrive at this location very early in the flood evesthese dike
breach locations are closest to this aréae hours later, inundations simulationss and 8 arriven this
area. Inundationdn simulationsl6 and 18 arrivd2 hours after the start of the flood event. Again
inundationsin simulationslO to 14 arrive latest as thdirst need to flow over the regional dike.
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Water level at water level point #3
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Figure27 Water leveln simulations 2 to 18 (Cluster Sougth)water level point 3

The sensitivity of the arrival times to tliéke breach locatioin this clustergraduallydecreasesn
compartmentsVllland IXalthough it remains diisignificant Major contributorsto this decreasare the
gradual increasn the elevation in this areas can be seen iRigure23. During allsimulations, he water
level in the lower parts of this araeeed torise in order to overcome the elevation differencdsis
causes later arrival time ofll inundations andessspread in the arrival time§ he dark brown areas
directly to the north and east of thgist discussed area coincide with the ardaanid Il inFigure20. This
means that in these areas, the inundations at several dike breach locakionet arrive. Thisauseghe
arrival times inthis area to have very high sensitivity

As can be seemiFigure24, the arrival times ircompartmentsXI| XIIl, XIVXM and XVlare not very
sensitive tothe dike breach location Cluster SouthFurthermore, the sensitivity of the arrival times is
not significant in these compartments as the MAD is lower t&dmours.This is mainly caused by its
lower elevationcompared to the rest of the inundated area can be seen iRigure35andby
compartmentdVandV (Rijnstrangen aréawhich serve abathtubs As already mentioned in Section
5.1, the water level in the complete Rijnstrangen area netedriseto a certain levelor water to flow

over thelowest point of thedike aroundthe Rljnstrangen are@rrow inFigure22). This requires a
certain volume of water which is the sanmeall simulationsDue to the same outflolaydrograph which
was used as boundary condition in this study, this volume is reached at approximately the sarfar time
the inundationsin all simulatioms Yet, there will balifferences in the timén which this volume is
reached. For example, inundatioirssimulationslO to 14 willneed more time to completely fill the
Rijnstrangen area as they finseed tofill the compartment where they arstart. This can also be seen in
water level graphs at water leveloint 4 which are shown ifigure28. After the inundations have flown
over the regional dike around the Rijnstrangen gneater will always flow in a similar pattern to the
north-western part of the study area, which is the lowest lying mdithe study area
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Water level at water level point #4
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Figure28 Water level in simulations 2 to 18 (Ster South) at water level poidt

In the very darlblue partsin compartmentsXIil, X1V, XVIlI and XVlih Figure24, thearrival times are

almost not sensitive to the dike breach locationCluster Soth. This ismainly caused by the elevation

of this area and its position with respect to the dike breach locations. These areas are sufficiently distant
from all dike breach locati®to preventthe areafrom inundating at the start of the flood event.

Combined withthe higher elevation of these areas, inundatidnghe different simulationsvill first fill

the lower-lying areas before they arrive at these higher elevated, more distant areas

5.2.2 Maximum water depts at day 1

In Figure29, the MAD of the maximum water depth at day 1 of the flood event @uster Soutlis
shown.The sensitivity of the maximum water depth to thée breach location becomes significant
when the MAD is close to or larger than 20 cm. Based on this criterion, it can be $&agoregR4 that
the sensitivity of themaximum water depthss significant iralmost al compartments
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Figure29 MAD of maximum water depths at day 1 f@luster SouthWhite dashed lines represent local obstacles.

As can be seen iRigure29, the maximum water depths at day 1dompartmentsl, Il and llare very
sensitive to the dike breach location. As already mentioned, these compartments are enclosed by high
regional dikes. This means thie inundations which start in these areas will arrive very early in these
compartments as can be seenkigure25. Moreover, water from these inundations will have risen to a
higher level at the end of the first day to flow over the regional dikes. The inwdsti the other
simulationsarrive after 1 day in these areas due to high dikes which block their flow as can be seen in
Figure25. Thereby, water lesis of these inundations are zero.

Moreover, as can be seenligure29, the maximum water depths at day 1 in taempartmentslVandV
(Rijnstrangen areaare slightly sensitive to the dike breach locatioompared to the sensitivity in
compartments | to lllIn Figure30, the water level graphat water level point5 (seeFigure23 for the

location of this point) are shown. It can be seefrigure30that the spreadn arrival times is small, so this
cannot explain the sensitivity of the maximum water depths in this area to the dike breach location.
However, at the end of day 1, the spread in the water levels is relatively large. This is mainly caused by the
changem the rise rate in the inundations simulations2 to 8.
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Water level at water level point #5

E L S SO OOOoOO s SOTOT OO ST
e

15-
o
=
= 14-
E. —— Simulation 2
= | e .
2 5. Simulation 4
% —— Simulation 8
- U R - A S A S IR Simulation 10

---- Simulation 12

11- / -------- Simulation 16

0 10 20 30 40 50 60 70
Time [hours]
Figure30 Water levelsn simulations 2 to 18Cluster Southat water level poinb

This change in rise rate may be attributed to stronger flow to compartnvéihbetween 10 and 20 hours
after the start of the flood event for these inundations as can be sedfigare31. Here, the water level
graphs at wate level point6 (seeFigure23 for the location of this point) are showi\s can be seen in
Figure31l, the inundations in simulations 2 torBesquicklyat this water level point itompartmentVIl|
between10 and 20 hours.
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Water level at water level point #6
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Figure31 Water levels in simulations 2 to 18 (Cluster South) at water level point 6

In the area at the eastn edgeof the inundated area, the maximum water depths at day 1 are almost
insensitive to the dike breach locatidn Cluster Soutlas can be seen iRigure29. In this area, the
sensitivity is also not significanthis is mainly caused by the distance to the dike breach locations. Just
before the end of day 1, inundatioms simulations2 to 8 arived in this area as the dike breach locations

2 to 8are closest to this area. Due to this late arrival, the water depths of these inundations are low.
Moreover, inundationsn simulationsl0 to 18 did not arrive in this area before the end of the firayd

This means that the water depth of these inundations is zero. Due to the low water diepthe other
simulations (28), the average difference in the water depth of all inundations is small. Therefore, the
sensitivity of the maximum water depth is sith

5.2.3 Maximum water depths at day 2

In Figure32, the MAD of the maximum water depths at the second day of the flood evenCloister
Southis shownAs can be seein Figure32, the water depths are only significantly sensitive to the dike
breach locations in compartments I, Il and Hifgarts of compartments XVI and XVl these areas, the
MAD is higher than 20 centimetres.
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As can be seen iRigure32, the maximum water depths at the second day in almost the complete
inundated area are insensitive to the dike breach location. Although there may be differences in the
arrival times of the inndations at the different dike breach locations, all inundations have flooded the
complete area halfway the second day. When the area is completely flooded, the water will rise in the
area which is almost independent on the dike breach locafidris carbe seen in for example in the
water level graphs ifrigure26and Figure27. This process is comparable to filling a bathtub. After a
bathtub is filled with thin layer of water, theater levelin the complete bathtub will rise with the same
rate. This happens irrespective of the locatiohthe tap.

Furthermore, the maximum water depths in the compartmehtt and Ilarestill quite sensitive to the
dike breach locationAs already mentioned, the inundations whidb not startin these compartments
arrive later due to the high regional dikes around these compartments. Due to this later arrival, water
depths at the end of day 2 are still not the samell simulations

At the edges of the inundated ardathe northern part d the study areathe water depths at day 2 are

guite sensitive (light green areas). This is mainly caused by the distance to the dike breaches. These areas
are later reached by inundatiorstartingat dike breach locations which are further away from thes

areas, or which are temporarily blocked. For example, inundaifimsgnulationsl0 to 18 arrive later in

these areaghan inundationsin simulations2 to 8due to the blockage of the regional dikes

Subsequently the water deptha these lattersimulatonswill be higher tharin the former simulations
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5.2.4 Maximum water depths at day 3

In Figure33, the MAD of the maximum water depths at the third day of the flood event for the first set

of dike breach locations is showfs can be seen iRigure32, the maximum water depths are still only
significantly sensitive to the dike breach location in compartment Ill, because the MAD is higher than 20
centimetres. In the rest of the study area, the maximum water depths are not significantly sensitive to
the dike lreach location.
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As can be seen iRigure33, the maximum water depths at the third day in almost the complete
inundated area are insensitive to the dike breach locatio@luster SouthThe reason for this
insensitivity is already explained in the previous section.

Furthermore,the maximum water depths at the third day in the compartmétare still quite sensitive
to the dike breach locatiom Cluster SouthAs was already mentioned the previous two sections, this
compartment is enclosed by high regional dikes which causes later arrival times of the inungdtions
do not startin this compartment. However, this does not completely explain the sensitivity of the
maximum water dpths at day 3 in this area. As mentioned in the previous section, inundatons
simulations 2 to 8, 16 and X8so arrive laten compartment and Iiwhicharethe compartmens

directly to the north of compartmentil. Yet, the maximum water depths atyl® incompartmens| and
Il are not sensitive to the dike breach location as can be seé&igimwe33and inFigure25. Apparently,in
compartmentlll, water depths do not increase as fast in compartmergl and Il This can also be seen
in the water level graphs at water level pointvhich are shown ifrigure34. Inundationsn simuhtions
2, 4 and 10 to 18 arrive much latierthis compartmenthan inundationsn simulationss and 8which
start in this compartmentThe water levels of the formaimulationsdo not rise as fast and high as the
water levelsin the latter simulations Furthermore, when comparingigure34to Figure25, it becomes
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clear thatin compartmentlll, water levels of inundationthat do not startin this compartment do not
rise as high and fast as in compartmént

Figure34 Water levelsn simulations 2 to 18 (Cluster South) at water level point

5.3 QUSTENORTH

In Figure35, the dike breach locations in this cluster are again showe.dike breach locations are
numbered with black numerals. Furthermore, the relevant part of the DEM which is covered by final
inundation extent of all simulations in this cluster is shown. Moreover, the water level points where
water level graphs of themulations in this cluster will be compared are presented. These points are
numbered withblacknumerals. Lastly, the local obstacles are represented by the white dashed lines.
Areas between these obstacles will be referred to as compartmdintsse compaments are numbered
with black Roman numerals.
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