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Morphological[ihodelling[éf[an[3rtificial[§and[tidge Z3079.40 May,[2005
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Summary

This[$tudylentitled[“morphological (modelling[ofTan[artificial [sand[tidge nhear[Hoek Vvan
Holland, The Netherlands”(is [part(0fthe [European [SANDPIT [project(dnd Wwas[carried (out[dt
WLI[[IDelftHydraulics.

Introduction

TheEuropean[SANDPIT[project/was[setup(toldevelop teliable predictiontechniquesand
guidelines(to better inderstand, [Simulateand [predictthe (morphological (behavior ofllarge[’
scale[sand[iining[areas and associatedsandtransportprocesses at[the middle andlower
shorefacelandsurrounding[¢oastal zone. Sand [inining[may [take[place by [dredging [in[pits,
channelslandfrenchesor By Ffemoval [(dredging) [0fleéxistingTarge[Scale sand Banks[or(shoals
inlthe(offshoreZone.

Thislstudy[aims[fo [verify [thepredictive ¢apabilities[6f The morphodynamicmodel Delft3D
on[the[morphologicalldevelopment[éflan(artificial[Sand tidge mearHoek WanHolland,[The
Netherlandslon[afimelscaleloflabout[fen(years. Herein,[altesearch [Version[ofDelft3D Wwas
usedlincludingtheengineering$and [fransporttmodel " TRANSPOR2004 [(Van[Rijnletlal.,
2004) which[features(abed foughness/predictor.

Thelartificial Sandridge Hoek Wan [Holland Was(dreated Between 1982 [and 1986 By [dumping
approximately3.500.000 3 [sand[{Woudenberg, 1996)7in@n dreaWwith[depths Hetween 115
mlandM23mlon(thenorthern(side oflthelapproach¢hannel foltheportlof[Rotterdam, See
Figure(l.
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FigureIllocation(artificial [sand ridge ([Hoek van (Holland, The Wetherlands

Thelsand(tidgelismore[orless[perpendicularfolthe ¢oast.[Theltidge[dimensions[justafter
creation (Wwere: [Tengthloflabout[3600 n;[foe [Width between[250and[370 m; height Hetween
1.3[and 4 m;[Slopes between(1:50(and 1:100[0n(the[Southflank[and (between1:20[and1:50
on[theMorth flank; D50 Between0.15[dnd[0.45 mm. TheTandwardénd[ofTthe [fidge [is [@bout
6300 m [from(thelshoreline. Tidal flow[is[parallel fo[thecoastand [thusmormal [fothe ridge.

WL[] [DelftHydraulics Summary
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Thesandmidgelis Tocated(close o Loswal Noord, Whichis @ [dumping/(site forTittle poluted
siltffrom[the [Rotterdam Tharbour mouth. [Primary [goals ipon[creation dfthetidge Werelto
study [thestability [0fTsand fidges mormal [fothe fidal flow [andthe [effect[on[ShorefaceSand
transport.[Alsolthepossibility [to[uselsand[tidges aslsilt[trap for[backflow [ofTsilt[to the
RotterdamRarbourmouth Was[fo Belinvestigated.

Morphology/data

Bathymetriclsurveys[ofTthe sand ridge Hoek WanHolland forthe Period 198232000 showed
al¢lear(veductionlin(tidgeheightfand a metmigrationin flood directionthatteduces Wwith
depthlandTeadsfolaslightrotation[ofltheridge With Tespectothedriginal [axis. Thelaverage
rate[ofTmigrationlin[flood[directionis[about[3.50 i peryearlandthelaverageldecreaselin
heightlof’theTidgelislabout 0.1 mperyear. Between1992and1993 [d[southwardigration
offthelridge/andlincreaselinlieight Was[dbserved. The bathymetricSurveys/are[Gomparablefo
those0fthe NOURTEC study (Westlake,[S.J.,[1996); the Wertical ldccuracyfis Thereforelih [fhe
order[0f70.1[{b[0.2handtheHorizontal laccuracy s in the(drder[6fT1 To S .

Basic/ridge morphology((idealized sandridge model)

AnTidealized[sand[tidgeiodel WasSetip [fo gainlinsight[in[the physical processes atthe
sand[tidge[and[investigate the effect[ofl tides, wavesand[basic[imodel[settings on[the
morphologicaldevelopment(ofla[Symmetricfidgelatla/depth [omparableto that[dflthesand
ridgeHoek van[Holland.

Itiwasishown [that:

e  With[Symmetric and [Weak@asymmetric[tides (propagating[tidalwave) the[$andtidge
increases/inheight[due fothe[deformation[ofvelocity [profilesover(theTidge;the fimel]
averaged(mearbed(velocities arelin[direction[ofTthefoplofitheltidgeand Solis the bed]
loadtransport. "Withincreasingtidal[velocities “brnet[currentsthe suspendedToad
transport’dominates[thebedToad transport;$ediments are ‘movedoutside the[Tegion
where(theyl¢anbebroughtiback folthe fop With[bedToadfransportlandthusthetidge
decreases(ihHeight.

e  With[symmetric[and Cweak [dsymmetric[tides the[migration ofltheltidgeis[in ebb[]
direction[duelto[the[dominant[ébb fransports[caused by the higherbed shearstresses
with shallowerwater[duringebb.[With[increasing et currentinflood[direction, the
effect/ofithelshallowerWaterduring/ébbis[dancelled[dutland theridge migratesin[flood
direction.

o  Waveslstiriipsediments(and(lead [fo(largersuspended Toad [fransports(and(afeduction(in
heightlofltheTidge.[Waves[alsoaffectlthelshapelofltheTidge; With[Waves theltidge
develops[moreasymmetrically. [TheleffectldfTWavesincreases with diminishing [ Water
depthCandtherefore[$uspended fransportsduringebb(shallowervater)are [increased
more [thansuspended Toad fransportsduringflood. With[Symmetricfides (no Met[Current)
themigrationlinlebb [direction thereforelincreases WwithWwaves. Themigration forfides
withl@met[current(is[in flooddirection@ndreduces with Wwaves.

Modelling of(the sand [ridge[Hoek van Holland

Both[transectmodels[{1DHand[2DV)[and[arealimodels [(2DH,[BD)were[setup [ for
simulatingthe "morphological ldevelopmentlofTthe$andtidge[HoekvanHolland forlthe
periods1986—-19917and1991-2000.Modelsettings were[derived fromlalbasicl¢alibration
and[Sensitivity[dnalysissingthe 2DV thodel. The iydronamic Boundaryconditions for the
simulations[were[generated from the Wwell¢alibrated "HollandCoastal Zone [(HCZ)model

Summary WL[] [Delft[Hydaulics
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(Roelvink/etfal.,[2001) kising(al@utomated mesting [procedure. [To feduce [domputational fimea
morphologicalfide Was[derived using [the method[ofLatteux [(1995)that[givesanloptimal
representationJof[Jthe Jresidual ((e.g. Oyearly [averaged) Jsediment[transports. [JACsingle
representativeWavelieight Wasised lierein.

Conclusionsand recommendations

Theorphologicalldevelopment[ofthelsand ridge mearMoek vanHolland, The Netherlands
overlalperiodloflabout10years[wasmodelled[with[teasonableaccuracy. Thelaccuracy[is
strongly[affected by [the dccuracy ofTthe morphological [fide, ’when Wwaves[are [present. [This
morphological[fideshouldbel¢arefully[determined (based [on[datapoints outside theTidge
locationlandlon(fop [0fTthe ridge Wherethe Water(depth ik huch[smallerfand Wwaves(areore
important.[ThisCimplies[that[the Swaveschematization [is [oflsignificant[importance with
morphological [Simulations[ofTsandTidges.[Here, alsingle[tepresentative vave Wwas[used,
whichwasfound o [lead o amorphological [development beingin[goodlagreement With the
longlferm(dverageldevelopmentofithesandTidge HoekwvanHolland. dtvas(alsoWwas [found
that[large OwavelTheights Tlead Tto Csignificant morphological Cichanges. Therefore it is
recommendedtolinvestigate Whether[modellingofTlarge vaveltonditions[isVitaltolthe
morphological[development(ofisand(ridges.

Further(conclusions/are:

e Depthlaveraged modelsshouldmotbeisedfomodel theorphological [developmentof
sand ridges dsthesemodelsfise(fixed, Togarithmicvelocity profiles’and therefore cannot
model theleffectlofTdeformationlofTVelocity [profiles[over the tidge. [Deformationof
velocity [profilesay (lead [fo [amet fransport o [the[fop [dfthe Tidge dnd aycause(the
ridgelfolincreaselih Height.

e Itlwas[found[that[the[ mean! sediment! diameter[ D50/ heeds tolbel determined!rather
accurately[as(itlaffectstheldistribution[0flsedimentsin[the[water ¢olumnlandthereby
determinestheMmorphological TbehaviourfofTthelsandtidge; withlargersediments and
subsequent/dominantBedToadfransports, the fidgeihcreases/inheight.

DuetoJthisOstudy Cimprovements Jwererealized O within Tthe(1Delft3D TsoftwareJand
TRANSPOR2004formulations. [Theainlimprovement(involvedthe Bottom Mayersublgrid
modelinelft3D;tfs fecommendedfo investigate [the Testrictions[on the Telative thickness
ofTthe ottomTayerin Delft3 D With Tespectfotheldccurate[determination [0f[¢oncentrations
inltheBottomTayeratideeper water.

Summary
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| Introduction

I.I General[introduction

Largelscalemining[ofTsand from[theDutchlsectoroflthe North[Sealisbeingldiscussed [for
several [yearsmow.Various(studies [0fTthe Tnorphological [¢onsequencesof’$ea’sand mining
haveBeenperformed, butThostfocusionthefechnical €valuationofining from Pits. Within
the European[SANDPIT project, hoth ining from pitsand from [large [Scale[sandbanksis
subjectiofldiscussion. [ThisTeport@ims o Werify The morphological predictive Capabilities [0f
Delft3Dlonlthemorphological ‘developmentlofTanartificial Sand [ridge¢losefo[Hoek van
Holland, The Netherlands.

InSection(1.2@n(lintroductionfisgivenfo tThe [EUSANDPIT [project, whichlik [fhe framework
ofTthis[study.The problemdefinition[and mainlobjectives0fthis[StudylaregiveninSection
1.3.MnSection(1.4the studyapproachlisidiscussedand in[Section1.5thefeport outlinelis
given.

1.2 Introduction[to[EU[SANDPIT[project

Massiveltining[ofisand[fromthe middleland Towershoreface((depths[0f[10 o 30 ) willbe
required(in future(inthany [European dountries(for(shoreface, beachlanddunemourishments
and(largelscaleleéngineering Works(dt[seal(Maasvlakteléxtension, [@irportlatisea). [ The[volume
ofTsand tequiredin[the mear future[{10fo 20 years)Will[belinthe order of100fo 1000
millionm’ [per [Gountry Surrounding (the North(Sea(Van Rijn(et al., 2002).

Tolmeet[thesedemands, theexistingareas for miningof sand "heedto belextended
considerablyland mewldreas should beexploited. Moreover, the[‘traditional’ method [0flsand
mining[over relative(shallow[depths[oflafew meters((e.g. for[TheNetherlands[the[presently
maximum allowableldepth(dflsandpits(is 2 )5 [Considered [fo belinsufficientfo [Cover future
sand[heeds. [ Increasing[costs 0fl sand[dredgingoperations[telated to[transport[distances,
inducelquestions onthepossibilities [ofmining[fromlocal [sources[ofl$and. Sand[iining
from Tocal Sources ay [take Place by dredging[in pits, channelsand[frenches or by [femoval
(dredging)oflexisting largelScale’Ssand banks(orshoals(infhedffshoreZone.

Theltechnical "evaluation[0fl sand [imining Cactivities[tequires fundamental "knowledgeof
morphological Processes, [Sand [fransportprocesses,[sand budgets(and [€cology in the[dffshore
coastal[Zones.At[presentl stagelofltesearch ourinderstanding[ofl these processesis hot
sufficient[to(assess/thelimpact(ofimassive(sand ining.

Thelaccurateldetermination[oflsandbudgetsfor(thesand (miningareal¢onsideredtequires
rather/dccuratelinformation [oflsand [transport (fates[dt[the boundaries.[Often, [theaccuracy of
thel¢omputedsand fransport Tates[is mot[Sufficient, because [oflthe @pplication[ofTelatively
simple8and[transportCmodels. Furthermore, fmodel VerificationCand[alidationbasedon
detailed[field[datalis[lacking[in[iost[¢ases.[Thelmainteason for[this[is that[detailed [field
datalsets 0flsand fransportfin l0ffshore(deep Water)donditions(arescarcely [@vailable.
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TheEuropean [SANDPIT [projectWwas[setup(fo develop [Teliable predictionfechniquesand
guidelines(fo [better inderstand, [Simulate[and (predictthe orphological (hehavior[dflarge
scale[sand[mining[pitsandthelassociated [Sandfransportprocesses(at(the middleland Hower
(offshore)shoreface[and[$urroundingcoastal[zone. The[potential (uselofllargelscalelsand
banksland(shoalsforsand thining Will [dlso e studied. [Researchon[sand fransport focusing
onlthemiddlelandlower(shoreface will belakey [fopic withinthe[SANDPIT [project. [Existing
researchmodels ofl $and[transport[Wwill[belimproved[based[on/field and[laboratory data.
Practicallsand[fransportmodelsWill Belimproved Fortisein 2 [dimensional horizontal [and 3 [
dimensional thorphodynamic(thodels, suchasDelft3D.

1.3 Problem[definition[and[bbjectives

This[studyCaims[to[verify[the[predictivel capabilities[ofl Delft3Don[the[imorphological
developmentloflan[artificial [SandTridge mear[Hoek WanHolland, The Netherlandson(a[fime
scaleloffaboutfenlyears.The Tidgelis[dbout[3 M highand @ few hundred etersWideldnd ik
morelor(lessperpendicular(tbthecoast, seeHigure[l[1.Tidal flowis[parallelto the[coastland
thusmormal(to(the(tidge. The[tidgehasmigrated (northward[during[a[period[oflabout(10
years,[andis@TdatherWwell [defined [¢aselofmigrationand Weductioninheight[oflanisolated
body[oflIsand. [JAt[present[Ino[verification[Jexists [JofT /Delft3D [Jon[Jthe ' morphological
development(ofisuch(shoreperpendicular(ridge.

Themain[objectives0fthis(study@re:

e Tolderivetheridgelcharacteristics from/availablemorphology(data.

e TolderiveBasiclphysical insightfinridge morphology By heansoffiumerical thodelling

e Tollassess[Ithe[lpredictive[capabilities[of[1Delft3D[regarding[Ithe Imorphological
development/ofithesand ridge Mear Hoek van[Holland.

e Tolevaluatelthepredictive/dapabilities(ofldifferentmodel dpproaches((1DH,2DV,2DH,

3D)
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Figure(11 Mocation 6flartificial Sand ridge mearHoek Wan [Holland.
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This[study Wwas[darried[outusing[the thostTecent Version[ofTtheDelft3D Mhodelling[System,
whichlincludesthe (hew ' TRANSPOR2004 [sediment[imodel Candthe Thew bed[toughness
predictor; [@constantWwave heightWasldpplied Within the[SedimentDnline thodule.

1.4 Study[approach

start
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First[theproblem[definition, objectives andstudyCapproach Gwere defined [inl[thestudy
proposal. WNext, [diterature [eview, [datalanalysis [@nd[Simulations0fTan idealized [Sand [ridge
werel tarried lout[folderivelridge[tharacteristics[and [basic physical[insight[in sandtidge
morphology. ‘A fter(that,[a[Wwell[calibratedinodel Wwaslised [foprovide boundary[¢onditions
for(themodelsused in(this [study. Next,linputteduction fechniques Weredpplied [for[tidal ]
andwavelinputfand[2a[2DV $ensitivity [analysis[was[carried [out. [After(that, 2DV and 2DH
modelsiwere(setp [@nd Munfor 2 periods. Model Wesultsand [physical insight Were(discussed
and[¢onclusions werel[drawn. [Finally, [fecommendations Were madelanda[Summary [was
written.The study [@pproachfis Visualizedin[Figure1[2.

Thelsimulationsoffanfidealizedsand Tidgein [Chapter 4 were[carried[out With[dmoreTecent
version “ofDelft3Dthanthesimulationsin[IChapter5and 6. InSection[2.3.3.3the
differences in bottom Mayer(sub[grid thodel betweenboth Wersions(areldiscussed.

1.5 Report[butline

InlChapter2earlier(studiesinvolving [fheSsand [dump HoekvanHollandare[discussed[dand
the [donceptlofihorphological thodelling, [process (based thodellinglandMDelft3Dlis[dealtWwith.
Chapter(3[discusses(thelavailableorphology(datalandlincludes(dbasic[datalanalysis[ofthe
dataluisedlin[this[study. [ In[Chapter[4 modelling[tests[Wwith[an[idealized[$and ridge [Were
carried[outfo[provide[physicalinsight[in[sandtidge morphology. Chapter[5 [discusses[the
model [ schematizations[used[in[this[study[anddeals[with ‘hesting[and Cinput[ireduction
techniques. (This[chapter(dlsolincludes[d[2DV [sensitivity[dnalysis. In[chapter (6, the 2DH [and
3Dlmodellsetuplisidiscussedldnd modelling [fesults [dre[presented. [Finally, (the [overall (most
important/conclusionsland recommendations (arelgiveninChapter(7.

| —4 WLI] [Pelft[Hydraulics



Morphological[iodelling[éf[an[artificial[§and[tidge Z3079.40 May,[2005
near[Hoek[Yan[Holland,[The[[Netherlands.

2  Literature[feview[and[odelling[principles

2.1 Introduction

InTthis[¢hapteralbrieflliteratureteview[on[thesand [dumpHoek VanHollandlisgivenlin
Section2.2.[Three reports(tegarding/thesand [fidge[Hoek VanHollandWwill (beldiscussed
herein; 'thetesultsCand [findings [of those earlier[Studies Will[be[$ummarizedand [provide
insight[inthelsand[tidgeMmorphology.[In[Bection 2.3 Al general [introductionfomodelling
principles(is(given,includingaBriefldescription[ofTthe Melft3DmodellingPackagelandthe
TRANSPOR2004sediment fransportodel ’vhich weretised [in this [study.

2.2 Literature[feview

2.2.1 Redeker[and[Kollen[(1983)

Shortlylaftertheldumpings[which [first(¢reated[the$and ridge [Hoek [van[Holland,[Redeker
and Kollen[(11983)linvestigatedthe €fficiency0fldumpingsand thelerosion [rates [0ftheridge.
Onelofltheir[main[¢oncernsWwas[tolinvestigate[theleffects[of[bed[gradients and[waves on
sediment[transport, Which[the[éxisting[sediment[transport[formula’s[at[that timeldid hot
include.[Thelsedimenttransport(rates(atthelspecific TocationWere Mot known;[d[comparison
was[madebetweenthree sediment[transport[formulas;[KalinskeFrijlink[(K.F.), [Engelund[]
Hansen(E.H.)[and[Meyer[Peter[Muller [((M.P.M.)for[adaptation[possibilities. Theyfound
that(the[M.P.M [formulalwas [most[suited[fo (be[adjusted forbed gradient[and[Wwaveléffects.
Theyladjusted the M.P.M[formulalto[allow[forbed[gradient[andwaveleffects.[The[(M.P.M
formulalislalbedload[transportformulalonly.[Suspended load[transport(ishot[takenlinto
account. [LLarge [waves usually stir[up[sediments(and ¢ontribute to [Suspended [Toad [transport,
therefore [the modified M.P.M. formulalisvalid[only with limited Wwave influence.

Fromanalyticalland mumerical [domputations they [concluded that:

o Thelerosionratelatthe fopofthe ridgelis[strongly elated [fo thelsteepness0fltheslopes.

o WaveleffectslatlthelfoeloflthelTidge aremot hegligible,fand[Wwillleven belofl greater
importanceWhen suspended(load fransports(are(taken ihtoaccount.

o Thelerosion(tatelat(the(top [oflthe ridgeldtMSLITl 6mwithoutWwaves[isdbout[0.3 m[per
year; [thelfeduction Tatelis[éxpectedfo[increase [about201140% when Wwaves[are faken
intodccount.

e Thelmigration[rate, Withoutwaves, [0f(the fop [of(the [tidgeis[approximately[4.5 m[per
yearland fisin[Southwestern [direction, Opposite [fo the residual [durrent.

e Thelwavelinfluenceldeterminesthe migration(tate folallargeéxtent. Themigration Tate
thereforeincreases with/diminishing depth.
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2.2.2 Van[Woudenberg[(1996)

VanWoudenberg((1996)studied[the Behaviorland(stability [ofTtheartificial[Sand Fidge Hoek
van[Holland.[The tidgebehaviorWwas[¢compared o that[of[$and Wwaves and[tomumerical
predictionsfor[thelartificial (sand[tidge [from[RedekerandKollen[(1983).Furthermore,
yearly [sediment[transport[tates (were computedusingalbedload transport[imodel from
Ribberink [(Koelewijn’and Ribberink,1994). Herein d[basic [sSummary [0fTthe [Studylisgiven,
including the Mosttelevant findingsWith Tespectfo morphodynamic modelling[0flthesand
ridge.

AlcomparisonlofTtheridgebehavior[With[thatlof[sand [Waves Wwasiade basedon[Tobias
(1989).Themainfindings[of(that/studyoflsandWaveslinthelarealoflthe Euromaas’channel
werelthat(sand[Wwavesare foundatdepthsbetween20and (35 mland fypically darebetween
2.8and 6.3 mhighwith Tengthsbetween195and 387 . [Atthe [flanksof thesand Wwaves
megaTipples occurwithlalheightbetween[0.25Mmland 0.7 mland alength Between12.8 m
and[23[m.[SandWwaves[¢loser[fotheshore[iigrateinhorthleéasterndirection While[sand
waves @tmorethan[75 kmloffshoremigrate inSouthwestern(direction. [Seasonal fluctuations
inlheight[oflthelSand Waves between(0.5 o 1.2 hWwere[observed; inthe [Summer(anfincrease
inCheight[ofl thesand[waves[was[ bbserved, while[in[winter[al decrease in[height[was
observed.

behaviour[éf[$and[tidge

AldetailedlanalysisloforphologyIdatabetween[1982and 1995 showed [that:

e ThemigrationofTthe fopofithe ridgeis[ih Morthleastern direction,éxceptfor thePeriods
1985M1986[and199211993 wherelasSouth[Wwesternmigration 0fthe fop Was[dbserved. No
correlationbetweenWwind[dataland [this[SouthWwesterniigrationlin[those[periodsWwas
found.

e Thelmigration/oflthetop varied [with[depth; the maximum migration tate Was found/at
thelshallower(part/ofTthe(ridge. The Migration Tate decreases Withlincreasing(depth, Hut
increases(again in theldeepestparts 0fithe ridge.

o Thelobservedmigration TratesBetween1986[and 1991 [drelin the order[0f[10m per(year,
whilebetween1991and 1995 theobserved igration TatesWherelin[the order[0fT4
perliyear.

e Thelmigrationfates[oflthe[dentre(oflgravity [of(the(ridge[are(smaller(than(the migration
rates[of(the[toplofltheltidge. Thelobserved (migration(tates oflthe tentre[ofl gravity
between1986[and 1991 [arelin(thelorder[0f(5 tper year(andlinlthe[drder0f13 thiperyear
between1991[and1995.

o Atltheldeeper,[seaward[partCofltheTidge o Mmigration of thefoes oflthelTidge Wwas
observed,[Wwhilelin[thelshallower[partlallinearlincreasing migration[Wwith[diminishing
depthsloflthetoeslinmorth easterndirection Wwas[observed. [It[was[sSuggestedthat[this
linearfincreasing thigration(at/depths(smallerthanMSLI[T19 5 [duefo Wwavelaction.

e Thelheightloflthefop decreaseslinfimeWwith[about[0.072[peryear, exceptforlthe
periods[199001991@nd 199211993 Avherethe lieight[ofithe Top increases.

Furthermore[litCwas “found Cthat[the Tasymmetric Cdevelopment CofTthe ridge was[imore

pronounced intheldeeperpartsloftheridge, Where[Waveldction[is[0f(Tessimportance.Also,
megaltipples[were observedlatlthe southern(flank[ofTthelridge,[Whichl[¢anlinfluencelthe
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developmentlin[fime[ofTtheheight[oflthe Tidge. Furthermore, [it[(wasshown that[structural
erosionloftheSoundingarealtakesplace; thelarealitselflismot[al¢losed Systemlinlterms (of
sediment(fransport.

Themain findings (0fTthis Study Were:

e Thelsand(tidgelisCstable for[depths[greaterthan[19im; alteductionin height[ivas
observed, [ lbut[ItheJoverall[imigration[JisJsmall. IThis[IpartJof[theridge[ldevelops
asymmetrically.

e Thelshallowerpartloflthetidge(is Motlstable; aMmigrationloflabout150 M Gn12.5years
was[Jobserved. [JFurthermore,Jallreduction[Jin[Theight[Twas[Jobserved, ThoweverJthe
asymmetricldevelopmentlis[smaller(than(atithe [deeper(partofitheridge.

e Megaltipplesi¢anbefoundlat[depths greaterthan[18m, these canalsobelfoundlat
natural sand Waves Which(danbe foundatdepths(greaterthan 20 .

e Thelobservedheightlincreaseloflthe ridgein[twoSoundinglintervalsWwasthoughtfobe
caused by megaltipplesat[the[southern[flankofthelFridge; Wwith[sand waves[this
phenomenalis’seasonal.

o Thelbackward[(southward)[migration[oflthe tidge which[Wwas[foundlin(two[sounding
intervalsicanalso [be foundwith[Sand Waves.

e Thelmigration[intheldeeper[partlislhegligible[and therefore correspondswith[$and
waves.

Yearly[transport[tates

Yearly[sand(transport(atitheTocation[0flthesand[ridge [fates were [computed [with[abed Toad
transporttodel from Ribberink [(Koelewijnland[Ribberink, [1994)whichWwascalibrated With
anlapproximation(0fithe(yearly(sand(fransportrates/derived fromthe soundings. [Alfoughness
lengthks[0f10.05 m[was [found(fo[yield[accurate tesults. [The[¢omputed Tongshore bed Toad
transport(rates[(without tidge)(at depths between (15 m(fo[23 (m[were between 7[and 26m’
/m/yr[{excl.pores). Thelcomputed fransportTates[comply With[values from¥an[Rijn[(1995)
and from [VerhagenandWiersmal(11992).

2.2.3 Klein[{2003)

Klein[(2003)¢arried [outmMumerical [simulationsofthesand [ridge Hoek Wan Holland[Wwith
SUTRENCH aspartToflalverification$tudy CoffmorphodynamicmodelsCon $sandmining
areas.

AlsinglelsectionTocated[about6800 moffshore Wassimulated iover the period MM 982 T 1995
using[ SUTRENCH [with[the ' TRANSPOR 1993 and[ TRANSPOR2000( sediment![transport
models.Thelsimulations Wwere[¢arried sing[alhorizontal [grid (tesolution[0fT4.0 [ and 10
vertical Tayers,[d[Schematicfide[0f[12 hoursWwasised Withlanaverageflood velocity [6f10.6
m/sland@nlaveragelgbb Velocity [0fT0.5m/s. TheWwaterlevel tvasINAPF0.5 during [flood
andNAPTT0.5lduringebb.[Thelaverage (wavelheight[during[the$imulation[periodvas
assumed o Bebetween1.0and 1.5 . [Calibration showedthatdWave hieight0f1.0 mlanda
peak period [((Tp)[0f(5.0S[gaveoptimal Tesults. TheldominantwaveldirectionWwas@ssumed [fb
beperpendicular b theridge andthusparallel fothelshore.
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Sedimentcharacteristics ised Wwere:

e Median(grain(size[dsy[0f10.2 thm

e 90%/Brainsize(dy0f0.3 hm

e sediment(fall velocity W, [0f10.02 /s

e referencellevel(Z,[0.03

TheWavetelated foughnessHeight i, [and ‘Gurrent Telated foughnessheight . Were estimated
at[0.03 mh; [@ssuming[small [Scale ripples(atitheBed.

Measurements[ofthe [ridge[Wereavailablefor(the [ Years[1982,11986,[1991and 1995 and
showed almigrationlinflood directionbetween1982[and 1986, Wwhereby [the heightlofTthe
ridgefemainedequal.[TBetween 1986 and[1991 migrationWas[inflood directionand the
ridge[lincreasedlin “height, Cwhich Cwas Ceredited Cto Ceither Cinaccurate [imeasurements[or
dumpings. Between1991[and 1995 [inigration Was[in [flood [direction [oncemore, Whilethe
ridgeldecreasedlinlheight. [It'was[found [thatbetween1982and[1986[eérosion[south[ofTthe
ridgeleéqualledSedimentation Morth[6fTthe Tidge, While Between[1986and 1995 [érosion[Was
larger(than/Sedimentation.
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Figure 21 Results[SUTRENCH [simulations Klein(2003)
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BothTSUTRENCH computations [with CTTRANSPOR 1993 "andC'TRANSPOR2000showed
migration[lin[northern“direction"and “alJdecrease[lin Cheight[‘comparabletothat[oflthe
measurements, [see[Figure[2[1.[The[computation WithTTRANSPOR1993also[showed[the
asymmetric[development[oflthe ridge with[alsteepernorthernslopelas found from[the
measurements. [ The[¢computationwith TRANSPOR2000predicted @ muchmore(symmetric
shapeofTthe[ridge. Both odelsiinderestimate the €rosion Mear the[southward boundaryland
overestimatesedimentation @t the morthwardboundary.

Themain [findingsWere thatboth odelspredictedthe migrationland[decreaseinheightof
thetidge Heasonably Wwelllandthatwith [ TRANSPOR1993thedourselofTthe morthernslope
was[predicted Somewhatbetter than Wwith TRANSPOR2000.

2.2.4 Synthesis

Previous(studiesoflthesand WidgelincludeRedekerland Kollen{1983),['Woudenberg[(1996)
andKlein[{2003). Redekerfand [Kollen[{1983)[¢arried lout humerical [computationsusing
beddoad[transportonly.[They applied [the [Meyer[PeterMuller formulaand predicteda
migrationoflabout[4.5min[southern direction, opposite[to the tesidual ‘currentCand[a
reductioninheightwithoutGwvavesofCabout[0.3 fmper[year. Woudenberg (1996)found
similarities [With[$and[Wwaves[that[show[$easonalfluctuations[inlheightland migration in
north[gastern[direction and[ computed[yearlyaveraged[transporttates between[ 7 and[26
m’/m/yriexcl.[poresat/depths between 115 o123 m usingdbed [load transport model. Klein
(2003)[carried 'out[SUTRENCHI¢omputations/of'the fidge using[the TRANSPOR1993dand
TRANSPOR2000[sediment(transportimodelsiand[showed[that(the [development[ofithe [ridge
canlbepredictedreasonably well.

2.3 Modelling[principles

This Sectionldiscusses[the ¢conceptloflmorphological (modelling[in general.[Subsequently,
process hased Jmodelling[Jand[Jthe[IDelft3DTmodel Dsoftware “Ipackagelare[Jdealtwith.
Furthermore, the ' TRANSPOR2004 [3edimentfransportmodel [and (bed [toughness[predictor
areldiscussed [briefly. [Next, [thebottom [ayer $sublgrid (imodel ised [in[Delft3D [Sediment[]
Onlinefis(discussed, whichWwas[subjectof’arecent iipdate (0fMelft3D.

2.3.1 Morphological[inodelling

Themorphological "development[of[coastal [regions[lissubjecttocomplex[interaction
between¢urrents, Wwaves,[Sediment[fransport[and [bed[level [variations. [Furthermore, most
coastalareas areliablefo liuman(interference/suchas/structures,dredgingland Mourishments.
During(thepastldecades, [different(iathematical [physical (modelsThavebeenldevelopedfo
simulateJtheseprocessesJand [their Jinteractions [ and [JtoJpredict[Jthe Jmorphological
development.This[Sectiongives(alshortintroductionlinMathematical physical modelling[0f
coastal regions.Thelscales, approachesand[concepts[in[iorphodynamicimodellingare
discussed.
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Scales,[¢oncepts[and[approaches

InCimorphostatic [modelsthe (bottomis“assumedto[ be[fixed under[the Cassumption/that
significant[¢hanges[in thebottom morphologyloccurlon[much argerfimelscales than[the
time[Scales[involvedwith[the adaptation[ofl the[flowand transports. Inmorphodynamic
modelsthebottom morphologyfis[dynamically[doupledinto The[system; Bottom [changes are
taken(intoaccountland ihfluenceflowlandfransports.

AnTimportant[problemlin[morphodynamic modelling[isthatTofThon(linear Cmultiplelscale

dynamics;most[oflthe physical linderstandingand¢orresponding models concernlscales

whichl@relsignificantly [Smaller(than(theScale6f[phenomenalin WhichWweldrelinterested. [One
canldistinguishBetweencoastal [€volutiondonceptsfand modelsdnlarange0f'scales.

e MicrolscalelJ(process(scale)lconcerns[ Iprimarily [the[Iconstituent[Iprocesses[J(waves,
currents, [sediment(fransport). Phenomena fake[placedtlan eéssentially [SmallerScale than
thedorrespondingmorphodynamicbehaviour

e Mesolscalel(dynamic(scale)lconcerns(theprimary morphodynamicbehaviour,due[fo[the
interaction [ofthe[¢onstituent[processesand the (bed [fopography. [Principal [forcings are
seasonal, [interannual [variations(in[fide, (waves[andGurrentsand (human [dctivities[suchas
sand(mining(can(betakenlintolaccount.

e MacrolScalel{trendScale)(phenomenal¢oncern$lowfrends atlscalesmuchlargerthan
thoseloflthe [primarymorphodynamicbehaviour.

InfaccordanceWwith[the[tange[oflscaleson[which[processesand[behaviour [takeplace, three
basiclconceptsofimorphological odels/can be distinguished:

o Initial[Sedimentation/Erosion[(ISE)thodels/describemicrolscale phenomenalsuchas/the
sedimentation/erosion(tate[ onlal given[bedltopography, these[models don’t[takelthe
interaction Withthe [topographic(changes/intolaccount.

e Medium[Term[J Morphodynamic (MTM) I models[ take [ the[]interaction] with[] the
topographicl¢hangeslintoaccount.[Theylarelableltoldescribelthe mesolScaledynamic
behaviouroflalsystem.

e Long[TermMorphodynamic(LTM)models, in[which(the[constituent(équationsdremot
describingthefindividual physical processes, butlintegrated processesat@higherlevel lof
aggregation.

Modell¢oncepts[canbel¢lassifiedaccording [folthe Typeloflinformationtheyarebasedon:
processknowledge, [datalknowledgelor aliixture[ofTboth.[Onlonel$ide oflthe $pectrum
modelslarefoundldescribing[SystemslofTwhichprocesseslarewell inderstood, [onthelother
side[bflthespectrum modelsare[found [describing systemsofwhichthebehaviourlis
understood from Mheasureddata. [Figure2 2 shows theclassification[0flodels With Tespect
tolprocessknowledgeldndavailable(data.
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Figure212 [Classificationofimodelswith respectfo knowledge landdata (Capobianco, M., 1998)

Present(day thorphodynamicodelsare based[onthree differentmodelling lapproaches:

e Processbasedmodels/@dimlatidescribingthe physical [processes(ds Well@spossible.Mata
sets[drelonly ised [for[¢alibration[and validationpurposes.[Atlargerfimescales, [érrors
canldccumulatelanddomputational [effortlincreases [substantially.

e Parametriclimodels can[beltonsidered as[reduced processbased (imodels, wherelthe
dominant[processesaremodelled By meansof[parameterization. ThisldpproachTeduces
computational TimeButlallowsforMorelinaccuracy atlthesamefime.

e Behaviourlorientated odelslassume that(a/systemgvolvesfowardslaneéquilibrium/state,
aprioriknownfromong ferm[datalsets. Basicknowledgeoflthe[dominant/processes|is
appliedfodescribeintermediate(states.

2.3.2 Process[based[morphodynamic[inodelling

DuringthepastCdecades, socalled Cprocess basedmorphodynamicmodels "have been
developedfolsimulatefhecomplexinteraction[Between durrents, Waves, Sediment[fransport
andJbed[Jlevel JvariationsJand[Jtheir Jinteractions Jand Jto Cpredict Jthe[morphological
development.[Processbasedmodellingis televantfo the mesolScale, which[concernsthe
primary morphodynamicbehaviourldue [folthelinteractionlofTthel¢onstituentprocesses and
the bed[topography. The@ppropriate horphodynamic(length(scalelislabout(l kmlwith(atime’
scaleloflyears.Principal [forcings(are[Seasonal [and [interannual[variations[in[tide, Waves[dnd
currents [@and[human/activitiessuchlds/sandmining[c¢an[be taken into [dccount.Process based
modelling[aims(at(describingthe [physical (processeslds[wellldspossible.Datalsets[are only
used(foricalibration [and validationpurposes.
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Figure[23 shows thelconceptloflalprocessbased morphodynamicmodel. [ Thelessence of
suchlamodel(is(thelsimulation[of[physical [processes, Hased[onprimary [physical [principles,
suchl@s/donservation 6fass, homentum and(eénergy.

v
‘ Bed topography ‘

W
‘ Wave field ‘

¥
‘ Current field ‘ ‘ time stepping mechanism

v

‘ Sediment transport ‘

W
‘ Bottom updating ‘

Figure2(3 Principles[dfimorphodynamicprocessbased todelling

2.3.3 Delft3D

Inlthis[Section,[alshort[descriptionoflthe oftwarepacket[Delft3D[is given, aldetailed
description(c¢an[be [foundlin[theDelft3D FLOW iser manual [((WLI[|[Delft(Hydraulics,2003)
andlinTLesser(et(al.[(2004).

2.3.3.1 General[introduction[to[Pelft3D

The[Delft3Dmodelling[Systemlis[developed by 'WLI[J[Delft(Hydraulics tol$imulate twol]
dimensional Lor[three[dimensional [simulations[of[coastal, [river and éstuarine areas. It[¢an
simulate [flows, [Sediment transport, Wwaves, [(water[quality, morphological [developmentsfand
ecology.[The[modelling[system[¢onsist[of[$everal (modules, herein, alShort descriptionlis
given[0f[FLOW [and (WAVE. [Inaddition fothese[modules[two[smallermodules(areusedfo
create[ andmodify[grids[and[ bathymetry.[RGFGRID handles[model[ grids[ for[ Delft3D
modules. [QUICKIN ¢anbelusedtol¢reate, manipulateand[Visualise[the (bathymetry ofTa
model(arealand[tointerpolate[sample[pointsonto model(grids.

WAVE

With(theDelft3DWAVE [module, [the(evolution[oflwind [generated [Waves[can belsimulated.
The[WAVE[modulelis[ either based on HISWA[or[ SWAN; [ herein SWAN [ will[belused.
SWAN, anlacronym (forSimulating[Waves[Near[shore, [is(a[third[generation, [Spectral Wwave
model(thatl¢computes[the[non(steady[propagation[oflshort[ ¢rested Wwaves overlan[uineven
bottom, [considering 'wind Caction, “dissipation[due[to[Tbottom “friction, “wavebreaking,
refraction, shoaling/and(directional [Spreading.

2—8 WLI] [Pelft[Hydraulics



Morphological[iodelli

ng[of[an[3rtificial[dand[tidge Z3079.40 May,[2005

near[Hoek[Yan[Holland,[The[[Netherlands.

WLI] [Pelft[Hydraulics

The[SWAN modelfakes/intolaccountthe followingphysics:

e  Wavelpropagationin[fime and(space,(shoaling[duefo[currentland depth, tefractionland
frequency shifting.

e Propagationfrom Taboratory lipfoiglobaliScales

e Wavelgeneration By Wwind

o Dissipation(by whitel¢apping, [depthlinduced breakingand Bottom[friction

¢ NonllinearWave[Wavelihteractions

e  Wavelinducedsetiip

o  Wavelblocking by flow

e Transmission/throughland reflection from(dbstacles

The[SWAN [thodel (does motlaccount for:
e diffraction
e scatteringreflections

Thelwavel¢onditions[(i.e.[wave[forcesbased [onthe(énergy[dissipation tate or(the Hadiation
stresses, [orbital [Velocities)[calculated [in [Delft3DIWAVE imoduleareusedas[input[for[the
Delft3DFLOW module, [fo[compute Waveldriven[¢urrents,[énhanced[turbulence, bed [shear
stress(andstirring lip By Wwave [Breaking.

FLOW

The[FLOWmodulelis[alhydrodynamiclsimulationprogram, Which[calculates[hon(steady
flow[and[transportCphenomenaltesulting[ fromtidal and/or meteorological forcing[onla
curvilinear, [(boundary fitted [grid. [The mumerical[System[ofthe[programSolves[the insteady
shallow Water[équations(infwo[or[three[dimensions. [Typical [dpplications 0fDelft3D [FLOW
includes(simulations(ofltide(land (wind [driven flows, [stratified [dnd [density [driven flows, river
flow, [transport(ofidissolvedmaterialland pollutants.

Thelshallow [ Wwater[ equations tan[be derived from'thelthreeldimensional Navier[Stokes
equations/(forlincompressible free[surfaceflow, inder [thelassumption ‘¢flshallow [water[dand
Bousinesq.[ In[the[vertical ‘'momentum[equation(the(Vertical  accelerations arel neglected,
which(lead[to(thehydrostatic [pressureléquation. [Thelsystem[ofpartial [differential [equations
for[¢onservationloflmasslandmomentumlis/solved [with[a[finite[difference method onthe
modellgrids. Theprincipal [Variables,[suchlasWwater(level, lbottom[level [and [Velocities, ‘are
arranged(inaispecial Way thatfis known @s [the staggered grid.

SedimentOnline

Sediment[JOnlineJisJan[JaddlonwithJthe O Delft3DFLOW module JwhichJconcerns
simultaneous tomputation 0f [ flows [andfransports and [simultaneousfeedbackfo bottom
changes. [Therefore, (hydronamicflow [¢alculationsare’always éarried[outuisingthedorrect
bathymetry.TheSedimentOnline fransport/subnodule@accountsfor:

e Cohesivelsediment(transport, including [theleéffectoflsalinity [onflocculation
¢ Nonl¢ohesivelsuspended((sand)transport

e Bedlloadfransport

o Influenceldfiwaveslandhindered(settling

e Updatingthelbed(leveland feedback to liydronamics

e Uplib[5Hractionsldfisand[or(dombination(ofisand [@nd mhud.
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The'effects[of density [¢urrents, [Stratification,[and [Spiral [flow [are [automatically [faken[into
account/Wwithout[tequiring[any[Special (parametric formulations. [Thefime[scaleandlength
scaleoflthe dpplications(are[similar(as for the liydronamiclapplications GfDelft3DFLOW.

Morphological fime(scale factor

Morphodynamicdevelopmentstakeplaceon fimelScalelseveral (fimesTonger than(fypical
flow ['changes, whichCwould[eadto[long[simulationtimes “in[case Jof imorphological
predictions. [Tolshorten the[simulation fime [a orphological [fime Scale [factor[¢anbeTised,
whereby [thespeed [0fthechanges inthe Morphologyis[scaled hip [fb @ rate Wherelitbegins [fd
havealsignificantiimpacton/the iydrodynamic flows.

2.3.3.2 The[TRANSPOR2004[$and[transport[inodel[and[bed[toughness
predictor

TRANSPOR2004[(VanRijnlet(dl.,2004)[samMew Version[0ftheéngineering(sand fransport
model T'TRANSPOR TandCwasCdeveloped Dwithin Cthe TEUTSANDPIT Cproject. “Theimost
importantiimprovementsinvolve[dbed Tfoughnesspredictor [for thepreviously hiserSpecified
current(telated [and[Wwave [telated (bed foughness[parametersand(a tefined [predictor(for the
suspended[Isediment[Jsize. ] TheJreferencel]concentration[]oflIthe [ JsuspendedIsediment
concentration profile Was[recalibrated [forisewith thepredictors.

Thelimplementation[6f[ TRANSPOR2004 [inDelft3D ONLINE fitselfTis [part(oflanipdate (of
Delft3D whichlinvolveslamong dthers: theéxtension 0flthe hodel [to e run in [profile mode,
the[synchronizationofl the toughness formulationsand[inclusionofltwo[breaker delay
concepts.

Thebed [doughness [predictorisimplemented [Separately, viald[add[oncalled [frachytopesand
predictsthe bedroughness based (0nliydronamic(conditions(and sediment(characteristics [and
is[toBeised ih dombinationwith the TRANSPOR2004 sediment [fransport hodel.

2.3.3.3 Bottom([layer{$ub[grid[inodel

Altecentlupdate[ofltheDelft3D[software involved the bottom layer(sublgridmodel(andla
correction[ vector[ tol the[ suspended(load[transport[in[thel bottom[layer(s). This[ Section
describes/thelapproachland @lrecentipdate [fo [this@pproach thatWwashised in[Chapter4.

InMDelft3DSedimentOnlinethe Transfer/ofisedimentbetweenthe Bed@nd theWwater Golumn
isfmodelled Musing$ink fand[$ourcetermslacting on the earbottomlayerthat[isentirely
above[van[Rijn’sTeferenceheight;[(this Tayer(is Teferred o [ds kmx layerforbrevity). Each
halfTfimestep(theSourceland Sink [ferms for(the kmxTayerlare computed, Which Tepresentthe
quantity Cofl $edimententering“and "droppingout ofTthe flow.Inlorderto determinelthe
requiredsink fand[Sourceferms, the ‘¢oncentrationland [concentration/gradient[atthe hottom
ofTthe kmx layermeed o Belspecified.
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Thelconcentration(and [concentration gradient(atthe Bottom dfthe kKmx Tayer(dre determined
after[assumingal[standard[ Rouse[profilebetween[thelTeference concentrationand[the
concentration @t(thelcentre0flthe kmxayer,SeeFigure2 4. This@pproachoffitting@Rouse
profilefordetermination oflthe ¢oncentrationand[concentration/gradientlat the bottom[of
the kmxTayer(is[discussedintheostTecentdraft Version ofthe [FLOW isermanual (WL
DelftHydraulics,2005).

G

Approximationtb[concentration(gradient(at
/ bottomof kmxlayer

Approximation[foConcentration(at
bottom[of kmxlayer

Rouselprofile

/

Heightl@bovelbed

Concentration

Figure2[4 Tmproved Version[of Delft3D bottomlayersublgrid hodel

Where

a 000 [ vanRijnsreferencellieight

C, [ [ referenceldoncentration

Crmwborr [ concentration (@tbottom oflkmx layer

C,, [0, [C51] Delft3D[domputedConcentrations [in[centre (0flayers(1, 2 [@nd 3

For(teasonslof(mumerical [Stability, [the[sediment[3ettling [Velocity [w;is[Set fo[zero[(w[=[0)
beneath(the kmxayeriand(the(vertical [diffusion[¢oefficientlé[beneath(the kmxlayerslis(set
very (high((e>>[1).[This dauses[the/concentration[in[thelayer(s) beneath the kmx layer(fo be
equal(to(thelconcentration(oflthe kmxlayer((C,=[C,)land thus(leads(tounder(prediction of
suspended(load [transport.

Tolthis(éndd[correctionVector(tothe suspended load transport(for(the layer(s) beneath the

kmxlayerlis[introduced.
i -

(Cestimated - Cl ) ( 1 . 1 )

Cestimatea 15 the[@nalytically [determined[@verageconcentrationbetween [the [Bottom [0f[the kmx
layerand[thel[referencel concentration. [With[this[correction[Wwector[the suspendedload
transportlin thelayer(s) beneath the kmxlayer(danbeldeterminedldccurately.

2—11
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Criterion

With[very [Wwidel¢oncentration[profilesthe fitting[0f[Rouse[profiles canbeliroublesome,
therefore alcriterionWwasbuiltin[SothatWhen fheteference¢oncentrationlis 100 fimes the
concentration [0fTthe kmx Tayer1(C,>0.01C,)the¢orrectionVector[is motlincludedinthe
transport[scheme. Due(fo [theise0frelativelydoarse Sedimentsinthis[Studyland(arelatively
large [(mandatory)bottom (Tayer [it[Was found [that[the[¢riteria[Was[Mostly motmet[and the
correctionvector[was motlincluded, which Tesultedinsignificantly [Smaller(suspendedload
transport(tates. [However,[during max. flood [and ax.[ebb the ¢riteriaWas [Megularly et[in
the fop HegionlofTthetidge, Wwhich[¢aused[a[Stepwiselincreasein[suspended Toad fransport
rates(atthe fop[dfithe ridge resultinglin artificial bathymetric features.

Very[tecently,[atlthelend [of thelstudy,a[Delft3D Mipdate[becamelavailable[invhichthe
criterionforCapplying "the Tcorrection [wector “was Jomitted “sothis correction vector[lis
continuously isedand 'suspendedload fransportfis[determined [@ccurately. Duefo the Timited
timeavailablelin[this[StudyfitCwas hot[possible[totedoalllofTthe$imulations [that were
already(carried loutwith(aMDelft3D Wersioniising theldriterion forTheldccurate [determination
ofldoncentrations [inthe Bottom Tayer. Tt Wwas[decided [fb redo [theSimulations(in chapter 4 and
investigate(theleffect/dflthe ipdated DMelft3D Wersionin[Section6.4.
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3 Data[description[and[analysis

3.1 Introduction

Thischapter(discusses the thorphology[dataiised in [this[study. [Hirst, [@n introductionfis[given
tothelsandridge Hoek WanHolland.Next, [thelaccuracy [ofbathymetric/surveysfisdiscussed
in[Section[3.3.[Thelexactllocation, [dimensions andsomebackground [informationCon(the
sand(Tidgeare[discussed. Furthermore,in[Section[3.4the available[morphologydatalis
discussedCandlaspecificCbtudylarealis[selected, based Tupon[tharacteristics ofTavailable
soundings. Next, [@/datalanalysisfiscarried[dn The orphology/datafinSection[3.5.

3.2 Introduction[to[the[$and[tidge[Hoek[Van[Holland

FromM982 o 1986 dumpingsatHoek WanHolland [éreatedan(artificial sandridge, Knownas
sandtidgeHoek [VanHolland, [ofTabout 3600 Mmmormal [fo thepeak fidal ¢current[andthe
shore, [(location[Hoek [van[Holland,[see[Figure[31)[inlanlarealWwith depths between[15m.
and[23m. [on the northern(side of the (approach[¢hannel. (In(all,[3.5million m’ [sand vas
dumpediover theperiod 1981 fo 1986 [(VanWoudenberg,[1996)

" ‘ 4'20

* SCHEVENINGEN

A
7 N\
« \

¢ LOSWAL °
“<¢\
)

sz

ry

Figure(3[1.TLocation[sandridge Hoek vanHolland.

Theridge dimensionsjustaftercreation (0flthe fidge Were: Tengthloflabout3600 m; foe Width
between 250 and 370 m; heightbetween(1.3[dnd[4 h;[SlopesbBetween(1:507and1:1000n

WLI] [Pelft[Hydraulics 3—1



May,[2005 Z3079.40 Morphological[iodelling[¢f[an[artificial[§and[tidge
near[Hoek[Yan[Holland,[The[[Netherlands.

theSouthflank [and [(between[1:20[and[1:50on themorth[flank; d50between[0.15 mm[and
0.45mm. TheTandward énd [0flthe Fidgeis[@about[6300 th(from [ftheshoreline.

The'sandridge Hoek van HollandlisTocated(closefolLoswal Woord, Whichlis[aldumpingsite
forlclassMland I(Silt from the Rotterdamharbourmouth. The(tidgeis perpendicular(fothe
coast[and[thushormal[tolthe tidal flow.Primary[goalsWwere to[studythe stability (ofTa
submerged [ridge, mormal(fo the fidal flow[dnd o study [theleffect(ofltheridge ‘onshoreface
sand [fransport.[Alsolthe[possiblemiseloflsSubmergedtidges as siltlfraps [forbackflow [ofTsilt
fromLoswal Noord[foltheportloflRotterdam [wasan[issue. [Furthermore$imilarities[with
sandWaves Were [fobelihvestigated.

section9
section(8

section(7
section[6
section®

section4
section(3

section(2
section(1

Figure 32 [Schematicplanview 0f'the[Sounding(arealandsections(section 1 [is [@dbout 6 (km from [the [doast)

Figure3 2 [shows/adschematicplan View [6fTthe[Sounding [arealand(sections, [Sectionsare 400
m/(dpartland fun(over(the éntire Tength0fthe [Sounding [area, Whichlis[dbout2200 . [Section
1k [@bout[6 km from fheldoast. Tn(thisstudy(sections 3, 4,5 and (6 will be odelled Wwiththe
linefmodels[(1DH@nd2DV).

3.3 Accuracy[6f[bathymetric[$urveys

This[Sectiondiscusses(thelaccuracyofbathymetricStudies, dand is[based liponévaluation[0f
bathymetric[surveysandtesearchlonlsystematicsurveyingerrors[within[the TINOURTEC
projectionshorefaceMourishments(atTerschelling, The Netherlandsandshorefaceland beach
nourishmentsCat[ Torsminde[Tange, DenmarkandNorderney, [Germany[(Westlakelet al.,
1996).[Thebathymetric[Surveys ofthelsand [dumpat(Hoek [van[Holland are[comparablefo
thebathymetric[surveyscarried[out Wwithin[theINOURTECproject and[surveyinglerrors
therefore willBemuchalike.

Surveylérrors(mayhavelallargeeffect[on[the tesults; they[¢anbeldescribedlastwoltypes:
systematic[érrors(that(havela[¢cumulative[effect[on the tesults(and(Stochastic[érrors[thatlare
‘random’[errors. [Definitions[arenotlalways[¢lear[andoften[depend[on[the[timeframe of
analysis; [ errors[ systematically[over[ onel survey[ lane[imay[belstochasticl over[the[Wwhole
survey.Thelinfluence0flstochasticgrrors on [Bathymetry [plotsfis[considered megligiblelasthe
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main[interest(is[the mean(depthloflcertaindreas@nd stochastic[érrorslare@averaged dutWhen
finding the thean[depthlinthoseareas.

Inthe™NOURTEC [surveys, the following[systematic [€rrors[sources Wereconsidered:

1. Errorfin/determination0flthe Waterlevel
Thewater[level[is[theheight[differencebetween the[ordnancelevel fandthe $ea bottom
whichlis[¢alculated by [fransferringthe heightlofTaINAPark [of the primary metwork o a
water[posthear[the[¢oastland then[tothe[gaugeslatlsea. The Wwater(levellatthe gaugelis
assumed fobeleéqual Tothelevel [dttheships [position. [Afurtherlaspectlofthislérroris thatlit
dependslonlthelpositionlofltheshiplin telationfothe gaugeand [ifTthe ship[isimeasuring
duringafrisinglorfalling fide.

2. Errorfrom(Setting[ofitheZeroline

TheZerovalueis [theldepth ofthe fransducer, heasured from the Watersurface. Mepth(ofTthe
transducerlis[determined By [reading the Water Tevel [from arks On [the Tull ’when The shipis
stationary. Theldepth[0f(thelécho [SounderBelow themarkslisknown.Setting the Zero[isthe
mainlerror[3ource,Variations [inthe ship’[Weight[andlin [Water [density [(salinity) will [affect
thelzero line(Setting.

3. Erroricaused bylsquat

Squatlis(the (phenomenonoffalling[Wwater(level[aroundlalioving[shipland occursldnlylin
shallow[or[veryharrow[waters.[Thelamount[ofl squat(is[proportional[to[the square[oflthe
ship’sispeed(through (thelwater[divided[by[thelgravitational[dcceleration ‘multiplied [by[the
water[depth. Iflthe Water(depthexceeds six [times[the(ship’sidraught, thebottomis mot felt by
the[ship[Somolsquat(occurs. Thusfor(a/draughtoflapproximately [one meter dlimitingdepth
oflsix meters [thay [bBedefined.

4. Echolsounding/distance

Thelécholsounder(distancelis[thedistancebetween the transducer andthe[Seabottom. The
transducer[producesalsoundpulse Which[isteflected (bytheseabottom, by (measuring [the
delaybetweenémitting[and feceiving, [the[distance fo [the bottom [can [beldetermined. (From
various [eérror(sources, [the [érror Tesulting from [the Variation[0fTthe[Sound [velocity [in Water [is
thought(to Be the mostlimportant; [@lso [the[dalibration [drrortay have[some(effect.

5. Error(caused by Wwaveslandiswell

Waves[and[swell¢ause [Vertical[tolling[ovements, [tesulting [in[anlérror[described [bythe
vertical movement, theSurflrider(effect/and therolling[éffect. Thelsurflriders/eéffectlis[caused
byftheldisplacementdftheshiplinthedirectionofithe Waves@asfhelshipSpendsore fimeon
theTop (0flthe Wave thanlin the froughland fThus(digreaterdepth ik registered.

6. Errorfresulting fromfihcorrectpositioning
TheMGPSIsystem, Which(is isedin thesurveyshas/anHorizontal positioningldccuracy 672
m.[Assumingamaximumbottom$lopel0fl1:50,theWorst error[¢aseis then[4¢m. This
results(in(anrms@rror Gflapproximately3dm.
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Summary [0fpossible Systematiclérrors @t Terschelling
Forlsurveymeasurements(atTerschelling,[systematic[érrors(areconsidered dthajor [problem.
Fromthisfinvestigation, [the main [érrors[thatmay[cause problems Wwith Surveylaccuracy(dre:
(with[sithe footMmean(squareerrordnd [0d[the[Oneldirectional footMmean [square(error)

e Errorfinldetermination(oflthe waterlevel[(s[=[3 [Gm)

e Errorfromisquat(odE10=Z20Em), orwithlsquatdifferences(s =2[cm)
e Errorffromsystematicldifferences between ships[{s =4 =28 cm)

o Errorfromsetting(oflthe(Zero line (s =[5 cm)

e Errorffrom(variationlin(theship’siweight(s=[3cm)

e Errorffrom(thesurfriders(eéffect (od =0 =Z5cm)

e ErrorffromthelaccuracyoflthepositioningSystem((s =0 =5¢m)

Within[the INOURTEC project,fainlsources of Systematicerror [inSurveyingare defined
and[quantified. [Systematic errorslarel¢onsidered[the mainproblemlinCbbtaining Accurate
survey [tesults. [From[analysislofisurveyslof(the INOURTECSite[at[Terschelling, [the [Survey
accuracy [wasobtained, which[should 'be isedwiththeFesultsCasanlindicationbfTthe
reliability[0f the Theasurement.

e Theltotal[éffect/ofltheSystematiclerrors(in[the bathymetric theasurements 0fléachsSurvey
at(Terschelling ranges from 11 [fo [[24 [cm [in Water[shallowerthan [about[6 [th, [0r T4 [fo [+9
cmlinWater(deeper thanlabout6 m.

e Thelerroriin[differences between surveyslat Terschelling[is eéstimated[at[15 fo[+10[¢m,
wherethe Megative motation(indicates(that[the Water(depth istinderestimated.

3.4 Morphology[data

This[Section[describes whichimorphologydataisavailable for the evaluationoflthe
Delft3Dnodel. [First[a generalldescription[is[given[ofltheldvailable[data.Next, thelselected
measurements (arediscussed [andfhestudy(areais [precisely [defined.

3.4.1 Soundings

ThelSandldump Hoek WanHolland Wwas[created between[1982and [1986.Since 1982 [yearly
bathymetric[$urveysWwerelcarried [out[by[Directorate[North[Sea[(DNZ), with[$ome[years
missing,[$ee[Table31.[TA$ounding[in[1999 wasmot processed by [DNZ[dueltolerrors.
Soundingsbefore[1991 Gwere not[availableon[tape andwere[digitized frommaps[or
microfilm, [and (thus(are less reliable. Datal¢ollection before 1991 [Wwas[¢arried [out[with [the
lesslaccurate(Single beammethod, Whileldataldollectionlafter1991 was(carried [outwiththe
more[accurate multi(beam method.[Soundingswere[darried [out[With [fixed gaugesatHoek
van[Holland,@mplitudecorrectionWwasGarried[out.
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sounding( | date year method ship
1 81and9™ (6fiSeptember 1982 single[beam[]| unknown
2 16,17 and 18" of February 1983 single(beam[ /| unknown
3 4,15,110,11@nd 14™6fJune 1985 single[beam[ ]| unknown
4 12@nd23rd6f Dec. 25,26 of Jan.[1| 1985/86| single beam[ | unknown
5 14,15@nd 18" 6fMarch 1991 multi(beam[] | Octans
6 9,10,16@nd 17" of April 1992 multi(beam[] | Octans
7 5,8and 9" 6fMarch 1993 multilbeam[] | Octans
8 22,129/6f April 2" of May 1994 multifbeam[] | Octans
9 1,2,3land 4" 6f May 1995 multi(beam(] | Octans
10 22 March,16land 17 April 1996 multibeam[] | Octans
11 20,21 and22 0flAugust 1997 multibeam[] | Octans
12 5,03,06,17@nd 19 October 2000 multi(beam[] | Octans
Table3(1Sounding dates.

WLI] [Pelft[Hydraulics

From/themational Tnstitutefor[CoastallandMarine[Management[(RIKZ)fwo [datasets Were
obtained, thefirstispanningtheperiod 1982 To1997,theseconddovering theperiod 1991 fo
2000.Thedataset with[soundings from 1982101997 Coriginates from[tesearch by Van
Woudenberg[(1996), While thelSecond(dataset, lincluding [the[Sounding[in 2000, Wvas[directly
obtained from[the[¥lodingen” [database[0f[RIKZ.[Thesounding in[2000fncludesseveral
large [pits[thatWwere[dredged[Wwithinthe framework[of the[PUTMOR [project; [fortunately
theselarelocated(inthel[seaward [part[0flthe[soundingldrealso@s[folénsuretheisability [0flthe
sounding.

Inlthelfirstldataset, [the[$ingle[beam[Soundingsbefore[1991 [previouslywerel[¢orrected [for
differencesBetweensingleand multi Beam[sounding by increasing[the eight Walues (z) With
0.2ml(VanWoudenberg,[1996).

Comparison[of’thefwoldatasets[Shows that(the[second dataset[(1991 fo[2000) s [Somewhat
out[ofllineWith[the first[(1982fo[1997),[as[the[z[values are[about[10fo15¢m[dower.[The
first[dataset[will[beusedherein,[dlong[with[the Sounding[in 2000 from [the [second (dataset,
whichwill Cbecorrected " based[ upon[Janalysisofl Javerage[height[in["al’smalllinactive
compartment(dfthe [Sounding/area.

Soundings [for(1994(and later coverlalslightly larger(area, whichéxceeds earlier [Soundingsto
thel shallowerpart( for about[ 200 . This[shallower[part[islofl less[importanceland[for
compatibility reasonslitiwas(decidedfot(to isethis(éxtralarealinlanalysis.




May,[2005 Z3079.40 Morphological[iodelling[¢f[an[artificial[§and[tidge
near[Hoek[Yan[Holland,[The[[Netherlands.

Dumpings

From[1981 fo1986[sand wasbeing[dumped [On [the ridge on Tegular basis, [@xact Tocations [0f
theldumpings¢annot Be found. Datalon thelquantitiesdnd[datesinvolved dre(listed in[Table

32
dumpingdate quantity
1 original[dumping, before[September1982 1,644,000’
2 between [September(1982 [and [February (1983 234,750m’
3 between February 1983 [and June 1985 537,500m’
4 between[June1985[andFebruary 1986 457,000m’
5 in[1986 496,500’
inffotal approx.(3.500.000 h’
Table32 Dumping dates.

ResearchCondiffusionCofTdredging [material [(silt)Cat thehearby[location Loswal Noord
showed/aaximum/(displacement6f[600 i from [dumpingTocation({ivandenHeuvel,[1988).
Sandlisheavierfand WwillSettle[éven fasterfand [displacement[Wwill (be[smaller. TheSounding
arealis[2200wide, Toss0flsand from [dumpingswill Therefore be set o Zero.

Correction[6f[$ounding[6f[2000

Thelfirstldataset3wvill(be[ised [for[the morphological [computations, however[thel$econd
dataset[will be[used [for[the [Sounding[6f2000asthe first[datasetlacks[alsounding[in[that
year.[The(z[values[ofltheSecond[dataset(are[about[10 o 15 [dm Towerthan(zvaluesfrom(the
first(dataset.[The[Sounding [6f12000 from[the[second(dataset therefore meeds[fo be[corrected
for[properiselin/combinationWwith[data[from [the first(dataset. Tothisénd[theldverage[depth
in[the linactive [South western[¢orner (500 x 500 m?)[of the Soundingarea for both the first
and[second [datasetWere [dompared,(see Figure3 3 [and Table3[3.

-16.2

-16.3

-16.4

-16.5

average depth [m] —

-16.6

-@- second dataset

198283 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 992000
year —»

Figure[3(3.[Averagedepthlin[southwestern[corner (500 X500 ) for both datasets.
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year first/dataset second(dataset difference
1991 16.4615 116.5499 0.0884
1992 116.4395 116.5226 0.0831
1993 16.3032 16.4182 0.1150
1994 16.4036 116.5235 0.1199
1995 16.4681 16.5837 0.1156
1996 16.3729 16.4882 0.1154
1997 16.3586 16.4597 0.1011
2000 O 16.5068 O

WLI] [Pelft[Hydraulics

Table3[3[Average(depth(m)linisouth[westerncorner (S00x[300m) for Both datasets.

Furthermore, [the [volumesabove[d[reference Tevel [at (150 m fo MSLWwerecompared [for both
datasets, See[Figure[3 [4[and Table(3 4. Given[the[fotal [$urface[oflthe[soundingarea, the
differencesHereinrepresent(d(differencelin Height, whichisgiven(in theTast/column/dfTable

34.

2.22

2.16

volume above -50.0m to MSL [m 3] -

8

x 10

-@- second dataset

1982 8

3 84 85 86 87 8

8 89 90 91 92 93 94 95 96 97 98 992000

year —

Figure374 Volumelabove T50.0m foMSL forboth datasets.
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year first/dataset second dataset | difference (m*)_| difference((m)

1991 219,428,750 218,428,750 696,500 0.096

1992 219,288,750 218,565,750 723,000 0.099

1993 219,817,500 219,096,500 721,000 0.099

1994 220,096,750 219,073,000 1,023,750 0.141

1995 219,389,000 218,471,500 917,500 0.126

1996 219,879,500 218,972,750 906,750 0.121

1997 219,583,000 218,903,750 949,000 0.131

2000 O 212,860,000 0 0

Table3 @ [Volume (in’) @bove T50.0 T fo MSL @nd @ccompanying differencein depths.

From(Figure3 (3, Figure34and Table(3(4[it[canbelseen(thatsoundingsfrom ‘the first(and
second(dataset[differ[significantly. Forproper use0fthe[Sounding[6f2000 [from [the Second
datasetin[combinationWithSounding from [the first/dataset ((which[dontains thore[Soundings)
this[sounding from 2000 meeds [fo (becorrected. [From ¢omputations(itcan [be Seen(thatthe
correction(is[fobe[somewhere between+0.09 and[3-0.13 m. [TAs[the fotal ‘effect[ofTeérrorsfin
the athymetricfneasurements(iséstimated [at[10.09 [fo[+0.19 [, [the[correction meeds Mot [fo
beverylexact; Mereinldvalueof®0.12rhfis[chosen.

3.4.2 Cross[$ections

Althoughmoreldatalis[dvailable,the morphological development(ofithe ridgeis[shown well
from(datal0f1982,(1991,[1995[and[2000. [Hereinteasured bed levelsfor[cross[Sections 19
areldiscussed, See[Figure3[5.
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Figure(3[5 Measured bed(level developments(forisection(2,3 @nd 4.

Figure 35 [shows measured bedTevelsfor1982,1986,1991,1995and2000 (&t three[cross ]
sections(in/the[soundinglarea.Measured [bed Tevels forsections[1 o9 dre[shown infigures

B.03al¢linldppendix B. Theldatal0f[1982 {01991 Was(originally [digitized from Plots, Which

isihy [the BedTevelsofithoseYears[seem smootherthanbed Tevels(ih dateryears.

Thelcross(sections dlearly [show[dTeductionlinheight[ofTthe Hidge [and @ migrationin Morth [
eastern(direction; [infheldirection6fTthe metfidal flow. Thetatelofimigration[¢hangesWwith
depth. Thisreduction@fihigration With[ihcreasing(depthinduces(@fotation 6ftheridge With
respect[fo theloriginal faxisCofTtheTidge. The average migrationofltheTidgelin[horthern
directionfisl@bout[5.50m per(yeariandfhe@averagedecreaselinheightlis@bout0. 1 hperyear.

Between1992[and1993 [dmigrationih[SouthWestern[directionlandlincreaselin (heightdfthe
ridgewaslobserved. [ This[behaviour Swaslalsolobserved Gwith[sand waves ( Woudenburg,
1996). Between 1992 [and 1993 thore Storms Wwere[observed, butlasinlother yearsthese Were
fromldominant[Wind[directions[(south[western [+ morth[Wwestern); mo[telationship [(between
wind[datalover[that[period[and[thebackwardmigration[¢anbefound[(Van[Woudenberg,
1996).[ Thelbackward [igration[imaylalso[be[the result[oflinaccuracieslin[the[soundings,
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thereforelitwas[decided motfose theintermediate yearsfor ¢alibration[and validation[as
thepresentlintervalsiprovide€nough information ‘onmigration[0fthe[Sand [dump(on(adonger
timescale.

3.4.3 Study[area

Asldredgingwas[¢arried outlin[theseawardside[ofltheSoundinglareabetween[1997and
2000, fittwas[decided[fo focus[on[theshallower Part[ofthe[Sand [dump Hoek Wan [Holland [for
analysis(and[Verification.[Alsothe Width[ofTtheldrea[was[chosenSomewhat[smaller[than(the
width[oflthe Soundingdrea. [Sedimentation/andleérosion Wolumes Were[computed, varying the
spatiall[domain. TThe[chosen(study(dreaWwherebyeérosion’andSedimentation aremoreor dess
inbalanceland(the ridgelis[@pproximately(ih fhe centre[6flthe area, is 1600 h long@nd [700 m
wide,Figure3 6.

400m

700m

2100m

800m

Study area

Figure[3(6Smallerstudy(area.

3.5 Datalanalysis

Inlthis[Section the available morphologic[datalWwill[belanalysed, sedimentation[/[erosion
plotsiwillbe discussedand[sedimentation /[ érosion[Volumes [Wwill (be[computed. [Also, the
sounding[ areal was[divided[into[56[ections, [ for[these[sections[thel development[ ofl the
averageldepthlin[fimelis[discussed. Finally[theposition[oflthe¢rest dfTthe Hidge [in fimeis
dealtiwith.

3.5.1 Introduction[and[background[information

Sedimentation [/ erosion[plots'havebeen madelforlall[Successivelyears[andlalsofor[the
period19911o2000[and arelgivenlin/Appendix [B.These [plots[show[sedimentation [/lérosion
patternsfin/the(soundinglarealand Teveal [yearly [fates[ofTérosionlor/sedimentation. /Allplots
havebeen(scaledback [foloneyear; Periods betweensoundings have [beenfaken from(Table
30.OnlalllbuttwoplotsithelerestlofTtheTidgeis ¢clearly [Visible, as[therelis[¢onsiderable
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erosion(attheldrest(0fltheridgeland [Sedimentation(directBehind the drest. The Two plotsthat
don’tshow [thedrestiofltheridgeare for(the period 19941995 @nd199511996.

3.5.2 Description[éfl$edimentation[/ érosion[plots

FigureB.04shows[sedimentation[/[erosion[for[ 1982111983 andlshows[the[$econd
dumping(thatWwas ¢arried [outlin[the[Sounding[area; the [dumping was[carried[outlin the
deeper part(0fithelarea, just morth[0ffthe study [area. Intheshallower[partofithe Sounding
arealdrosionmarksthecontours0fltheridge.

From figureB.05 litwasfoundthat Between 1983 [dnd 1985 molstronglérosionOccurred,
the’Sedimentation(alongthelcrest(oftheridgelindicatesdismall[dumping Wwas[carried[out.
This[dumping[was[carefully[placedat[the(location[oflthe[crestfoleénlargethe [fop [0flthe
artificial ridge [thus(created.
FigureB.063howssedimentation[/érosionfor[1985[F1986;another’dumping ¢anbe
seen(inlthelplot,[partly located(atthecrest/oflthe ridge, [partly [in the morth eéastern(dorner
offthelarea.

Thelsedimentation [/lérosion(plotfor[1986=1991, [Seefigure .07, shows(dmeatpattern,
with erosionlinfront[ofTthe Midge[and [Sedimentation just[behind thetidge. In the area
surrounding theridge, tinorlérosion(fakesplace. Sedimentation(is iot found(in this plot
exceptfor(thelsmallstrip[justBehind thecrest/dfltheridge.
Figure(B.08shows[sedimentation[/[erosion[for[1991[1992andshows[an[alternating
pattern/of’Sedimentationand [érosiondver thelSounding(area, With strong[eérosioninfront
oflthel¢restlandsedimentationjust[behind [the ¢rest. (Anltheperiod 199211993 there’s
more[sedimentation [thenlin most[other[periods, erosion[only [0ccursfin [front[oflthedrest
and(in(theippermostmorthernBoundary [6fTthe Sounding area.

Between[1993and[1994 @ [predictable[pattern[oflérosion[andsedimentation[wasfound,
seefigure .09, With[érosion[infront[0flthe fidge, Some sedimentation [onthe ridgeand
strongleérosion[justbeforelthe(¢rest oflthe tidge. Behind[the ¢rest(stronglsedimentation
occurred followed By somelerosionland finally, [Sedimentation(fo the morthernoundary
offtheSoundingarea.

Sedimentation(/[erosion[plots for[1994[1995and 19951996 ((seefigureB.10[and [B.11)
don’tishowtheldrestofitheridge Wery well, linthese plots Mo [Specificlarea’s oflerosion [0r
sedimentation(can [be[seen. Inthe plotFor 19941995 thostly [@rosion0ccurs and Between
19951and1996 mostly [Sedimentation Gccurs, [the [dause [0f[this [ddd behaviourfis Mot (Clear.
FigureB.12[shows[sedimentation/lérosionbetween1995and1996, sedimentationand
erosion(lanes(alternate,(on [the(0verall more [Sedimentation(occurs.
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Thelsedimentation[/[érosion[plotfor[19961997 is[shownin [Figure[3 7 [and [figureB.13
and [reveals@n(dbnormallincreaselin heightlin(a(specificlarea,indicating(d [dumping (Thas
been(tarried[outlat[thenorthern(boundary[oflthe[soundingareal The dumping didn’t
affectthelridge(directly, Butlthe effect on(the flow [and[transport(in the [arealdan [dffectlthe
ridge.

Thelsedimentation[/[érosionplotTor[1997120000s[shownlinlfigure[B.14and ¢learly
showstheldredginglactivities[thatfook[placelin[thatperiod, as(thedeeperipart ofithe
ridge [(waspartly femoved(and(three pits[dan (beelseen(in [the[plot.[Theplotiwas(scaledfo
show [yearly[erosion[or[ sedimentationup[toalmaximum/of 0.8 m[per[year,[ for
comparison with[other(plots, but(the pits[that(dan Belseen [inlthe[plotlare muchdeeper.

TheSedimentation/Iérosion/dvertheperiod 198220007k shownlin figureB.15; Both the
dumpingatithemorthern[boundarylandthe dredginglactivities between[1997and 2000
are[shown, furthermore(sedimentation [directly morth[0f(the rfidge WwasObserved.
Thelsedimentation[/lerosionplotlover the period 19861991 lis[shown infigureTB.16;
overallleérosionoccurred, 0nlydirectly Morth[6fthe fop SedimentationWas found.
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e Thelsedimentation/lérosion plotlovertheperiod 199120005 showninfigureB.17and
showsthe dumping[at/the morthernboundary[and(the dredginglactivitiesin the[deeper
partlofithelarea. [The[plotlalsolshows thelerosionlin front(ofthe ¢restland/sedimentation
directbehind [thelcrest(dfithe ridge.

3.5.3 Sedimentation[/ érosion[yolumes

The(fotal[Sedimentation(/[eérosion(over(theperiod 198212000 was ¢omputed [for[this [Study
area,[possiblelinaccuracies herein[were[ taken[finto[ consideration. ‘Careful "analysisJof
computations [0flsedimentation /lérosion Wolumes/in the[study [arealshowed [that(all [dumpings
between([1982[and (2000 were[darried [out[dutside thelstudyarea. Alsothe[dredgingldctivities
between1997@nd 2000 were[carried [Outoutside [the study [drea, [in fact(this[areaWaschosen
solas[tolexcludelanydredging[pits(folallow forproperanalysis. Thereforethe[computed
sedimentation(/[érosion volumes(in(the[studyarealdon’tmeed fo beldorrected For[dumpings
orldredging.

First[the[sedimentation /lerosionlin the studylareal(seeFigure3 [6) Was computed [Over(the
period[1982 =2000, mextthesedimentation/[érosion For[198621991[and 199112000 was
computed. Tt[was(found(that[between 1982 and 2000 (in total 300,900 (m>[eroded [from!the
southernside[oflthe(tidgeand 201,900 m’[daccreted(dt the morthern(side, thus Tesulting[inla
net(loss(of sediment from the study area(0f199,000 . Between (1986 and(1991(129.900 i’
eroded, (mostly(from|(the southern side(oflthe(ridge(and (156,300 m’ [accreted (at the northern
side. (In this[period(26.286,1m’ (of sediment was imported in the studyarea. In the period
1991512000, fotal €rosionfin(thestudy areawas169,600 '’ and sedimentationwas 116,400
m’, [thus Tesulting[infd netToss[0f753,200 'm’. Sedimentation /[érosion volumes forthe three
periodisiare(giveniin(Table3(35. it[can(beseen thatloverall, between 1982 [and 2000, sediment
isfbstfrom thelstudy @rea. Howeverinthe period 19861991 Sediment Was(gained. Between
1991[@nd2000@met loss0fisedimentfromthelstudy areawas/dbserved.

period erosion sedimentation net'change
198212000 300,900 201,900 99,000
198611991 129,900 156,300 26,400
199112000 169,600 116,400 (53,200

WLI] [Pelft[Hydraulics

Table35[Sedimentation /Iérosion Wolumes study [area

3.5.4 Volume[éfitop[ofithe[tidge

Forlfalll@vailablesoundings, The Wvolume0fTthe fop [0fthe Tidge Was[determined By [domputing
the volume ofTthe Midge [@bovedTeference Tevel @t 7.5 i fo MSLland between 800 @nd
1500 fromthe[0(Tine, seeFigure 3 8.
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Figure 3 (8 Definition sketch; volume(study(arealabove(ll7.50mfo MSL

! -17.50 m to MSL

1500 m

The[volume oflthe [fop[ofltheMidge[for(all[available[yearsand[the[changelin[volumeloflthe
top[for(successivelyearsare listed(inTable[3 [6.

year volume of(top (m*) change in volume (m®
1982 546,750

1983 569,500 22,750
1985 624,750 55,250
1986 614,750 10,000
1991 598,250 16,500
1992 591,750 (6,250
1993 665,500 73,500
1994 620,000 (45,250
1995 513,500 106,500
1996 569,750 56,250
1997 526,500 (43,500
2000 502,750 23,750

Table3[6[Volumeand/changelin volume(ofithe fop Oflthelridge (above Tl 7.5 mito MSL and between800m @nd

1500mfrom[0line)

Figure[3[9shows[the Molume(oflthe [fop loflthe ridge(above(l 7.5m[fo MSL[andbetween 800
mland1500m from(the[0dine)for(all [@vailable [years. Figure B.18 [presentedlin[Appendix (B
showsthelsame[datalas(ridgel¢hart With[separate[plot[that'shows[the[changes[in[Volume[of
the fop[for(successivelyearsl.JAldecrease0f[volumelofTthe [fop[ofithe[dam[can BelSeen, butlit
must Be(stated[thatthe Wolume[0flthe [fop increases between 1992 [@nd 1993 [and @lsobetween

19957@and1996.
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Figure319 Volume[0fTthe fop 0fthe ridge (above Tl 7.5m[fo MSLand between800m @nd 1500mfromthe 0 line)

3.5.5 Total[Volume[éf{the[tidge

Forlalllavailablesoundings, the[tbotal wolume0fTthe rfidge Was[determined by [computing the

volume[oflthe(ridge(abovealreferencellevel [at[M40.0 htoMSLfor(theentire[sounding area.,

see(Figure(3(10. IThepitsthat[wereldredged between1997and2000 reachlevels (oflabout (]
33 m(toMSL, therefore [computing the Molumes @bove[40.0 m(to MSL(allows [for(an Honest

comparison.

-40.00 m to MSL

Figure3[10MDMefinition/sketch: Wolumestudy [areaabove T40.00 mto MSL.

Volumes|[oflthe ridge [for(all@availableyears arelistedih[Table3[7,[also the[changeinvolume
for(successivelsoundings are[given. [ The[volumelthat[Was[dredgedlis[determined from [this
data.
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year volume of the ridge (m°) changelin[volume (m°)
1982 145,114.995,9 O
1983 146,407,000 1,292,000
1985 146,302,250 (104,000
1986 146,535,000 232,250
1991 146,675,000 139,750
1992 146,838,750 163,750
1993 147,367,500 528,750
1994 147,646,750 279,500
1995 146,939,000 (707,500
1996 147,429,500 490,500
1997 147,403,000 (26,500
2000 141,279,500 (6,123,750

Table3[7[Volumeand[changes/in¥olume(ofithe ridge(above [40m [to MSL [andovertheléntire sounding area).

Figure[311[shows[theWolume[0fTthe TidgeaboveT40.0 [ ToMSLovertheléntire[Sounding
arealforfdlllavailableSoundings. FigureB.19,presented inAppendix B [showsthesame data
as(Tidgelchart[Wwith[alseparate[plotthat3hows[the ¢changesinlthe ¥olumelfor successive
years.

-
[3,}

1.48

1.46

volume above -40.0 m to MSL [m 3] ->

198283 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 992000
year —

Figure(3(11Volume(ofitheridgeabove@0m(to MSL.

TheldumpingBetween1996and 1997 [Gannotbeldistinguished;it[doesn’t’show onthe Scale
ofTthefotal Volumelofltheltidge. [Dredgingactivities between 1997 and 2000 are ¢clearly
shownlih bothfigures. FromFigure311andB.19tcanBelseenthatichangesinVolumelare
between (0.1 @and 0.6 million m’ [per year.
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3.5.6 Dredged|volume[between[]997[and[2000

The¥olumelaboveM0.0 i [foMSLWas[computed for theléntirelarea dandfor(all[years. The
losslin[Volume[between[1997and 2000 s thought [fobel¢caused by theldredginglactivities
only.[The[Wolumeabove[140.0 CmtoCMSLCin 11997 [is[1147,403,000 “m®Candin[ 2000
141,279,500 m’, thus the dredged Wolume (6,123,750 m’.

3.5.7 Volume[6flddlumping[between[1996[and[]997

Fromthelsedimentation/lérosionplotiover19961997 it Wwas/concludedthatda'dumping has
been(carried outlinfhatPeriod. Thedumping(arealislabout@00h Tong [(perpendicular o the
coast)[dnd[600m Wide[(alongshoreldirection)@ndfis Tocated [dlong [the Morthern Houndary [6f
theSoundinglarea.In[Table3 [8the VolumeaboveT25m [fo MSLforthe dumpinglarealis
givenfrom1994o1997.This[datalisdlsoshownlinFigure3 [12.[Thelaverage Yolumelover
1994,1995and (1996 (is[3.068.449,5 im’, while the Volume[in[1997[is[3.429.163,9(m3.
Thereforelthe dumping Between 1996 @nd (1997 lis [about(375.000 i’

year volume dumping drea/above[[25m(MSL)
1994 3,070,000’
1995 3,063,750m’
1996 3,071,750 m’
1997 3,429,000’

Table3[8[Volume6fidumpingarealaboveRSmToMSL.

N I U U OO NN VOO U U T U S
R A
saf
L e =
31 o o B L R U S S ]

290

28 i i i i i i i i i i
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000
year

Jlume in dumping area above -25.0 m to MSL [m 3]

Figure312[Volumelofidumpinglarea/dbove25m[fo MSL.

3.5.8 Subdivision[6f[$ounding[area

Thelsoundinglareal(3450(m[x[2100m)Wwas[divided[into[56[compartments[to[studylocal
deviationsfrom(the[dverall [Sedimentation(/eérosion[frends. The[compartmentalisation ofthe
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sounding[arealwasbasediipon(sedimentation /Ierosion plots(ofithelareaforsuccessive years,
the[dimensionsofl the "compartmentsinalongshoredirection “were chosensuch[as[to
represent[areaslofleither[sedimentationlorlérosion overlall[yearsias(¢loselyaspossible.[As
theseareas[differ[somewhat[fromyear[to[year, the thosentompartments don’t[always
exactlyCcover[areas[ofJonly [sedimentationJor Conly Cerosion, “but[on[theaverage[the
compartments|coincide with those(areas.

TheSoundinglareaWwas[dividedinto[8 [compartments[inldlongshore(direction, 4 [0fWwhich are
in[front[oflthe[ridge With[tespectlfothelaveragefide[drivenlcurrentlin morthward direction
and 4 offWhichlarebehindfheTidge, [See FigureB.20.Thefirsticompartmentis[300m wide,
successivecompartments[infront’ofTthe Fidgelare[500,150and (501 Wwide.[Compartments
behindtheridgeinldonsecutiveldrderare 50,275,225 @nd[400mwide. Inlseaward(direction,
from(theldrigin/ofTthe[Soundingdrealinthe Southern(dorner, the firsticompartment[is 450
longandthemextISix [dompartmentsare 300 tlong.

Forfalll36 ¢ompartmentstheaverage heightofthe [Gompartmentfor(all[years Wwascomputed
and[plotted,see(figureB.21,[as[Wwas the[change inlaverageheight,[seefigure[B.22.[From
FigureB.21/andB.22ltican[BeSeenthat

e Thelgeneral(frendloffSedimentation justmorthlofTthe Tidge, Wasmotlmetbetween 1994
and[1995lin[compartments(1 [5 To[7[5and 16 o 66, Whichare[compartments just iorth
offthelridge.

e Between[19937and (1995 there[was[erosionlin[thelfirst[twoalongshorel¢ompartments
(mostlsouthern[compartments) Whereaslin[general [$edimentation[takes[placelin/those
compartments.

e Anlincreaseloflthelaverage[heightlin[¢ompartments[5(7,[5(8[and[6[8[between[1996(dnd
1997(suggest(dumpingshave beenlcarried/dut.

e Compartments(intheippermostmortherncornerofthe Soundingareabetween 1997 and
2000(show [thedredging(activities that(have been(carried(out.

From (inspection ofthe[sedimentation(/lérosion[plots and[from the changeinheightofTthelall

compartments|(in figure B.22[the following[donclusions(danbeldrawn.

e Between11993and11995 Dsignificantly JmoreJerosion[Jtook [place Jin[JalmostJall
compartments.

e Between(1996[and1997,d[dumpinghasbeen(carried Out, [@dbout[600 m perpendicularfo
theridge in Morth [éastern(direction.

e Between[1997[and[2000dredginglactivities(havebeen[carried[out, [creating[pitslin[the
deeper parts(ofithe[sounding(area.

3.5.9 Positions[of[the[¢rest[of[the[fidge

ThepositionlofTthelcrestlofTtheTidge[Wwas ¢computedevery Sm, byldetermination ofTthe
minimum/(depth(in(the ¢rossSection. [For better Tepresentation dftheldisplacementin fime,
theMidge Waslagain(divided into[7 [compartments ‘dver [fheTengthlofTthe[Soundingarea. For
these[dompartments thelaverage fposition [0fthedrestofthe ridge Wascomputed for(all years.

AslthepeculiarCphenomenonlofTsmaller displacement ofTthe crestlinthe centreoflthe

soundingldreaWasfoundfor(all [years but2000,and [consideringthedredginglactivitiesthat
were[carried [outbetween19977and 20000t Wwas decided mot o use the [datafrom 2000 for
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determining [thelaverageldisplacement oflthe ¢rest.[Thelaveragedisplacementperyearvas
computed (for[the [periods1982=31986,198621991and 1991 and 1997 [and[are[shown in

Figure(3113.
average yearly displacement of crest hetween 1982 and 1986
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Figure[3[13[Averagelyearly displacement(oficrest for(3 [periods [Over thelength (0f the Sounding area.

Considerableldifferences(over(the lengthloflthe ridgeoccurlinthe [displacementoflthe crest
inlall[periods.[@verall,theldisplacementis [particularly[évident[inthefirst, Tandward [partof
thelridgelandlin[the[seaward[end[oflthe tidge, While[theldisplacementlin[the middlelis
considerablesmaller.[Displacement(in[the most[Seaward[part ofthe [Soundinglareabetween
1982219861and198621991 [is[completely [different from [the[general frend(in thoselperiods
and(drelthereforeconsideredlinaccurate.

3.6 Synthesis

Hereinlalbriefirecapitalization (0flchapter(3 s [given.

From 1982 [fo 1986 [dumpings(dreated [an(artificial [Sandridge [at(Hoek [van[Holland Mormal [fo
thepeak[fidal[¢urrent(and [the[shore; the Midgeis [dbout(5 [ (high [and (@ (few (hundreds meters
wideland[about3600m/inTengthland[the Tandward éndof(the idgelis[about[6300 m [from
thelshoreline. [Tidal flow(is[parallel [to ‘theCoastland [thus Mormal [fo theridge.

Thebathymetriclsurveys[oflthelartificial [Sand[ridgeHoek [van[Holland[are[¢omparablethe

surveys!/¢arried ‘out[within[the INOURTEC project;the [vertical [dccuracy [ofTSoundings[is[in
thelorder(0f10. 1 f0[0.2 th(and thehorizontal [Accuracy (0f'soundings ik finthe order 0f To[5 m.
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Regularfsoundings between 1982 and 2000 showal¢lear(Teductionlof thetidge Theightlin
timelandldmetmigration[ofltheTidgelin flood[direction. Therate [0fmigration Heduces With
increasing[depth.Thelaverage migrationlofl¢rest/ofltheTidgein morthern direction[is @bout
5.50Mmper(yearfandthelaverageldecreaselinheightfislabout[). 1 m(peryear. Between1992
and (1993 [@[Southward mhigration[oftheridgeandlincreaseinheight Was[dbserved.

AsldredgingWwas ¢arried[outlin[the Seaward[partof the Soundinglarea between 1997 and
2000, fithwas[decided[fo focus ontheshallower[partloflthetidge; @ studylarealwas[defined
whereby [@rosion dnd Sedimentation [are thore [Gr(less[ihBalance.

FromIcomputedsedimentation@nd€rosionvolumes fit Was found Thatoverall, Hetween 1982
and[2000Cmoresedimentleroded at[theSouthernside oflthelTtidge thanCaccreted Catlthe
northern(side(ofTthe Tidge; TSedimentWwas Tostfrom the studylarea. [However, between 1986
and[1999[almetgain6f sedimentWwaslobservedinthe studyarea. Between1991and 2000
sediment[waslost[fromthelstudyarea. Sedimentation [/ erosionplots[Showed annually
changingpatterns [per year; Mo [characteristic [€rosion patternGould belderived, [except forthe
notion(thatlerosionfakes placeatthefopdflthe ridgeland [Sedimentation directly Morth 6fthe
ridge. Furthermorelitwas [foundthatetween1996and 1997 [a[dumping [ofTapproximately
375.000 1’ was[carried (Out.
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4 ldealized[$and[fidge

4.1 Introduction

Infthis(chapter2DV [Simulations [for[anidealized'Sandtidgeare[discussed. Thesimulations
werelcarried[outuising[alrecentVersion [of[Delft3D[(Section2.3.3.3).[Thelidealizedsand
ridgelconsists[ofTa[Symmetric Tidge at[aldepth[comparable fo thesand Hidge mear[Hoek Wan
Holland.The(fidal flowis fepresented by [@[sinusoidal Function (U=Uy+U;cos(wt)) Withland
withoutlalnet ¢current[{drift), thus Tepresentingalpropagatingtidal wavelasin[theDutch
coastalZone. Alsmall phasedifferenceBetween Horizontalland vertical fides [is Mot fakeninto
account.Theselsimulations[Were[carriedoutfo [gainlinsightfin the[physical [processes[dtthe
sand(Tidgeandtolinvestigate theeffectlofltides, Wwaves and [basiclimodel settingsonlthe
morphological[developmentiofianfidealizedSand ridge. Thelinvestigated process Tand todel
parameters(are/given(ihTable4[1.

Section[| investigated/effect(] | variation

4.4 tides tideswithout(drift, svith[aldrift[0f10.05 m/sland [0.10 /s
4.5 waves Hs=10.001/11.501/12.00/12.501/13.00 h

4.6 layers 1012017130

4.7 turbulence model algebraicl/k[L/kepsilon

4.8 bedroughness constant(/[variable((predictor)

4.9 modell@pproach 1DHI[(1 dayer) 72DV (20 1ayers)

WLI] [Pelft[Hydraulics

Table41 Investigated Process land odel Parameters.

First,[in[Section(4.2, [basic[¢haracteristics[of[flow[and [fransportover(sand(tidges mormal [fo
theflow(areldiscussed. In[Section 4.3 [the model Setuplis(discussed. Next,[in[Section 4.4 [the
effectloflfides[Wwithand[without[alnet[¢urrent[isinvestigated. In[Section[4.5[theleffect of
waves was[investigated[and[in Section[4.6 the mumber oflvertical (layers Wwas varied.INext,
theleffectofithree(different(tiirbulence modelsWwaslinvestigated(inSection(4.7 [@ndin [Section
4.8,[simulationsWwere[ ¢arried out[Wwith[al constant(Tand[Vvariable bed toughness[(withland
without(the bBed foughness(predictor). In[Section 4.9 d[comparison fisthadeBetweenthe 1DH
and[2DV modelapproach. [Finallyfin[Section4.10themostimportantfindings(dre(discussed
oncemore.
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4.2 Basic[analysis[of[flow,[transport/and[imorphology[éver[a
schematized[$and[tidge[hormal[to[the[flow

4.2.1 Unidirectional[flow

Herein, tinidirectional [flow [over(aSandtidgeis[discussed;[Firstthe Welocity profilesatlthe
upslopingandidownslopingflanks6fftheridge@regiven. Nexttheimplications forfransport
andmorphology(areldiscussed.

4.2.1.1 Velocity[profiles[at[Uipsloping[and[downsloping[flank

Withfinidirectional flow[dver(alSand ridge the Welocity profileslat Both(sides (0fthe Top (0fthe
ridgeCare [differentlyShaped; [the[Velocity [profilesipstream Cof the top Cof the ridgelare
logarithmic[J(decreasing O waterJdepth), Jwhile[ldownstream[Jthe TJvelocity [profilesJare
characterized By Meduced Velocities[in the mearbed Zone(duefo increasing Wwater [depthand
decelerationprocesses),seeHigure4 1.

/
/
/

?\i

Figure[4[1 Velocity [profiles/over(sandridge

4.2.1.2 Implications[for[transport[and[morphology

migration in flow direction

—>
*decrease in height

T1 T2

Figure[4[2 Morphological development with tinidirectional flow
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Figure (42 shows(the morphological [development(dfithesand ridge Withtinidirectional flow;
bothbedToadland suspended(loadfransportlisfin flow[direction. Theridge Migrates [in flow
directionland@educes/in height When [suspended Toad[fransportlis[dominant. Tt may [grow [in
heightWhenbed(Toadfransport/is[dominant.

4.2.2 Tidal[flow

Herein, theleffectCofl symmetric[tidalflow (without[alhet current) Cover[a sand[tidgelis
discussed. [Withfidal flow [the [direction 0fTthe flow reverses Periodically[andthe WwaterTevel
varies; (the water[depthatlebb[isshallowerthanlatflood. Bothltheteversing [flowlandthe
varying Water level @ffectWelocities, fransportsfand orphologyandfare(discussedferein.

flood direction

>

ebb-flank flood-flank

Figure[4(3 Mefinition ebb[Tndflood flank(df'sand[ridge

Figure(43 [shows(the definition[0fltheébbTandfloodflank [of(theTidge. Thelartificial [sand
ridge WwhichfissubjectlofTthis[study islaboutperpendicular o the Mutch(doast. Tidal flowis
parallelfo[the[coastland thus fiormal folthe ridge; flood is[in Morthléasterndirectionlandébb
in[Southwesterndirection.

4.2.2.1 Effect[éffeversing[flow

With(fidalflow, the direction[dfTthe flow[changesWiththe furninglofTthefide Which hasfts
consequences(on(the fimelaveraged Velocity [profilesdt/bothSidesoftheridge. [Athaximum
floodCandMmaximumlebb, thevelocity [profilesCareas[described [in[Section[4.2.1.1;the
velocity [profileslare Jogarithmicmipstreamlofthe fopand showMeduced mearbed velocities
downstream [0fl thetop.[As[theflow[during[flood[and[ebblis[inoppositedirection, the
upstreamand[downstream[locations[are[at[opposite[sides[ bfl theltop; the[logarithmic
upstream(velocity [profilelatlone(side[ofTthe [fop[¢hanges(fo thevelocity [With feduced mear[’
bedvelocities when(the[flow reverses(dndthelocationlis[downstream[0flthe [fop,[See Figure
4(4.

WLI] [Pelft[Hydraulics 4__3



May,[2005 Z3079.40 Morphological[iodelling[¢f[an[artificial[§and[tidge
near[Hoek[Yan[Holland,[The[[Netherlands.

(lr_

Figure 4[4 Ebbvelocity profiles/overridge

Thevelocity[profilesduring@bbandflood [@redissimilar, fhe met/effect/canBeseenfrom[fhe
timelaveraged Welocity [profiles. Thefimelaveragedvelocity [profiles@tBoth Sides0fthe [op
show mearbed [velocitieslinfop [direction; thisisdue(fo the dipinthe[downstream [Velocity
profiles. TFigure 4[5 [showsthe fimelaveraged Velocity profile(atthe flood flank[6fTthe ridge;
the fimelaveraged mear/bed Welocitiesdrelin thedirection 0fthe fopoflthe ridge.

Figure4[5 Mime[averaged Velocity [profile at[flood flank (0fthe ridge

4.2.2.2 Effect[éf[Water[level[Vyariation

Theltidal[range[3ith[shallower water depths[during[ébbaffects[Velocities, transports[and
morphology. Herein [fwo liimportantechanisms, related [fothe[shallower Wwater[depth[during
ebb, [areldiscussed.

Thebed shear(stress depends(on water(depth. Duringebb, [the bed [shear [stress [will be larger
duelfo(the[TshallowerWwater, [See[Equation(1.2[and[1.3;Wwith[shallowerwater[(smallerh),[C
willbelsmallerand(subsequently (1, Wwill Belarger. [Thuswith[équal [depth[averaged [ebb [Tand
flood [Velocities, [fransports will be larger [during (ebb than [during[flood.

_ gpU[0|
T (1.2)
and
C:1810g(1]zh) (1.3)
with S
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7, the Bed [shear stress [N/m?]

glthe gravitational @cceralation [m/s’]

plthe water density [kg/m’]

UttheNelocity [m/s]

Clthe [Chézy [coefficient [m'?/s]
k[theléquivalent/geometrical Toughness 0f Nikuradse [m]

The'effectlofwavesldlsodependsion(the Water[depth. [Waves[intensify[the[stirringfaction[of
thefluid thotion inthe Mear hed region [and Tead [fo Targer(sediment/doncentrations and Targer
transports; Withshallower Water(theeéffect Wwill belgreaterland [fransports Will Be Targer.[Thus
withlequalldepthlaveragedleébbTandflood Welocities, fransportsfinébbdirectionlare [larger
than fransportsfinflood[direction/due o avelaction.

4.2.2.3 Implications[for[transport[and[inorphology

N\

Figure4[6 fimelaveraged mearbed velocitiesdirected o the [fop

Figure46[shows[the fimelaveragedVelocities With [fidal flow [dt[both sides[0fTthe [fop; [it[can
belseen(that the timelaveraged (hear(bed [Velocities at[bothsides oflthetop are in[top
direction. Thismechanism [results [in Vertical [growth [0fTthe [ridge WhenBed Toad [fransport[is
dominant/and[(particles femainfinfop regionoftheridge). When Suspended (load fransport[is
dominant(the particles inay [belfransported eyond[the [fop [tegion tesultingin flattening [of
thelridge.

migration in ebb-direction

R

T increase in height

T2

T1

Figure[4[7 Morphological[development with tidal flow [((withoutnet/cCurrent)
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Figure(47showsthemorphologicaldevelopment(ofithe [sand ridge[forfidal flow Without’a
netl¢urrent((drift). [Theridge[increasesinheight Whenbedload [fransportlis dominant’and
migrates[in[ebbldirection. Thelincreasein height[is[duetobedloadtransport; theltime
averagedbed(load fransportsfat[both[flankslofTthe tidgelare[in[direction oflthefopofthe
ridgelduelfothefimelaveraged mearbedVelocities infop[direction.[Themigrationlin ebb
directionlis[¢aused by fhe[fimelaveraged [fransportslinlebb[direction[duelfothegreaterbed
shear(stresses Withshallower Waterduringebbthan [during flood.

4.3 Modelset[up[idealized[$and[fidge

This[Section[describesthe[idealized [sand[ridge "model “setmp.Notall TpossibleClinput
parameters[ofltheDelft3Dsoftwarelarementioned Merein. [Only [fhe [Welevant[parameterslare
discussed, whichlincludethe[imodel [grid Cand [Thathymetry, Tboundaries, timeparameters,
processes, Wind, Waves(andfransportisettings. This[Section[dlsodiscussesfhesensitivity [of
themodelfothehorizontal ‘grid[size, the [¢computational [fimeStep [and [the morphological
scalefactorsed.

4.3.1 Model[grid

Themodellgrid ised herein(is 20 mWwideland 2000 i Tong. Thelgridis[d[single[dell Wwide o
allow [for frue 2D VIsimulations Wwithout3D [gffects.

horizontal[grid

Herein, [theleffectlofusing[horizontal [grid (Sizes[0f[5,[10[and (30 m[was[investigated. (Five[]
yearmorphological [simulations(with[waves[(Hs=[1.50m,[Tp[=[5.0s) Wwere[c¢arried [outusing
peaklebblivelocities[of[10.55Tm/sJand[Ipeak [flood [ velocities[lofl10.65 [lm/s, 'which[ Jare
representative for[Hoek van[Holland[(van Rijn,[1995).Thelcomputational timestepwas 3 s.

Figure[C.01[in"dappendix C[shows[thebottom profileldevelopment dand(time averaged bed[
loadland(suspended(loadtransports/from[simulationsusing[alhorizontal [grid[size[of(5,[10

and(20m. [Figure[C.02(showsbedloadand[suspendedload fransportrates atmax. flood [and

max.[ebblover[thelinitial bottom[profile. It[tan[belseen(that(the computation usingla

horizontal(grid[size[0f[20mshows [d[sharpédged course[oftransportratesover[the hain axis

ofTthelgridraslalresultlofTwhich[themorphologicalldevelopmentlislaffected [and therefore

computed(less(accurately, (with[increasing 'horizontal [tesolution[the ¢course[oflthe [fransport

ratesalong[the main[axis oflthe[grid[is computed ‘imoreaccurately "and converges[for

horizontal [grid [sizes[0f[3[and [10m.[Alhorizontal [grid[size [0f10mWwas[chosen [@s(it[provides

enough Tesolution and s [Computationally ore@fficientfhan@Morizontal igrid [Size [0fSm.

vertical[grid

Delft3Dses[alsigmalcoordinate system for[theVertical[grid, SvherebytheVertical Cgrid
consistsofTayersbounded by fwosigmalplanes, Wwhich@re fiot strictly horizontal But follow
thebottom topographylandthefreeSurface. "Aslaltesultlal$mooth tepresentation[ofTthe
topographylisobtained. [Forlalsigmaldoordinategrid [the mumberlofTlayerslis[¢onstantover
theléntirehorizontal .Computational[@rea, Girespective [0fthe Water [depth. Theldistribution0f
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theltelativelayer thickness[is isually moniniform. [This allowsformore Tesolution[inthe
zones[oflinterest(suchlas[the mear(surfacelareal(importantfor’é.g. wind[driven [flows, heat
exchangeWwith [thel@atmosphere)(and the Miearbed@real(sediment [fransport). Mue(fo thetiseof
alsigmalc¢oordinate(grid,[0only the mumber ofTayers’andtelative thickness ofleach Tayerhas
toBelspecified.

Inthis Cchapter, CaCvertical (grid CofT 20 Ccomputational Cayers Cwith[Jalogarithmic Clayer
distributionland(altelative [bottom Tayer thickness[0f2% [ofTthe Wwater[depth Was[used. The
layer([distribution, fi.e. [the[thickness[oflthelindividual Tayers[s(givenlin Figure[4 [8 (Tt[can [be
seen[thatthe variation[factor for[eachllayeris[1.087,which complies with[the[triteria
specified(intheDelft3D Mmanual that(states the Vertical [grid musthavelalsmooth[distribution;
i.e.[theWariation[factor for(eachTayershould motléxceed0.731.4.TheEffect6fising 10,20
and 30bgarithmically(distributed Tayersfisfinvestigated(in Section(4.6.

layer relative(thickness % layer relative thickness %
1 [(water(surface) ]| 9.92 11 4.27
2 9.12 12 3.93
3 8.38 13 3.61
4 7.71 14 3.32
5 7.08 15 3.05
6 6.51 16 2.80
7 5.98 17 2.58
8 5.50 18 237
9 5.06 19 2.18
10 4.65 20[(bed) 2.00

Figure4[8 Vertical (grid

4.3.2 Modelbathymetry

Alsymmetric[Gaussian(shapedlsandTidge Wwas[¢reated [for[the simulations, Which[tfoughly
resembles(themidgelcharacteristics[atlsection’4in1991,(i.e.lalmean[depthloutsidethe[ridge
oflabout 7.8 (fo MSL, aridgeheight6flabout 3 i andladridge Width 6flabout400m. The
formulaWhichwashised focreatethe[Gaussian/shape(reads:

zo=H -exp(-x"/ L*) (1.4)

with[Lthelé[folding[distancelinX[direction[in Whichthe height[decreasesWithla[factor[1/e,
andH fheheightlofithe ridge.

Here, ILwasfaken [100m@ndH Was faken 3 h, thefopoftheridge isTocated [@t[1150 mFrom
the first Boundary, the resulting model bathymetryis[shown ih [Higure4 9
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model bathymetry
-14 ‘ ‘ ‘ 1 1 1

T
. . . . : : ' = bed level
. . . : : ' flood :
A5 - S AR A SR P food=>

« depth to MSL (m)

| ! | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
distance (m) —»

19 ; ; ; ;

Figure4 9 Model bathymetry linitial fests.

4.3.3 Open[boundary[¢onditions

Twolopenboundaries wereldefined; at(the [downstream boundary [(x [=[0[m) Velocities need
tobelspecified(dnd(attheipstream Boundary [(x =2000m) Wwater lTevels meed[to be [specified.
Thelinitial (Wwater(level (was[set[at[0.00 m. Theharmonic [forcing[type [With[flow [¢onditions
fromuser(defined frequencies, [@amplitudes dand [phases (Was[applied[atboth(the Velocity [and
water(level boundary. Basically, the flow [System Will be represented (by:

U=U.+Uicos(wt)

(1.5)
h = ho+ hicos(wt)
with® =2a/TAnd[T=02Mhours. [The Welocity amplitude (U, ) was[Setfo [éither[0.50,0.75 lor
1.00m/swith[@@verage(Up) 0fleither[0.00,[0.050r[0.10h/s. [The waterlevel @mplitude Wwas
setfo[.0m. Thevelocitiesised(are’givenlinFigure 410, Figure4[12@andFigured12.

tidal velocities

T T T T
e U0 = 0.00 m/s, Umax = 0.50 m/s
: : ' : o= U0 =0.00m/s, Umax=0.75m/s | |
Seel, ‘ ‘ =+++ U0 =0.00 m/s, Umax = 1.00 m/s

d.a. velocity (m/s) >

time (hrs) »>

Figure@d10[Tidal Welocitieswith W0 =10.00h/s
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tidal velocities

d.a. velocity (m/s) —»>

.

........
———————

m/s, Umax = 0.50 m/s

\
— U0 =0.05

o=+ U0 =0.05m/s, Umax=0.75m/s | |
e+« U0 =0.05m/s, Umax = 1.00 m/s

Figure[411(Tidal Welocities with (W0 =[0.05 [th/s

time (hrs) -

tidal velocities

15

17,,

05

d.a. velocity (m/s) —>

= U0 =0.10 m/s, Umax = 0.50 m/s
e=- U0=0.10 m/s, Umax=0.75m/s | |
eee« U0 =0.10 m/s, Umax = 1.00 m/s

Figure[4[12(Tidal welocities with[W0=[0.10 /s

4.3.4 Time[$cale[parameters

time (hrs) »>

Alperiod[0fT5 [years Was[chosen [fo [dssess [the[éffect[of [fides, Waves [and (basic odel[settings
on[theImorphological JdevelopmentCofthe ridge. Tolreduce Ccomputational “time, “the
numerical[Simulations(are [fun[éver(amuch(shorterperiod (0273 ours; [the morphological
changes(arelspeedupfolthatloflthe 5[year period Wisinglamorphological[scalefactor,[See

Section4.3.7.

Thelsimulation[period(6f1273 hourslincludes(alspin ip period[6f133 Hours todllow the hodel
toladaptl(itselflto [the Boundary[donditions. DuringtheSpinip[period Mo bed level lipdating
takes[place;theleffectivesimulation [time[is therefore240 hours, [in[this[period 20 complete
tidaliGycles0f(12 hoursare[simulated.
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Time[$tep

Time[step dimitationsfin [Delft3D 'depend [on[several ‘parameters, SuchlasTequired[Accuracy,
stability,[gridsizeland Water[depth. [Anlindication[0fTthe magnitude[ofTthe [fime Step s the
Courantmumber for Wavepropagation, fit[givesthe relation (between Wave [propagation, fime
stepandthelsmallest(gridSize(ihdither X [Tor [y [direction. The formulareads:

*
CFLz@SIO (1.6)
{Ax', Ay}

Iniwhich(]
] gl=lacceleration(due folgravity [m/s’]
[0 hE=dbcalwater(depth([im]

At=fimes/step[s]

Ax’,[Ay’=[smallest(grid(size[in X Tory [direction[m]

In[practical [situationsthe[Courant mumber shouldmotlexceed aValue @f[10, Whichlin[this
caselyieldsa/computational fimesteploflabout8 [Seconds. [However(the Courant(Criterion[is[a
roughléstimateanditWwaslinvestigated Wwhether(alarger[fime/(step Was[allowed, which Would
significantly (tfeduce[computational time [and [is[motunlikely fasDelft3D[uises ahumerical
scheme thatfislinconditionally stable.

TheSensitivity [0fthe odel o The [domputational fime [Step Was investigated Wwith
fivelyear[morphological [Simulations With[waves (Hs[=[1.50m, Tp=5.0s)msingpeakebb
velocities[0fT0.55 m/s[and [peak Flood [Velocities[of).65 /s, Which [are[fepresentative for
HoekwanHolland[(vanRijn,[1998).[Thelcomputational fimestep Wwas Setfo3,[6,[12,15&@nd
30s.[Figure[C.03lnlappendix [Clshowsthe bottom profile[developmentand fimelaveraged
bed Toadandsuspendedload fransports from[simulations ising @lcomputational fime stepof
3,16,12,157@and30s. FigureC.03 showsbed Toad andsuspended Toad fransportrates(atax.
floodland max.[ebbloverthelinitial (bottomprofile.It[¢can be3een thatboth[fransporttates
andmorphologicalldevelopment(arelindependent(0fthe [time step. Alcomputational [fime(step
ofl15swasIchosen, Whichlyields@[Courant mumberoflabout19

4.3.5 Processes[and[physical[parameters

Thelinitial (model was[setupltolinclude[Wwaves[and[sediments, which Wwill[beldiscussed
separately Hereafter. [Wind, Salinity [and[temperature Wwere motlactivated (Herein.

Thephysical [parametersised Were:

e Coriolis/dccelerationWassSettip for[52°N,

e Acceleration of gravity was/set(to[9.8100 m/s”
e Airldensity was(1.000 kg/m’

e Water(density Was set(to 1025 kg/m’

e Salinityiwas31.00p.p.t

e  Waterltemperaturewas[15°C
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turbulence[inodel

InfaMDelft3Dmodel, thelgrid[is isually foolcoarse [@nd [the [fime step [foo Targe [foTesolve the

turbulentl$cales of[motion;[the turbulentprocesseslareH‘sublgrid”’ThespacelTand[time[]
averaged [furbulentmixingland(diffusion(canBelcomputed With Torizontalland Vertical '[éddy

viscosity[and [diffusivity. [The[vertical turbulent[eddy [Viscosity [and ‘the[Vertical turbulent

eddy[diffusivity lin[almulti TayerDelft3Dmodel [are[determined by (meansoflalturbulence

model,Whilethehorizontal feddy [Viscosity Land [horizontal Ceddy [diffusivity [are “$pecified

dependention thelgridsize.

ThefurbulencemodelsCdifferlin their[prescriptionCofthe[turbulentkineticlénergy [k, the
dissipation[tate[0flturbulent[kineticCenergy &, and[T/or[themixinglength[L..[With[the
algebraicfurbulence model thel¢oefficients[are[determined by algebraiclequationsforthe
turbulentlénergyland mixing Tength. The kL furbulencemodel tises(dfransport[équationfo
determine(theturbulentkineticlénergy “and fmixinglength. (With[thek[épsilonfurbulence
model,fheldoefficientslare determined by [fransportléquations For boththe furbulent Kinetic
energyland[the kinetic[énergy[dissipation.Here, Thelalgebraicfurbulencelinodel Wwas msed.
Theleffectdfusingthek I andkepsilon furbulencemodellisinvestigated(inSection(4.7.

4.3.6 Waves

Inlthelsimulations[with[Wwaves, thetecently [implemented[¢onstant[waveheight[Version[of
Sediment[OnlinelWwas[Tised, [ Whichlaccounts[for[al$pationally[constant[Wwavelheight. Four
differentwave(donditions[wereévaluated:

e Hs=[.50m, Tp5.01s,[direction 315N

e Hs=[0.00m, Tp5.51s,[direction315°N

e Hs=[D2.50m, Tp(5.71s,[direction315°N

e Hs=[B.00m, Tp6.01s,[direction 315N

4.3.7 Transport[$ettings

ThelSediment[OnlineladdlonlofDelft3DWwasised[for[simultaneous[computation[of(flows
and[transportsfand[simultaneous(feedback[tobottom[¢hanges;thel¢elevation[oflthe bed[is
dynamicallyupdated¢ach[time[step. Theladvantageloflthis[doverlanloffline[morphological
computationlis[that[thehydronamic[flow[computationslarelalways[carried out[using[the
correct[ bathymetry. The Sediment[OnlineJadd[on[wasusedin[lcombination with[the
TRANSPOR2004[sediment[transport model Cand[the[bed [roughnesspredictor, sediment
characteristics/and Online[Sediment Parameters ised(are[given in Table4[2.
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sediment characteristics

sediment/density 2650 kg/m’
drybed(density 1600 kg/m’
mean[sediment(diameter D5, 300im
Online Sediment/parameters

morphologicallscalefactor 182.50
spinfip[fime 1980 minutes
equilibrium(concentrations(atfinflow Boundaries[1| true
effectlsediment(on(densitygradient true

updating Bed(atlinflow boundaries false

Table42[Sediment/characteristics[and Online Sedimentparameters

Morphological[§cale[factor

Morphodynamicldevelopments(takeplacelon(scales[several [fimes(larger than typical [flow
changes, WwhichWwould(lead [tolong[simulation[fimes/(in [case [0fmorphological domputations.
Tolshorten[thel simulationtime[almorphological [ time[ scalel factorl(MORFAC)[Ttan[be
applied, Whichl$cales upthe speedloflmorphological [¢hanges[by[simply [multiplying[the
erosion(and/sedimentation (fluxesfrom(thebed o the[flow dnd Vice [Versabythe MORFACI]
factor, [it[thereby [feduces ¢computational [time. [ The[IMORFAC[factor[imaybelscaled up[to
such[alTrate[that[it begins to havealsignificantimpactonthe hydrodynamicflows.

Fortunately (at/deep Wwaterthe MORFAC factor(can(be[Set/quite high.

Tolinvestigate the(sensitivity [0f the odelfothe morphological[scale factor (MORFAC), the
model was Tun with5[different MORFAC mumbers, [See[Table4 3. Basically, the[simulation
timeWas Varied [and [for[each [Simulation The MORFAC mumberwas[set(so [as o Tesultinthe
morphological[¢hanges[in[5 [years. Thetequired(MORFACmumber[per[simulation¢anbe
determined(by[dividingthe(5 [yearperiod by [the[simulationfime. [Forléxample,[Whenising
32[fidall¢ycles for simulatingthe five[yearmorphological [changesJthe IMORFACmumber
for(Scaling[32 %12 hrto the Tequired[5 * [365*24 hr(danéasily be determined By [division:
(5*365%24)MN(B2*12)=[114.06.[Thelsimulation fimemeeds [foHe [aninteger mumber [0ffidal
cycles[(12hrs)forldccurate[comparison, this[Gs WhytheIMORFACmumbers mised (here[are

notround mumbers.

4—12
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simulation time((exc. spin up time) MORFAC
3202 hr =384 hr 114.06
200% 12 hr =240 hir 182.50
1612 Hr =192 hHr 228.12
1202 Hr =144 hr 304.17
10302 Hr =020 hr 365.00

Tabled[3Morphologicallscalefactors

Figure[C.05lGnappendix [Cshows the bottom profile[developmentdnd fimelaveraged bed ]
load "and Csuspendedload "transportsfromsimulations Tusingthe5 Cdifferent TMORFAC

numbers. [FigureC.06shows[bedToadlandsuspended Toadfransport rates(atmax. flood ldand

max. [ebbloverthefinitial Bottomprofile. Ttwas found fhat/éven the Telatively high MORFAC

number[0f365 [yields [the[Samelcomputational Tesultsds Tower IMORFA Cmumbersand thus

itfisfallowed[tolapplyla’highTMORFAChumber. [ Here, [alimorphological[scale[factor of
182.50wasldpplied,inlthis Wway [the [Simulation[period[0f[240 hours [gives [the orphological

development[0f240x[182.50 43800 hours((5 years).

4.4 Effect[df{tides

Herein, theléffect(oflfides on[the morphologicalldevelopment(ofithe ridge Wwaslinvestigated,
nowaveswere@pplied. Theleéffectofthe following fides waslinvestigated:

o tidesiwithoutl@met/current[(UyZ0.00m/s, W, =[0.50/0.75/1.00m/s,[see Figured10).

o tidesiwithl@metcurrent(6f10.05mh/s[(Uy=0.05m/s, U, =0.50/0.75/1.00m/s)

o tidesiwith@met[current(0f10.10m/s[(Uy=0.10m/s, W, =10.50/0.75/1.00m/s)
Mostlrelevant figures(are(given hiere, [further [figures(are(given @ppendix (C.

4.4.1 Tides[without[het[¢urrent

5 year bottom profile development without waves
-13 T i T T

T
= initial profile
. . . : : Uo =0.00 m/s U1 =0.50m/s
A4 o A E0 VRN A R U0=0.00rn/sU1=0.75m/sf

— U, =0.00m/s U, =1.00 m/s

bed level (m) >
>
!

9 | | | I I I I
400 600 800 1000 1200 1400 1600 1800 2000
distance (m) —»

Figure413Fivelyearbottomprofile[developmentiwith[symmetric(tides.
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Figure[4113shows(the[5 [year[bottom profile[development from[simulations Without[Wwaves
using[symmetric(fidesWwith Velocity [amplitudes¢f10.50,[0.75@nd 1.00n/s. [It[¢anbeSeen
that(the didge migratesin(eébb direction, furthermore(itiwas found thatthe ridgeincreasesin
heightfor(simulationsWith Welocity [amplitudes [0f[0.507and [0.75 /s dnd thattheheightlis
approximately [unchanged[with[alvelocity Camplitude 0fT1.00 [im/s. [Thelatter [simulation
shows[smallboundary [felated [disturbancesin ‘imorphology, which Gvere ot foundfrom
simulations[Wwith [$maller[Velocity Camplitudes. [From[this(figure[it[was[foundthatwhen
suspended fransport(tates becomelsignificantly [largerthanthe bed Toadfransport tates or
when [thelsuspended(loadfransport[is Mot confined [fothe Tidge Vicinity [Only, the [Suspended
loadfransportldominates [the[éffects[dfThed Toad Eransport[and molincreaseinheight ofthe
ridgewas [found.

InTfigureC.07 [thebottom [profile ‘developmentand fimelaveragedbed Toadand Suspend
loadransport(tates/arelgivenandlin(figure .08 [theBed Toadland [Suspended Toad[fransport
ratesCat[max.floodand max.ebblare[given. Figure[C.09and[C.10$howthe[bed$hear
stresses[and[depthlaveraged [Velocities ‘at[max. flood [andfax [ebb. Infigure .11 Hll[C.16
time averaged Welocity [profilesat(severallocationsbeforeland afterthe fop [0fthedidge are
given[forsimulationsWith Melocity amplitudes6f10.50/0.75/1.00m/s.

Itwasfound[that(c¢lose(to[the [fop [0flthe fidge the fimel[dveragedbed load[transportrates [at
both[sides oflthe [top [dre[directed ‘tolthe toplofitheridge, Wwhilelthe timelaveragedsuspended!’
load[transportrates(are(directed [@way (from the [top[oflthe ridge. It[(canbelseen [thatBoththe
bedlloadlandsuspended(load(transport(ratesiin(ebb(directionare[somewhat(larger(than(the
transport(tateslin[flooddirection dueltollargerTbedshear[stresses during[ebb, Seelfigure
C.09;this[ complies with[the[ observed[migration ofl thelridgelin ebbdirection. Figure
C.07and[C.08[show that[increasing[the[velocity[amplitude leadstollarger fransports tates;
thesuspended(load/transportrates(areléffected more [than (bedload[ttansport rates.

4.4.1.1 Increasing[tidge[height

Thelincreasein ridge Height, Which Was(observed from[simulations With[Velocity l@mplitudes
0f10.50(and0.75 m/s, [can [be credited fo [the bed Toad[fransport. Thefimeaveraged bedload
transports drelin[fop[directiondtBoth flanks[ofTtheridge. The [processbehind this particular
phenomenalwas(discussed/in/Section(4.2.

4__ 14 WLI] [Pelft[Hydraulics



Morphological[iodelling[éf[an[artificial[§and[tidge

Z3079.40

near[Hoek[Yan[Holland,[The[[Netherlands.

May,[2005

<« depth (m)

avg vel. profile at x = 1075 m (top -75m)

« depth (m)

avg vel. profile at x =1250 m (top +75m)

0 ; ; ; ; ;
-0.02 -0.01 0 0.01 0.02

avg velocity (m/s) »>

0 ; ; ; ; ;
-0.02 -0.01 0 0.01 0.02

avg velocity (m/s) —

Figure[4(14Timelaveraged velocity [profiles/at(75th before andafter the top0fthe ridge

Figure@d14shows thelfimeaveraged Welocity Profilesat75 tBeforeland @fter the fop (0fthe
ridge forthe[Simulation Witha Welocity lamplitude0f10.75 m/s. dtcan belseenthatthe fime
averagedmear(bed [Velocitiesatboth[flanks ofTthe tidgearelin[direction[oflthe Topoflthe
ridge. This(is[due [fothedifferently[shaped welocity [profiles(duringfloodand [€bbland Tead [fo
thelobserved bed(load[fransport/in [fop [direction WhichGausesthe ridge [folincrease in height,
see[Section4.2.2.1.

4.4.1.2 Migration[in[¢ébb[direction

Thelobservediigration[inebb(direction[for[simulations[Wwithout[alhet[current[in[flood
directionfis[duelto(shallowerwater(depth[duringeébblandlis[discussed/in [Section4.2.2.2.

bed shear stress at max. flood and max. ebb

T T T T T T T
U_=0.00m/s, U =0.75 m/s, no waves : ‘ = max. flood
0 . max e+ Mmax. ebb

w
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N
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Figure415Bed shear(stress/atmax. floodand max [€bb Wwith MU0 E0.00 m/s, Wmax =0.75 /s Without Wwaves.

Figure[C.097@ndC.10In@ppendix [Cshow Bed—shear(stresses(and [depth[averaged Welocities
atmaximum flood [and haximum [eébb for [simulations Wwith Welocity [amplitudes 6f10.50/0.75
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and[1.000/s. [(Figure4[15(showsbedshear(stresses/atmaximum floodand maximumebb
for(the[simulation With [@Velocity [amplitude[0f10.75 m/s. Itican [be [Seen thatthat@t haximum
ebbltheBed shear(stressesatthe fop 0fithe ridgeland @tthe Morth[éastern (flood side) flank [of
theTidgelarelarger(than(at haximum flood, Whichis[due o Thelshallower(depthdtmaxebb,
seelSection(4.2.2.2.Muelfothelhigherbed shear stresses/duringebb, the bed Toad[fransports
during(ebbdre Targer(thanBed Hoad fransportsfinflood(direction[duringflood, Which[causes
themidge(fo migratelinlébb direction. It'can belseen thatdtax flood[and ax [€bb, the Bed [
shear(stress(atithe/downstream foe0fthe ridgeis[Smallerthan atthe iipstream foe, thisfisdue
totheldeformation(ofthe velocity [profile[over thedidge With feduced mearbed velocities[at
thedownstream flank[and foe.

4.4.1.3 Effect[6f[$uspended[load[transport

Fromfigure[C.07lit[can [belseen fhat[fhe fimelaveraged Suspended Toad fransportwithout(a
net'current/and Wwithout Waveslis[inebbdirection, whichlis[duefo [fhe[shallowerWwaterdepth
duringlebb,seeSection(4.2.2.2.[Thefimelaveraged (bed Toad fransportlat[both flanks[slin
top[directionlandcauses(theridge o increaselinheight, thisfis[duefo the[differently [shaped
velocity [profiles/during floodland €bb, seeSection4.2.2.1.

Themagnitudeland [Spatial [éxtent[dver(the ridge[0flthe Suspended Toad [fransport(determines
whether[the[tidge increaseslinheight. [Thislis[due to [theSpatially [confined area where fime[ |
averagedbed(load[transports(arelintop[direction. [If[sediments(are transported [from(theltop
region(tolarea’swherelitidannot/be Broughtback [tothetop, [theridge Will [decreaseinlheight.

Theldistribution[oflthetime[dveraged bedload [transports(over(theridge[shows[the region [0f
influenceofTthe[ growth mechanism;[it’s[onlylat[both[flanks oflthe[tidgelthat[the[timel]
averagedbed(load [transports/are/intop [direction.[Whether(ormot[sediments(aremoved from

the[tegion where bed(load fransports(can[bring[themback[to[the[top[can[belseen [ from the

gradientslin[timelaveraged[suspended/loadland[timelaveraged bedload transports;[1flthe

gradients(in[Suspended (Toad [fransports[¢hange direction[outside[0fTthe Tegion[oflinterest of
thebed(loadfransport,[sediments are deposited [outside this tegions and [¢annotbebrought

back [fo[the fop (0fthe[ridge.

In(short: [fhere’s(onlydlimited[tegion[atboth sides ofthemidge Wheretimelaveragedbed[]
loadfransports(arelin fop direction(andsedimentslaremoved(fo the fopofTtheridge. 'When
sediments[aremoved[from[this[region[to[area’soutside[ ofl this[tegion dueltollarger
suspended transports over(theeéntireldrea, it[cannotbe brought Back [fo [the [fop ‘and theridge
decreaseslin(height. Tifithe [Suspended load[fransportlis limited o thefop[drea only, [Sediments
stay Within[the fegionland the Top Will ihcreaselin hieight.
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4.4.2 Tide[With[het[¢urrent[6f[0.05[in/s

5 year bottom profile development without waves
T T T T T
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Figure[4(16Fivelyearbottom/profile(developmentwith tides with(dnetcurrent6f10.05 [m/s.

Figure[416shows[the[5 yearBottom profile developmentfrom[simulationssing fides With

velocity [amplitudes(0f[0.50,[0.75@nd [1.00 m/s[@nd[amet[durrent'6£70.05 m/s. t[canbBeSeen

thattheridge Migrates(inflooddirection(and fhattheridge increaseslinhieight Wwith Welocity

amplitudes[0f[0.50and0.75[m/s, Swvhilethe Theight[isapproximately finchanged Gwith[a

velocity famplitudeCofT1.00Cm/s.[Theatter [simulation[§hows [telatively [large 'boundary ]
related[disturbances[intorphology,[Which[were motfound from$imulations [(With Smaller

velocity @amplitudes.

InTfigureC.17thebottom [profile ‘developmentand [fimelaveraged [bed loadand [Suspend
load fransport[Tatesfare(givenandlinfigureC.18fheBedToad [and[suspended Toadfransport
ratesat(max.[floodand max.ebblare given.[Figure[C.19Tand[C.20showthe[bed $hear
stresses/anddepthaveraged Welocities@tmax. floodandthax. [€bb. TFromfigure .17, [t/Gan
belseen(that[both[fimelaveraged bedloadland fimelaveraged[suspended load[fransportlisin
flood[direction[at[both[kides ofl thel[tidge. Figure C.18 shows[that[the bedload and
suspendedToad[fransport(tatesduring(flood [arelargerthan[during[¢bb. [Furthermorefrom
figure[C.19itWwasfound(that[theBed shear(stresses(duringmax. flood[dre larger than during
ebb; [theleffect/oflthe shallower(Wwater[duringebblis thereforelcancelled lout/completely Wwith
aldriftiof10.05 [m/s.[AlllofTthis[complieswith [the dbserved migration/in flood[direction

With velocity[dmplitudes(0f(0.50(and[0.75 /s [the[ridge lincreases(in height, Wwhich(is[duelto
thelstrong(gradients(in[bed [loadfransportjustnorthloflthe [topldfltheltidge;[Sedimentslare
picked up(atitheflanks[0fltheridgeland(are moved in[downstream, [Over the top [0ftheridge,
butlimmediately(settle land [therefore (stay (within [the [fop Tegion.
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4.4.3 Tides[with[het[¢urrent[6f[0.10(in/s

5 year bottom profile development without waves
T T T T T
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Figure[4(17 Fivelyearbottom profile[development(from tides with @met urrent0f10.10 /s.

Figure[417shows(the(5 [yearbottom profiledevelopment from(simulationsusing [fides With
velocity [amplitudes[6f10.50,[0.75[@nd .00 /s [and [amet[durrent[6£70.10 n/s. Tt Wwasfound
that[tidgecompletelyCerodes singalvelocity Camplitude “of1.00 /s, which[Gs duelto
boundary effects; theTresult[0fTthis particularisimulationWilltherefore Mot e faken(along [in
thec¢onclusions. [From[thelsimulations With[velocity lamplitudes 6f10.50(and0.75 /st Wwas
found(that(thetidge Mmigrates[inflood directionland that[the shapeloflthe Tidgelis affected
strongly; [@Tatherisharplédged forward Teaning ridge Wasfound Wwith @ steep flood flank. The
ridgelincreases(inhieightiithWelocity @mplitudes0f10.50, Wwhilefhe heightis [@pproximately
unchanged withlaWelocity @amplitude0f[0.75 i/s.

InTfigure[C.21thebottom profile developmentand fimelaveragedbed Toadand Suspend
loadransport(tates/arelgivenandlin(figureC.22 [theBed Toadland [Suspended Toad[fransport
rates[at[max. floodand[max. ebblare[given. Figure[C.23[and[C.24show[the[bed[Shear
stressesdand(depthlaveraged(velocitiesatmax. flood [and max. [€bb. [From figure[C.21,it[Can
belseen(thatboth[fimelaveraged bed[loadland [fimelaveraged[Suspended oad [fransportlis(in
flood [direction[at[ both[sides oflthelridge. Figure C.22[ shows! that[the bedload[and
suspended(load(fransporttates duringflood[are[much(larger(than[during[ebb. Furthermore
from(figure[C.23 it[Was[found[that[thebed [shear stresses[during hax. [flooddre much larger
than[during(ebb.[Alllofthisicomplieswiththelobserved migration/ih[flood(direction

4.4.4 Synthesis[éffect[f[tides

With symmetricland weak [asymmetric tides [(drift[<[0.10m/s) With Welocity l@amplitudes hip [fo
0.75m/s[the(ridge increases(inheight. This is [due(to [the differently [shapedvVelocity [profiles
duringfloodland(ebbatbothsides [0flthefop (logarithmic [profile lipstreamand reduced mear! ]
bed[Velocities[downstream [ofTthe [fop). [ The tesult of(which is(that[the [fime[dveraged (bed
load fransport(atBothsides [0fTthe fop 0fTthe ridge [is directed folthe fop, Whichcauses [the fop
tollincreaselin"height. This[bedload[transport[related "effect[canbefound with[tidal
amplitudesUipfo[0.750/s,[above[Which[the[suspended(load [fransport[dominates the bed[]
loadtransportlandmo lincrease in ieightwas found.
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ThelobservediigrationlinlébbldirectionWith [Symmetric fides(nomet[current)lis[duefothe
shallowerWwater[depth during[ebb, Which[causeshigher¥elocities[andtransports[in[ebb
direction.AlsotheBedshear(stress during[ebbis Tigher ds(it[is Telated [fo Water [depth. 'With
increasing[drift[(0.053-10.10m/s)theleffectlofTthe shallower Water[duringlebb is[¢ancelled
outlandmomigration [ih[ébb direction WwasBefound.

ThemagnitudeofTthe "northward [driftJdeterminesinlargeextent[the “timeldveraged
suspended Toad [fransportloverfhedidgeandtherebydeterminesthe migration [ofthe [ridge;
with[@lsmalldriftfthe Fidgemigratesinlébbdirection(duefo theshallowerWaterdepthduring
ebb.Withfincreasing drift[(0.0530.10m/s) theléffectoftheshallowerwaterlis[Gancelled [Gut
andtheridgemigrates(ih flooddirection.

Thelsuspended oad fransport/also [affectsthe hieightofithe ridge; With ihcreasing [Suspended ]
loadfransportsiover [fhetidgeland[Smallergradients therein, [Sediments[are [picked up From
thefopfegionland(are moveddutside ofthe fegion Where theycanbetoved Back [fo The Top
withtheBed Toad echanism;theridgedecreases/inhieight.

4.5 Effect[of[Waves

Herein, the effectdfwaves[on[the horphological [development(ofithe ridge Was investigated.
Waves are[perpendicular(fo(the[Section[and(thereforedo[notinfluencelthe[Velocity [profile,
except(forlthenearbedZone. ThefollowingsimulationsWere/carried ‘out:

e  Up=0.00U; =0.50m/s, withHs=0.00/11.50/12.00712.50(713.00 m

o  Up=0.00[U;=0.75m/s, withHs=[0.00/11.50/12.00(/12.501/13.00 m

o  Up=0.00(U;=1.00m/s, withHs=10.00[/[1.501/12.001/12.501/13.00 th

o  Up=0.05/W,=10.75m/s, with Hs=10.001/11.501/12.001/12.501/13.00 [m

e Up=0.10U; =0.75m/s, withHs=0.00/11.50712.00712.50(/13.00 m
Mostrelevantfiguresarelgiven(hiere, furtherfigures/aregiven@ppendix [C.

4.5.1 U [E[0.00[in/s,[U,[=[0.50[in/s[Wwith[Waves

5 year bottom profile development (Uo =0.00 m/s, U1 = 0.50 m/s)
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Figure4[18Fivelyearbottomprofiledevelopmentiwith differentwaves(U,=0.00 /s U, =0.501/s)
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Figure[4 18 shows[the5 Cyearbottom Cprofile[ddevelopment[fromsimulations CwithCa
symmetric[fide Wwithd¥elocity [@amplitude[6f10.50 m/s[and MHs =[0.00/1.50/2.00/2.501/
3.000m.Itl¢an [be seenthatwith[increasing Waveheights[the migrationlinlebb[direction[is
largeridueto Cthe Clincreased [Cstirring CactionJand Csubsequentlincreased [ transports Cwith
increasing[waves. This Gvaveeffect[is[particularly "effective Gwithshallower water depth
duringlebb. [Thelihcreaselin ieightofthe ridge [is[smaller With increasing Wave fieight, Which
is[duelfolthelincreased [Suspended oad fransportrates WithincreasingWwaves. [Furthermorelit
was [found [thatWith increasing wave height(the flood flank [of the ridge becomes(steeperand
theridge therefore Becomes morel@symmetric.

InTfigure[C.25thebottom [profile ‘developmentand fimelaveragedbed Toadand Suspend
loadransport(tates/arelgivenandlin(figure .26 [theBed Toadland [Suspended Toad[fransport
rates[at(max. [floodlandmax.ebblare[given. DueTfo theTarger migration0flthe TidgeWith
waves, [the [fimelaveragedBed Toad [fransportWith Waves(is Motlin [fop [direction atboth flanks
ofTthelridge, While[thefimelaveragedbed Toad [fransportWwithout Waves[is[in fop[direction.
Fromfigure[C.260t[shows[fhatoth hed Toad [and Suspendedload[fransporttatesincrease
with[increasing Wave [height, butthatthe bedToad fransport Wwithout[waves is significantly
higherthan Withrelatively[small Wwaves. [Thel[cause[ofTthisdifference [in (bed Toad [fransport
rates[withand WithoutWwaves(could ot Befoundand[requires furtherihvestigation.

4.5.2 U [F[0.00[in/s,[U,[+[0.75[in/s[Wwith[Waves

5 year bottom profile development (U0 =0.00 m/s, U1 = 0.75 mis)
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Figure@19Fivelyearbottom profile[developmentwith[different waves(Uy=0.00m/s U, E0.75/s)

Figure[419 shows! the[ 5[ year bottom[ profile[ development[ from[ simulationswith[a
symmetricfide[with[a¥elocity [amplitude0f(0.75 m/sland THs[=[0.00(/11.50/2.00(/2.50(/
3.0000m.Besides[the[lincreased[ Imigration[Jin[Jebbldirection[land[larger[Jasymmetric
development(oflthe(ridge[Wwithlincreasing Wwaveheight[it[was [foundthatthe fidgelincreases
inlheightlwithwavelheight/smallerthan(2.50 m(and(decreases[inheight[with Wwavelheights
greater(than2.50 m.

Infigure[C.27 [thebottomprofile development and[timelaveraged bedToad and Suspend [’
load[fransport(Tatesdre(given @ndlinfigure[C.28theBed Toad [and [Suspended Toad fransport
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ratesdatmax.floodland max.[ébblare(given. [ Theigration Without[Waveslis[@about[équalfo
that[oflthenhigration With[dWave[0f[1.50m, Whichlis[duehigherSuspended Toad [fransport
rates dt(the [fop [ofthedidgeWithout[Waves;[Which Tequires furtherinvestigation. Bed Toad
transport[tateswithout wavesarehigher[thanCwith[waves, Which[alsoltequires[ further
investigation

4.5.3 U [E[0.00[i/s,[U,[+=[1.00[in/swith[Waves

5 year bottom profile development (Uo =0.00 m/s, U1 =1.00 m/s)
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Figure[4(20 Fivelyearbottom profile(developmentwith[different waves (U =0.00 m/s U, =1.00(/s)

Figure[ 420 shows[the[15year[bottom[profile developmentfrom[ simulationswith[a
symmetric[fide [With[aVelocity [amplitude[0fT1.00 1n/sland [(THs 5[0.00/1.50142.00[/2.50(/
3.000m. [Here, thelheightlof the[tidge is[approximately inchanged[with[wavelsmallerthan
1.50Cm[anddecreaseswith [iwaves[larger[than[11.50 m.Migration Ciwithout waves[is
significantly [larger[without[Wwaves[than Wwith[Waves[0f[1.50m, Which[is[duefothe much
largerbed [load [fransport(rates(anddarger(suspended load fransportrates withoutWwaves.

Inlfigure[C.29thebottom[profile[development[andfimelaveraged bedload[and[suspend[]
load [fransport(tates(are[given [@ndlin[figure[C.30[the bed Toad [@and[sSuspended Toad [fransport
rates(dtmax. flood[and[max. ebbldre[given. It can[beseen(that(thebed load [fransporttates
without(wavesare muchlarger(than Wwith[waves; this[Was[entioned in(the[previous[fwo
Sectionsland[should[be looked after by themodelldevelopers. Furthermore thesuspended [’
load [fransport rates [atthe top [0fthe ridge Withoutwaves(adre higher(than[With Wwaves(6f(1.50
m.
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4.5.4 U [=[0.05[in/s,[U,[F[0.75[in/s[with[Waves

5 year bottom profile development (U0 =0.05m/s, U1 =0.75 mis)
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Figure4(21Fivelyearbottom[profileldevelopmentiwith(different waves(Up=0.05 m/s[U; =0.75 [t/s)

2000

Figure[421showsthe[5 [yearbottom Profile development from [Simulations With @ fide Wwith
alvelocity l@mplitude0f10.75 m/sland@ametcurrent[0f10.05 /s, With THs Z0.00711.50712.00 7
2.501/13.00m. TtlcanBelseenlthatthe Morthward migration [decreases/folalmostmo tigration
with[increasing Waves, Which[is[duefofhelincreased stirring[éffect With [increasing waves
(especiallyCduringebb)andthe [subsequenteffectlontransports.[Thetidge alsobecomes
morelasymmetric[With(increasing[waves. Thelsimulation[WithoutWaves [dnd[with [relatively
small Wwaves[showsld[small kink[in theebb flank, Wwhich [fequires furtherlinvestigation @s(the

cause(isunclear.

Inlfigure[C.31thebottom[profile[developmentlandtimelaveragedbedload[and suspend [’
load[fransport(rates(dre[givenand[in[figure[C.32 the bedloadand [Suspendedload fransport
rates[at[max. flood [and[max.[ébblare[given. Bothbedload[and [$uspendedload[transport

rates[show [the[BehaviourthatwasIdescribedlinlthe [previous[Sections.

4—22
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4.5.5 U J[E[0.10in/s,[U,[F=[0.75[in/swith[Waves

5 year bottom profile development (Uo =0.10 m/s, U1 =0.75 mis)
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Figure[4(22 [Fivelyearbottom profiledevelopmentwith[different waves (U, =0.10m/s U, =[0.75[/s)

Figure[422showsthe5 [yearbottomprofile[development from [fimulations With (@ fide Wwith
alvelocity@amplitude 0f10.75 h/sland @ met/current[of0.10 /s, With THs Z0.00/11.507/12.00 71
2.501773.00 1. MtcanbelseenthatBoththelshape ofTthe Tidgeand the Migrationareldffected
withThigherGwaves. [TheheightisCapproximately unchangedwith [ncreasing waves, Cbut
decreases(significantly With [Waves[0f(3.00m. [ Without[waves[thetidgebecomestelatively
sharpledged, with[alsteepflood[flank.[With[increasing[waves[the[tidge[ develops[imore
gradually with[dpproximately [équally [steep flood [and €bb flanks. Interestingly [the higration
oflthetidge [With[Waves[0f[1.50,[2.00[and[2.50m[{is[smaller[than [WwithoutWwaves[or[Wwith
waves[0f3.00 m.

Inlfigure[C.33[thebottom[profile[developmentlandfimelaveraged bedload[and[suspend[]
load [fransport(tates(are[given [@ndlin[figure[C.34the bed Toad [@and[sSuspended Toad [fransport
rates(at(max.flood[dnd max.[ébblarelgiven. TheBed load fransportrates Without[Wwaves(are
much largerthanwith Wwaves, Which was(also foundlih the[previousSectionsand meeds[to Be
looked after.[Here, with[a[net[¢urrent[of[0.10 /s [the[suspended(load [fransport(rates at(the
toplofltheMidge[Wwithout[waves(is larger than [With Waves[0f[1.50m[and[about/équal [fo [that
with[waves0f2.00m.

synthesis| éffect[dflwaves

From[thel simulations[ discussed(in[this[ Section[it[Was[found[that Wwaves[strengthen[the
suspended (Toad [transport/and dffectthe migration, height(and [shape (0fTthe [ridge. (Herein(the
most/important finding [0flthis[Sectionare recapitulated.

Waveslintensifythe[stirring[action[oflthe [fluid iotionlin the Mmeared tegionandlead o
larger 3edimentl¢oncentrationsandlarger[Suspended Toad [fransports. [The effectlofTwaves
increases [With diminishing[Wwater[depth[andtherefore the suspendedfransports'during‘ebb
(shallowerwater) @relincreased more thansuspended(load fransportsduringflood.
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TheleffectCofwavesisCamplified[with [increasing GvaveCheights, [Tor[tides Wwithoutamet
current(themigrationinlébb(direction thereforelincreases Withlincreasing waveheight. [The
migration [fortides [with[alhetl¢urrent is[in[flood[directionas[the Shallow water effectis
cancelledlout[duefo fheldominantSuspended Toad fransports[in[flooddirection.[With[amet
current(the migration in flood [direction(is Teduced [Significantly Withincreasing Wwave height
duelfbthelincreased suspendedload [fransportsiduring(ebb.

Sedimentsfrom Both flanks[dfthe ridgelare movedfolthefopasthe metBed Toad fransportis
directed o [the [fop; When[sedimentsare[moved folareas outsideofthe [tidge [duefo larger
suspended Toad(fransportsfover(thetidge, (they¢annotbe (broughtbackfo [the fopandthe
ridgeldecreases inheight.[Waves strengthen(the SuspendedToad fransportsand thereforeTead
todeduced(didgeheightlin[éomparison [fo Tesults WithoutWwaves, [alsotheTangeldfVelocity
amplitudes Whereby [the fidgelincreases(inh hieightfis Timited With ihcreasing Wwave leight.

Waveslaffectthe shapelofTtheTidge: Wwith Wavesthe fop [ofTthe Tidge hecomes [Tesspeaked,
thanWwithoutwaves[duefolthelincreased [Suspended Toad fransports; [ Withincreasing Wwave
height[J and [ subsequent[] increasing[J suspended (Toad ™ transports, (] the[] ridge] develops
asymmetrically.

From(the$imulations(in[this[¢hapter it[was[found that[the [bed load [fransports[with[Wwaves
was[ significantly[smaller[thanwithout waves[and[it[ was[advised[ to[linvestigate! this
behaviour.[Detailed [study[ofthe[ TRANSPOR2004 (formulationsBy [thedevelopers tevealed
that(this Wwas/dueto the[transitionbetween [current(land[wave [telated rfoughness. Thislis [done
bylmeans[oflalweighting[procedurebasedlupon(current(land [wavelrelated [velocities.[This
weighting[procedurelis(¢urrently beingladjusted[folguaranteelalsmooth transitionbetween
transportsiwithoutlandwithwaves.

Thelsuspended load [fransport(rates(at thetop[ofithe tidge [Without[waves[were higher[than
with thodestlwaves;thisrequires(furtherlinvestigation.

4.6 Number[éflverticalllayers[in[2DV[inode

Inlthis[Section[thelsensitivity [ bfl the[model[to the humber[ofl vertical [layersused[vas
investigated. [TIdeallythe[humberlofTlayers$houldbelsuchlthat[there[isholeffect[on the
computedmetfransport@andmorphology. (The(sensitivity [0flthe hodel Wasinvestigated from
simulations[Wwith[10,[20[and [30[vertical [layers[Wwith [and [Without[Waves, (ising[a[Velocity
amplitude[6f10.75 /s Wvithout/dMet Current((Uy=0.00, W, =[0.75 m/s). In@ll [Simulations, [the
relative(thickness[ofthe Bottom Tayeriwas 2% (0flthe Waterdepth.

Thefollowing simulations WereCarried[Gutising 10,20@nd 30 Vertical Tayers:
o  Up=0.00,W,=[0.75m/s,with Hs=[0.00/11.50[/12.00[/12.50/13.00m
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4.6.1 Sensitivity[to[verticalfesolution[Without[Waves

5 year bottom profile development
with U(J =0.00 m/s, U1 = 0.75 m/s ,without waves
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Figure[4(23 Fivelyear[bottom profile/developmentwithoutwaves for(10,20(and 30 layers.

Figure[4 23 shows(the[5 [yearBottom [profile[developmentfrom simulations With[a[welocity
amplitudeTof0.75 Cm/s CwithoutCalnetcurrentCand Cwithout Cwaves [for(710, 20Cand (B0
logarithmicallydistributed Tayers. (It Wasfound thatTesults from$imulations ising (10,20
and[B0ayers arelsimilar;both[themigration andlincreasein heightCare[very[tloselto
identical.

Figure[IC.35shows[the[bottom[profiledevelopment[and[ timelaveraged bedload and
suspended(load [ transports, while[figure['C.36 shows[the bedloadand[suspendedload
transport(rates(dtmax. flood[and[tax.[ebb. Thevelocity[Tand[concentration[profilesatmax
flood[and[max[ebb[for[10, 20 and[B0layers are shownin[figure .37 andC.38[No
differencesbetween(10,20land (30 dayerswere found [éxcept forthe[concentrations[profiles;
with[10ayers(the[¢concentrations(in[theupperpart[ofithe Wwater[¢olumnare[slightly (larger
andthe[concentrationsatthe Bottomare(slightlylsmallerthanwith 20@and 30 1ayers.
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4.6.2 Sensitivity[to[vertical[tesolution[Wwith[waves

5 year bottom profile development
with Uo =0.00 m/s, U1 =0.75 m/s and waves (Hs =2.00m, Tp=5.5s)

-13 T T T T T T I
‘ ‘ : : : : = initial profile

f f : : : : —— 10 layers
A4 o oo Er s oo 20 layers
' ' ' ' ' ' — 30 layers

bed level (m) —
1
>
T

19 \ \ | | | \ \
400 600 800 1000 1200 1400 1600 1800 2000

distance (m) —»
Figure4[24Fivelyearbottom/profile/developmentwithwaves(Hs=[2.00m, TpE(5.5s)

Figure[d24shows [the(5 [year bottom [profile[development from [Simulationsising (10, 20(@nd
300ayerswithWaves[(Hs=72.00m, TpE[5.5[). Itlcan Belseen thatTesultsfrom [Simulations
using[10,207and30Mayersaresimilar; boththemigrationland increase[inheightare very
closefbidentical.

Figure[C.39 [ shows[ the[bottom[profile"development[land[ timelaveraged[ bedload and
suspended(load[ transports, while[figure[IC.40shows[thebedoadand[suspendedload
transport(tates [atmax. flood[andmax.[ébb.The¥elocity [Tand[concentration[profileslatmax
flood[@nd max [ébb(for(10,20[@nd 30 Tayers(are[shownlin figure[C.41and[C.42. It was found
that[with[10[vertical layers[thebedToad ‘and [Suspended loadfransport tates[at[iax. flood
andmax.ébbwerelslightly [smaller than with 20[@nd 30 Tayers.

5 year bottom profile development
with Uo =0.00 m/s, U1 =0.75 m/s and waves (Hs =3.00m, Tp=6.0s)
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Figure[@ 25 Fivelyearbottomprofile[developmentwithWwaves (Hs =3.00m, Tp=(6.0s)
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Figure425[shows(the (5 yearBottom(profile development from[simulations ising (10,20 and
30dayersiwithWwaves[(HsZ3.00m, Tp=(6.015). It(can belseen that Tesults from [Simulations
using[100ayersldeviate from[tesultssing 20 and[30layers are[$imilar; [the ‘decreaselin
heightfis Targerising 10 Jayers.

Figure[C.43shows[the “bottom[profile[developmentand timelaveragedbed Joad“and
suspended(Toadtransports, “while “figure[IC.44 showsthe bed Toad "and [suspendedload
transport(tatesdatmax. floodand max.[ébb. The Welocity Tand[concentration [profilesatthax
floodand max[ebb(for10,20@nd 30 dayersareshownin(figure[C.45 [and C.46. It Mvas found
thatwith[10ertical TayersthebedToad [and [Suspended Toadfransport Tatesat[max. flood
andmax. ebb Wwerelslightly SmallerfhanWwith20and 30 Tayers, Which(isduefo the reduced
vertical (resolution. CConcentration profilesfrom 10 [vertical (layers “show [ slightly[larger
concentrations[inthe upperpartCoflthe Svater[columnlandsmaller[toncentrations at the
bottom[than[Jconcentrationprofiles Jfrom120Jand13000]ayers. JTheJsmaller Inearbed
concentrations with10 Tayers ead[fosmallerbedToad fransport(tates/in fop [directionand(a
largeridecreasefin (height.

Synthesis[éffect[dflhumber[dfivertical(layers[inl2DV[imode

Anlassessmentl[oflthelsensitivity (ofthelidealized[sand[ridge[todel [folthe mumberofllayers
showed [that[Wwith[higher[Wwaves, [the mumber[ofllayersused affected[the [¢computations’and
leadfolslightly[differentmorphological ([developmentloflthe tidge. [It[was[Shown[that[with
large[Waves[(Hs[>[3.00[m), the[decreaselin[height[Was[overlestimated ising[10[layers[in
comparison[with[tesultsusing(20and30layers.[Thelgeneral [conclusion(is(that[with(large
waves|[greater [vertical [resolution(isMecessary.

4.7 Effect[bf[the[turbulencemodel[used

In(this[Section, [theeffectofthe[turbulenceltnodelused Was(investigated. [Simulations [Wwere
madelusing(thelalgebraic,[the k([ILland thelk¢psilon turbulenceimodel, [Whereby(the latter
wastun[Wwith[eéither[theparabolic(linearsediment mixing ¢oefficient of[Van[Rijn or[Wwith
vertical[Sediment[mixing[¢oefficientsfromthe (k[épsilon furbulencemodellitself. 1t[should
bemoted(that the TRANSPOR2004 Sediment [fransportodel Wwasmot[designed for ise Wwith
vertical SedimentmixingMalues from(the furbulence model itself.

[The following [simulations Were [Carried [out lising the[differentfurbulence models.

o Uy=0.10U;[=[0.75m/s, withoutwaves
o Uy=0.10, Z0.75m/s, WithWwaves[(Hs=2.50m, Tp=(5.75s)
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5 year bottom profile development
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Figure[4(26 Fivelyear[Bottom profiledevelopmentwith[different turbulencethodels without waves

*[J parabolic(linear[sedimentmixing
**vertical[SedimenttixingValues from/the k[épsilon furbulenceodel

Figure[4126shows[the b [yearbottomprofile[development fromsimulationsusingthe
algebraic, k[Landk[epsilonfurbulenceodel. Theklépsilon furbulenceodel Was ranith
either[the parabolicinear[sediment[Mmixing [of[VanRijnlorwith[Vertical[Sediment mixing
valuesfrom[theklepsilonfurbulencemodellitself. It ¢anbeSeenlthatthe migration ofTthe
ridgeCwiththeCalgebraicturbulence “modelCis[largerthan Cwiththe kL. and [klepsilon
turbulence odels. Furthermore, it Was[foundthat[withthe [k TL[and k[epsilonfurbulence
modelsfaldipatithefloodWward [foe oflthetidge[develops. [Thelincreaselin height[is much
alike,[although fit[Wwas [found thatWith [vertical [Sediment mixing Values from[the [k épsilon
modelfitself, thelincreaselin heightWwasSomewhatTsmaller(than With fhealgebraic, kLland
klepsilonfurbulencemodel With [paraboliclinear mixing.

Inffigure[C.47 thebottom profile[developmentlandfimelaveraged bed Toad and [Suspended ]
load[fransports(are[given. In[figure[C.48 thebed Toadand[suspended doad [fransport(rates [at
max[flood(andmax.[ebbare(given. Itcanbe(seen [that, [dt/thelfop [0fthe ridge, boththe bed [
loadland[$uspended load[transports(tates/atlmax[flood andmax[ebbusing[thelalgebraic
turbulencemodelarel greaterthan[uising[the[k[lland[k[epsilon[turbulencelmodel. The k[
epsilon(turbulencemodellwith[Vertical 'sedimentmixing(values[from[the modellitselflleads
tolsignificanthigher/suspended(load fransports.
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5 year bottom profile development
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Figure[4(27 Fivelyearbottomprofile[developmentwith[different turbulence thodels With waves

*[J parabolic(linear([sedimentmixing
**vertical[Sedimentmixingvalues from(the k[ épsilon furbulencemodel

Figure[41273hows[the[5 [year[bottom profile[developmentfrom[$simulations Wwith[vaves

usingthelalgebraic, kL [andk(eépsilon furbulence odel.[Theklepsilonfurbulencemodel

was[tanwithCeither[theparaboliclinear[sediment mixing [of Van[RijnCorSwith vertical

sediment[fnixingvaluesfrom(theklepsilonlfurbulencemodelftself.t[can beSeen thatthe

migration0fhe ridgeising fthelalgebraicfurbulencemodel i5slightly Targer than With the &k
Llandklepsilonfurbulence model andthatshapeoflthe Tidge s Tess[asymmetric [fhan With

thek(LCandkeépsilonturbulencemodels. ThemorphologicalCdevelopmentising[the k]
epsilon Wwith(the[parabolic Tinearixing[distributionshows(aldip(atthe flood sidefoe[0fthe

ridge. Theltidgelerodeslsignificantly ising[the klépsilonfurbulencemodel with[Vertical

sedimentthixingvaluesfrom/thek[epsilonfurbulencemodelitself.

Inffigure[C.49thebottom [profile[developmentandfimeldveraged bed Toadand [Suspended ]
load [fransports(drelgiven. [Infigure[C.50the Bedloadland [Suspended load fransportrates at
m,ax [flood [and max. ebblare[given. Iticanbe(seen(thatboththebedload @nd[suspended(load
transport( rates[at[the top[bfl theltidgel atlimax[flood[ and[inax[ebblusing[thelalgebraic
turbulencel modellarelsignificantly[largerthan[Twith[the k(L[ and[klépsilon[turbulence
models. [ Thelsuspendedload transportfrom[the k(eépsilon[turbulencelmodel with [Vertical
sediment[mixing[values[from[the[k[épsilon turbulence modellitselfl are[muchllarger[than
from(thelother [turbulencethodels, [éspecially(atmax flood.

synthesis[ bf éffect[of turbulence[inodel

In(this[Section[it[Wwas[found[that[the turbulencemodellislofl significantlinfluencelon(the
morphological development(dfithe ridge. In(this [Chapter thelalgebraiclturbulence todelwas
usedWwhichwasfound [foTead to(slightly Targer migration 0flthe ridgeland d(less [dsymmetric
development(ofithe Midge with waves fhanWith the [k LL[or [k eépsilon furbulence todel.
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4.8 Effect[of[the[bed[toughness[predictor

Herein, Tesults[from [$imulationsising [al¢onstant[bed [foughness [((Chézy¢oefficient [0fT65
m'?/s) Wwere (¢ompared to esults from simulations [using a variable (bed [foughness [(updated
every[10minutes By heans(oflabed Toughness [predictor) o linvestigatethe [dffect6fthe Bed
roughness[predictor.

The Tollowing[simulations Were[carried [dutwith[Bothd[Constant[and Variable (bed foughness:
o Up=0.10U,=10.75 m/s, withoutwaves
o Uy=0.10U,=[0.75m/s, withwaves(Hs=2.50m, Tp[=(5.75s)

5 year bottom profile development (Uo =0.10 m/s, U1 = 0.75 mls)

T
= jnitial profile
- variable roughness, no waves
-14 [ - = - constant roughness, no waves
- variable roughness, Hs = 2.50m
- = - constant roughness, Hs = 2.50m |:

bed level (m) —»

I I I | |
400 600 800 1000 1200 1400 1600 1800 2000
distance (m) >

19 ! !
Figure[@ 28 FivelyearBottom profile[developmentwith[donstantand variable bed [foughness

Figure(428shows(the[5 [yearbottom profilel[developmentfrom simulations[With[¢onstant
and[variablebed[Toughness, With[and [Wwithout[Waves, [simulations Wwith[the ¢onstantbed
roughnesswere [ ran[witha Chézycoefficient of[ 65 m"?/s. It can_be seen[ that[ the
morphological[development(is/affected/inlargeéxtentby [the Bed oughness. WithoutWwaves
themigrationfis[smallerWith [dVariable bed Toughness [than With the [constant Bed foughness.
Withwavesthe migration[is[much[$maller witha[Variable foughnessthan Wwitha[¢onstant
bed Toughness. BothWwithoutldand WithWaves(the(decreaseinheightlisTargerWithd[variable
bedtoughnessthanWwith[altonstantbed[toughness.[With[waves[the[shapeloflthe tidge
developsmoreasymmetrically SvithCalconstant[bed foughnessthan[Wwith[alVariablebed
roughness.

Inffigure[C.51fhebottom profile[developmentlandfimelaveraged bed Toad and [Suspended ]
loadransportsfare’given, WhilelinfigureC.52 [the bed Toad[andsuspendedload [fransport
rates(ataxflood andmaxebbdre given. t[canbe seen thatThe BedToad fransportTateslat
max [floodlarelsignificantly Targer With[alconstant[bed Moughness, Which[¢omplies Withthe
observedincreased Migration. Thelincrease(in (bed ToadfransportTates/atmax floodis Targer
withWaves fthanWithoutWaves.

Figure[C.53[showsbed[shear(stressesland[depthldveraged [Velocities[dtmax[flood [andmax
ebblwithoutWwaves[dnd[figure[C.54 [shows[bed[shear(stresses/and[depthlaveragedvelocities
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atmax [flood with waves. It[was [found [thatthe Bed [Shear Stresses atboth hax flood [and hax

ebbwith[the Variablebed foughnessWere higher than Wwiththe [ConstantBed Toughness 0f165
12

m/s.

synthesis[of{ éffect[df[bed[foughness[predictor

With[alvariable 'bed[toughness{bed roughnesspredictor) the migration bf theltidgelis
smaller(than (with 4 constant bed oughness 065 /s dueto the smaller fransport rates at
max[flood. TheTeductionlinheight(ofltheridgeis Targer With(a[Variablebed Moughness, bBut
theshapeldevelopsesslasymmetrically Tthan With @ [constantBed foughness, [€specially Wwith
waves

4.9 Comparison[6f[] DH[and[2DV[imodel[approach

Herein, alcomparisonwas madebetweensimulations[in 1 DHand 2DV imode. Inboth
simulationsthe TRANSPOR2004[Sediment[fransportmodel Wwasmised. [Simulations in 2DV
modeWwere[darried [Qutising 20 Wertical Tayers.

Thefollowingsimulationswere[carried [outlih IDH[and 2DV hode:
o Uy=[0.00mm/s; W, =0.75m/s, ithout waves
o  Up=00.10m/s; W, =0.75m/s,withwaves[(Hs =12.50m, Tp[=(5.75s)

5 year bottom profile development (Uo =0.00 m/s, U1 =0.75 mis)

-13 T
= initial profile
. . . . . - 1DH approach
A4 - Co R B } } '~ | ——_2DV approach [

bed level (m) >
>
T

9 ! ! ! | | | |
400 600 800 1000 1200 1400 1600 1800 2000
distance (m) —»

Figure[4[29 Fivelyearbottom/profile[developmentiising [(1DH@and 2DV [@pproach, without waves

Figure[429showsthe[3(year[bottom [profile[development forsimulationsin[1DH[And 2DV
mode. Both[simulationsshowthe migrationin[ebb[direction, butthe 1 DHsimulation
doesn’t[show(thelincreaselin heightlasfound fvith the 2D VIsimulation With 20 Tayers, [this[is
duefolthefixed Welocity [profiles isedinthe 1 DH [Simulation;Welocity [profiles[downstream
ofTthefopdon’tlshowthefeducedmearbed Velocitiesdueltoldeceleration processes, see
Section(4.2.

Figure[C.55shows the[bottom [profile Cdevelopmentand "timelaveraged "bed Toad Cand
suspended(load(fransportsand(figure[C.56shows[thebed[shear(stress[anddepthlaveraged
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velocities at[max[floodand ‘max[ebb. It tanbelseen[that the[boththe bedToadand
suspended(loadfransport(tates arelarger Wwith[the 2DV iodel approach,éspeciallylatthe
location0fTthefop [dfthe ridge.

5 year bottom profile development (Uo =0.10m/s, U1 = 0.75m/s)

'14 T T T T T T T
y y . . . . = initial profil
Hs = 2.50m, Tp = 5.75s : ‘ ‘ ‘ —_— I1n|:|):-é|1 apr;;rlc:ach
2DV approach
15 + . .
1\
E -16 N
8 17 - g
Ke)
-18 - .
-19 ! ! ! ! ! ! !
400 600 800 1000 1200 1400 1600 1800 2000

distance (m) >

Figure4[30(Fivelyearbottom(profile developmentiising 1DHand 2DV approach with waves (Hs =2.50m, Tp =
5.7518)

Figure(4[30[shows [the[S[yearbottom [profile [development for(simulations[in(1DH[dand 2DV
mode Withametcurrent[0fl0.10m/sland waves (Hs =2.50 m, Tp &[5.751s).[Both simulations
show[themigrationlinflood direction, [and[Wwhile both[$imulations show[alteduction[in
heightCoflthelTidge, the 1 DH[ simulation[overlestimates thefeduction dueltolthe fixed
velocity [profiles used(as(a[fesultloffwhichfimelaveraged bedload [fransportsat BHoth flanks
ofTtheltidgelarelinflooddirection, see[Section[4.2. Furthermorelitvas foundlthat[the
migrationisingthe 1DH modellapproach/(is[significantly [Smallerthan isingthe 2DV hodel
approachlandlthat[the tidgeldevelops fmuchMmorelasymmetrically (usingthe[1 DHmodel
approach(than ising the 2DV mmodel l@approach.

FigureC.57 shows bottom profiledevelopmentdnd fime averaged bedloadand [suspended
loadransportsfandfigure[C.58shows thebed Toad ‘and [Suspended Toad[fransport tatesat

max [flood’andax[ebb. Ttican Belseen that The 2DV [simulations [Sshows Tigherbed Toadand

suspended(load fransportrates(atitheTocation 0flthe ridge, [@specially atiax flood.

synthesis[¢omparison[6f[ | DH[and[2DV[model[approach

InfthisT$ectionit[was$hown fthat Wwith[a[1DH {depthlaveraged)odel [approachthetidge
cannotlincreaselinheight(duefo[the fixed Togarithmic Welocity Profilesandthereforedannot
modeltheleffectlofTdeformationofl¥elocity [profiles. [Aslaltesultldepthldveraged models
cannotodellthe metmearbed Welocitiesinthe direction(oflthe fop[ofitheridge thatay lead
toldn(increaselinheight(ofithe(ridge. Furthermore, it[Was[foundthata[2DV[model@approach
leads[to higher [transportsrates(over(theridgeland[d[subsequentlarger(migrationoflthe ridge.
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4.10 Synthesis

Hereinlthe main(findings(of(this[chapter(areTisted[onceagain, this[Section[Servesaslalbrief
recapitulationofltheléntire[chapterand[offers [valuablephysical insight Wwhich [come [0 fTust
inltheMext/chapters.

With[symmetricland weak [asymmetric[tides (drift[<[0.10m/s) the Hidgeincreases[inheight
duelfothemetleffect/dflthe deformation(dfvelocity [profilesdverlthe ridge; thefime[averaged
nearbedVelocities[dtboth3ides[ofTthe foplarelintheldirection ofTthe fopland[Solisthemet
bedToadtransportlwhich[¢ausestheltidgetolincreaselin height. This[bed[doad transport
related[éffect/can be found With [fidall@mplitudes tip [To[0.75 /s, @bove Whichtheridge Wwill
decreaselinlheight[asthe$uspended oad transportCdominatesthebed Toad [fransport and
sedimentsdre moved outsidelofTthe Tegion WherefheydanbeBrought Back fothe fop Wwith
thebed Moad fransport.

ThelobservedihigrationfinlébbldirectionWith [Symmetric fides(nomet[current)lis[duefothe
shallower[water depthduring[ebb, Which[tauseshigherVelocities[and [iransports[inebb
direction.[Also(thebed[shear(stress during[eébblishigher as(itlistelated fo Wwater[depth.The
magnitude[oflthe northward[drift[determines theldverage[suspended [load fransport(overthe
ridgeland [therebyldetermines [the migration[0flthe ridge; With [@lsmall [drift[theridge migrates
in[ebbldirection[due(to[theshallower water[depth during[ebb. Withlincreasing net[¢current
(0.051210.10m/s)theleffectloflthe[shallowerwaterlis[cancelled [out/and the[ridge higrates/in
flood[direction.

Waves/stir[up[sediments and [lead(to [largersuspended [load[transports. [The[effectdf[waves
increases[ with[diminishing[water[ depth[ and[ thereforel suspendedtransports’ during[ ebb
(shallower[water)[are[increasedlinore[ than[suspended(load[transports[during[flood. The
effectloflwaveslislamplified withlincreasingwave heights, (fortides without(amet/current(the
migration [(inleébbldirection)(thereforelincreases Wwithincreasing Wwaveheight. TThe migration
for(fides with [amet[¢urrentlisin [flood direction(as(the shallow Wwater[effectlis[¢ancelled [out
dueltolthe[dominant(suspended(loadfransportsiinflood[direction.[With[alhet[current[the
migration[inflood[direction(is feduced[significantly With increasing wave (height[due(fo[the
increasedsuspended (loadfransportsduring(ebb. [Wavesfurthermoreaffect/the shapeloflthe
ridge; Withincreasing wave lieightthe ridge Becomes less peaked [@and thorel@asymmetric.

Itiwasfound(thatWith TargerWwaves[(Hs>[3.00m) theldecreasein (heightWwas largeriising 10
vertical [layers[in[¢omparison[Wwith[tesults from[simulationsising[20[and[30(layers; With
large Waves greater Wertical Tesolutionfis fequired

TheCturbulencelmodel TprovedJto [beCofsignificant Jinfluence JonJthe Dmorphological
developmentofithe ridge; thelalgebraicfurbulence thodel Wwas Tound o Tead o slightly Targer
migration0ftheridgelandldless@asymmetricldevelopmentofTthe ridge With Waves than Wwith
thekLor K epsilonfurbulencemodel.

With[aVariable[bedtoughness[{bed[toughnesspredictor) the migrationofTtheTidge was
found (fobe smallerthan with dconstant bed [foughness (0fIC =65 m"?/s due fo the smaller
transportTates [@atmax flood.The feductionfinleightdfthe ridge s Targer With[@variable bed
roughness, butlthelshape developsless@asymmetricallyTthan fwith[@[constantBed foughness,
especiallyWwithwaves

4—33



May,[2005 Z3079.40 Morphological[iodelling[¢f[an[artificial[§and[tidge
near[Hoek[Yan[Holland,[The[[Netherlands.

Itiwasshown thatWwith@a[IDH [(depthaveraged) hodel @pproach the ridge [Gannotlincreaselin
heightlduelfo [the fixed logarithmicWelocity [profilesand Thereforedannotmodel the [@ffectof
deformation oflVelocity [profiles.[Aslaltesultldepthlaveraged models[¢annotmodel the Mmet
near(bedvelocities[inthe[directionlofTthe[fop [ofTthe Tidge [that[mayleadfoan increaselin
heightlofTtheridge. Furthermore, it[wasfoundthat'al2DV model[@approach deads fohigher
transports(rates(dver(the

From[the simulationslin(this[¢chapter(it[wasfoundthatthebed loadfransports[with Wwaves
was[significantlysmaller[than “withoutwaves; Cdetailed “study CofTthe (TRANSPOR2004
formulations By theldevelopers Tevealed thatthis Was [due [fothe fransitionbetween [Current 1]
and[Wwavetelated oughness. [Thislisdone by means[oflaWweightingprocedurebased Mipon
currentTandWave(telated Welocities. This Weighting procedure is [durrently Being [adjusted [fo
guaranteealsmoothtransitionbetween[transports[without[and Gwith wavesCand[willCbe
includedfinthemexthipdateofthe morphological kernell6fDelft3D.
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5 Model[$chematizations[df[$and[ridge[hear
Hoek[van[Holland

5.1 Introduction

Infthisichapter, themodellingldpproach 6fTthis[studyland fhemodel schematizations ised [@re
discussed. [First, the (modellingCapproach[isCgivenin Section[5.2.[Bothtransectimodel
applications ([1DH,2DV)andlareaodels[(2DH,3D)areisedfin [thisStudy, With boundary
conditions fromnesting [intheCoverall T Holland [Coastal "Zone[(HCZ)model, Gwhichis
discussedlinchapter(3.3.Themesting[procedurelitselfis[discussedlinSection5.4. Twolinput
reductionTtechniquesJare Japplied Din[this Ostudy, Civiz. Ctidal Cschematisation Jand Owave
schematisation.Tidal "schematisation 'by fmeans0fl alimorphological[tide[isCdiscussed[in
Section(3.4.In[Section(5.5fwoWwavelschematizations dre[discussed.

Thelsimulationslin[this[¢hapter[Wwere ¢arried[dutlanlolder[version of[Delft3D.In[Section
2.3.3.3thelmain[differencelinbottomlayer sublgridmodel between[this[Version andla
recently improved Wersion [ofDelft3Dlareldiscussed.

5.2 Modelling[approach

Herein,[the[modelfapproach[isCdiscussed. Thebasis[for[the[imodel [ Verificationuisingthe
morphological “development[oflthelartificial[sand[tidge[¢tlose[to[Hoek 3ran[Holland[isla
Delft3D modeloflthe Dutch coastideveloped(inthe Flyland(project (WL[Delft Hydraulics,
2001)/calledthe Holland Coastal Zonemodel, [abbreviated [as[HCZ[model. [The HCZ odel,
obtains/[its[boundary(c¢onditionsfrom[a[well[calibrated model(dalled the Targescale(fine grid
modelldoveringtheleéntire North[$eal(see WL[[IDelftHydraulics,2001).IntheFlyland(study
itfwas[shown(that the(HCZ [model[showed[teasonablelagreement(with[available[field [data.
Boundary(conditions(forthe 2DV [and 2DH models iised [inthis study Were(derived from [the
HCZ modeluising[an[automated (mesting [procedure. Wext, [input[teduction [fechniques Wwere
applied[ for(ltidal[T]and[Jwavelinput; [ to[Jreduce[]computation[time, [ JalJrepresentative,
morphological [fide[Was[derived [Which[givesanloptimal[fepresentation[oflthe heapspring [’
averaged(sediment(fransports(iffa[¢omplete fieap Springtidal'c¢ycle would belsimulated. The
morphological [fide[was[derivedisingalweighting procedureWith 'datapoints distributed
over[thelarealincluding thetidge.[After[thatla[wavelschematization[was $elected. Nextla
sensitivitylanalysisWasCarried [out(fo investigateSeveral [process/and thodel parameters Wwith
respect(folaccuratesimulation 0fthe thorphological [development6flthe(sand fidge Hoek Wan
Holland.This[sensitivity [analysis Was[carried [outwith theDelft3D SedimentOnlineadd 'on
in[2DVmode “forthe (period119861991.The Cobtained “optimal “model Mand“process
parameters[Wwere isedfo SetMup [fransect odel [@pplications[{1 DH,M2DV)andareamodels
(2DH,3D),afterfwhich@validation[oflthe thodelsWwascarried [outfor theperiods 19861991
and199172000.The modelling@pproachlis ¥isualized ih [Figure(51.
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Figure5[1 Modelling[approach

5.3 Holland[Coastal[Zone[(HCZ)[inodel

Theboundary¢onditions fortheldetailed modelsisedinthisstudy(dare[derived from mesting
inltheHolland[Coastal Zone (HCZ)thodel (Roelvink(gtal.,[2001),a2DV hydronamic thodel
whichlincludes(salinity.[Inlorder folachieveloptimal[lagreementbetween(theloverall[inodel
and[nested [lmodels, [ the THCZ model [iwas[imodified Jand Crun Owith[JSediment [ JOnline,
TRANSPOR2004, [frachytopes and alconstant[wavelheight,[which Wwilllalso [(beused(in the
nestedmodels. Infthis[SectionthebasicthodelSetp 0fthe HCZ nodelis[discussed.

Model(grid(HCZ[model

Themodel (grid [0flthe[HCZ [model Wwas derived[from(aWwell [¢alibrated model [called [the [fine
grid[largelscale[model[covering[thelentire[ North[Sea. Al toastal[stretch,[teaching from
“SchouwenDuiveland” [fo[*Terschelling”, With [an [offshore[éxtent[0f[70 (km Was[faken[from
thelarge(scalemodel. IntheVicinity [0fltheTMarsdiep” the drientation[0f(the grid lines Wwas
modified [tolallow [for(abetter representation 0flthe [Texelstroom”.

By refinement[oflthe (grid (mesh the [tequired Tesolution, éspeciallyin(thenear(shore(zone,
waslobtained.[ThisTesultslin(grid distanceslincross(shoreldirection Varying Between 50 thdt
theBeach(fo 5 kmatdpen(sea. Alongshorelgrid distances@qual [@pproximately 1 km. Tn fotal
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thel[¢omputational [grid[¢ontains@pproximately 20,000 [computational [élements. [Themodel
computations @im (at[predicting the morphologicaldevelopmentofithe shoreline, [foallow for
altetrieving[coastline, [the ¢omputational ‘grid[also[¢overs[some 200 (m[ofTthe beach/dune
area.Figure[5[2[showsthelcomputational (grid[0fthe HCZ model(left).

computational grid model bathymetry

Figure[5[2 [Computational grid[(left) [@nd odel bathymetry [(right) 6fthe HHCZ model.

Bathymetry[HCZ[inodel

Totepresent(the [present[situation, [aninitial (bathymetry ising[depth[dataloriginating [from
the [Kuststrook” ‘model [bathymetry [hasbeen[used.[This[datalcovers[thelarealoflspecific
interest [for(the[present(study(in[greatest(detail. [However, Comparison 0flthedepths [generated
using[the Kuststrookdatawith[the odel bathymetry[6flthe fine[gridlargelscale model [Set[]
uplpreviously[(Roelvink[etral.,[2001)[fevealedlargeldepth[differences, up[to[Sm, most
pronounced mear(the0penseaBoundaryoflthe HCZ model.[Therefore, ([depths(in(thedeeper
areas, [outside(thelareas[¢overed by the[yearly [bathymetric[surveys carried[out[Wwithin[the
JARKUS program, were regenerated ising fecent Dutch Continental [ShelfMData[supplied by
TNONITG.[This(datalalsolservedto[generate, [alpart(of, the bathymetry 0flthefine/grid large
scale[model(setup [previously. (Figure[5[2 [shows(the[model (bathymetry [0f(the [HCZ imodel

(right).

Open[boundary[¢onditions[HCZ[imodel

Theopen[ boundary[conditions ofthe (HCZ[model[ were[ derived[ from[ B dimensional
computations With thelargelscalefinegrid[model[dovering[theléntire[North[Sea.[Sincelthe
HCZnodel Wvas(setup(fo tepresentlaveragelc¢onditions, [the odel [computationoflthefine
grid(large(Scale[modelmised forthe generation[ofTboundary¢onditions also [tepresentsthe
average[ conditions, [i.e.[alsouth[Westerly (wind Cof 7 Cim/sand [long[termaveragel tiver
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discharges.At[thel¢rossishore dpen[sea boundary mearfSchouwen/Duiveland”[a[Velocity
boundaryfisidefined.All[6flthe dther [Openboundariesdre(defined [as Water Tevel Boundaries.

Theboundary¢onditions as[generated by the [finelgrid[largescale[odel arespecifiedas
timeSeries[oflwaterdevelslorVelocities. Hence, they [telate[fo thelsimulation (period lofTthe
fine gridTarge scalemodel.Tolallow [forthelsimulation[oflany dalendarperiod[in [fime, the
originaltimeseries boundary Cconditions wereconverted[lintoCastronomical [lboundary
conditions By Mmeans(ofldfidal [@nalysis on[fthe fime series. Inthe [present(studythe[donstant,
representative, dischargevalues for[all[dischargelocations wereluised. [In[Table[ 51 an
overviewis[given0fthedpplied/dischargerates.

Location: Discharge rate:
Haringvliet 660’ /s
Nieuwe[Waterweg 1540 1m’/s
Sluices[of TImuiden 80(m’/s
SluiceslofDenHelder 250’/
Sluicesdf Kornwerderzand 200(m’*/s

Table[51 [Discharge(rates HCZ model

Otherlthodel [parameters

e Computational [timelstep:[Previous[modelling[éxercises With[thefine (model [tevealed
that[theflow [rates through the™“Marsdiep” Cappearedto [determine the Cmaximum
computational fimelsteplallowed. Fromthisanalysis[itWas[found thatla[fime[Step [0 fT5
minutes[is[dllowed [forthe [HCZModel. Herealcomputational fime[step [0f[3 Minutes(is
used.

e Salinity;lal¢onstant[3alinity[0f(3 1 [ppt[Was[imposed[atthe[openlseaboundaries. Atthe
dischargelocations/thelsalinity ValueWas Setfo Zero.

e Wind; alconstant tepresentative[ wind[Wwas[applied: vind[$peed 7 [m/s[ from[240°N
(Southwest).

e  Waves;thelsingleltepresentative[wavelcondition from Walstralét(al. [{([1997) Wwas[dpplied:
significantwaveheight(0f12.25 m,period[0f6.6 8, direction 315N

Inlorder(tolachieve(the bestlagreementbetween dverallldand mested thodels, the [original HCZ
model[was[Tmodified [and[tun(with[Sediment[Online,[ TRANSPOR2004, [frachytopes(and(a
constantwave(height, which Will [lsoBe used(in[the Mested models.

5.4 Nesting[procedure

TheBoundary [conditions for all [simulations[Wwerederived frommesting[in [the (HCZ nodel,
usinglanlautomatedmesting [procedure, [ Which[guarantees anloptimal [fransition [between(the
overalllTHCZ model"andthe[2DVimodel.[Thenestingprocedure, and thereforethe(HCZ
model(itselfiwasrun for[75[days, from[1 [September1991[fo15MNovember1991 [and[dovers
Sicompletemeap sSpringfidalcycles.
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Figure 53 showswater[levels, "alongshore “and[crossshore[velocitiesat the[Southern
boundary(atsection4 [for[the([HCZ model,the 2DV andthe 2DH model.[The[HCZ odel
was [Mun[withlastronomical houndaryconditions, Whilethe 2DV andthe[2DH modelswere
run(withthemorphological [fide[it2, (Whichtuns from[21October[1991,[03hrs57mfo22
October1991,[04hrs42m,[see[Section[5.5.3.[t[canbeSeen thatthe mesting [(procedureWas
accurate[and thatboth the 2DV [andthe 2DH nodellgive identical Tesults for Wwater [levels
andvelocities. Inappendix D, Wwater(levelsand Welocitiesdt[Section[3,[4,[5and (6 [are[given
forthe HCZ odel, the 2DV [andthe 2DH hodels.
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Figure[313 [Water(levels, @longshoreandcross(shore velocitiesin(HCZ, 2DV land 2DH model.

Theboundary[conditions obtained from[the hesting[procedurewereusedto derive[a
representative,morphologicalfide.[The Boundary [¢onditions fromthe mesting [proceduredre
specifiedlasfime(series[oflwater(levelsandVelocities. [Hence, [they [telate o the [simulation
period[oflthe[HCZ nodel, this[dan Beladjusted For by [converting [a morphological [fidelinto
harmonical Jcomponents. JTheJprocedureofJdetermining [Jthe morphological Jtide Jand
converting fitfinto Harmonical domponents(is [discussedin[Section(5.5.
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5.5 Tidal[$chematization

5.5.1 Input[feduction[techniques

Reductionloflinformationis[onelofTthe keylelementsin medium andlongfermmodelling.
Thislinvolves[éssentially four[levels, Which[¢oncern the [input, [thephysical [$ystem[orlits
model, [theCoutputCandthelinterpretationor[ generalisation(cf. DelVriend[et[al.,[1993).
Thereforevarious CapproachestomediumJand [long term “modelling TJexist, “viz. Clinput
reduction, hodel Teductionand Behaviour(drientated modelling.
Inputteductiontechniquesrarebased ‘onthelidealofTfinding[theltepresentativeinputthat
driveslongtermtresidual effects[{e.g.water Cor[sediment[transport). [InlthisCstudy(this
approachwas[followed forboth[tidal "Tand GwaveCinput. “This[Sectiondealswith[tidal
schematisationOnly;WavelschematizationfisdiscussedinSection[5.6.

5.5.2 Derivation[¢f{basic[morphological[tide

Simulating'completefidal[dyclesis [fime inefficient, [éspecially When, for[d mumberofWwave
conditions, theWavelinduced(currentshiave [to[befaken(into [@ccount. Toreduce [computation
time, [alrepresentative, Imorphological,tide[ican[beselected which[IgivesJan [Joptimal
representation [0fTthe Mesiduall(e.g.[yearly[@veraged) [Sediment[fransports0fld[complete meap [
spring tidalcycle.

For(practical[@pplications [fwo mhethods[can befised [fo [derivelamorphological fide. The first
method[is[describedlin[Van[Rijn[(Van[Rijn,[1993),land [involves[a[correctionfactor({[tothe
velocities[of’themean [tidal(cycle, [to [dccountforthe higher[transport/rates/during Spring tide
conditions. [This[correction factor(is(oflorder((=1.1[alongthe Dutch[Coast, but measurements
shouldbelanalysed(tolderivelthel exact[values[for[¢achlspecificllocation.[ The[method[of
Latteux[(Latteux,1995)(isbasedonlalstatistical [description[oflthe [performanceloflaltidal
schematisation [with [ respect[ to[ the optimal [ representation ofl thel derived [ or[‘measured
residual Sediment(transports.

Herein, @lsimplification (0flthe method ofLatteux [(Latteux,1995)was ised to[determine(the
morphologicalltide. At[alsinglelocation, the[tesidualltransports[were[ determined from
preliminary/(simulations uisingaflat[Bottom @t 7.80 o MSL.

ARDV simulationfor(section(4, lising [boundary [conditions from(amesting procedurein the
HCZ[Omodel, OwasJrunfrom 114 [JOctober[11991 [J00hrsO0mO00s. [to 13 [INovember[ 11991
00hrs00mO00s. “TheneapSpringtidal Jcycle Tused Thereinruns Cfrom 18 [October 11991
01hrs03m00s. to[1l CTNovember1199107hrs06m00s “and[thuscovers[aperiod0f[ 20520
minutes. ThisSimulation period 6f20[dayscovers[the meap [springfidal ¢yclelandlincludesd
spinfip [periodloflabout4[days. The[Sediment[Onlineladd ‘onlofMelft3D FLOW withhoth
TRANSPOR2004[andfrachytopes Was ised for [Simultaneous [domputation (0f fransports(and
flows, bed Tevelhipdating WwasMotldccounted for. [The model Wwas(set ip With[aflat(bottom [at
17.80mtoTMSLandthe[mediansediment diameterds,was[0.300 Cmm. The[kingle
representativeWave from Walstralét(dl.[(1997) Washised [and [a[Constant [Tepresentative Wwind
of7 /s from 240° N [{Southwest) Wwasapplied. [The[¢omputational [fimeStepused[inThe
HCZmodelwas3.0minutes.
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Themeapspringaveraged [fransporttate [dverthe meap [Spring(fidal[cycle[wascomputedland
wasevaluatedagainst[tidelaveraged fransport tates[over[1488 minutes (twolsemildiurnal
tides).Often(aperiod (61490 minutes is[chosen(ds[dveragefidal period, hereinlaperiod[of
1488 Wwas[chosen Because the[period meeded fobeldanlinteger mumberloflcomputational [fime

steps.
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Figure[5[4Totalltransportiovermeap [Spring fidal Gycle, flat bottom @t 7.80 m.

In[Figure[514,thelfotal [fransportloverlaneap[Spring(fidal[cycleland[themovingaverage of
thistotal [fransport(is (given With the[dverage fotal fransport/over(the meap [spring(tidal (¢ycle.
From thisfigurelit[showsthat(two[periods[qualifyasmorphological [fide. The[first[period
runs(from[21[October1991,16hrs27m(Ifo[22[October[1991,[17hrs15mland thus(¢oversia
period[0f[1488 minutes.[This morphologicalltidelis(teferred(tolas “basic[a”. Thel$econd
period(lies[somewhat[after[spring[tideand[tuns[from28[October[1991,[08hrs27m(to[29
October[09hrs15m(andisWeferred(to[asmorphological ‘tide*basic[b” Both periods arelgiven
in[Table[52.TAsmorphological tide *basic B includesldgger, [it[Was [decided [to use[the first
period(asmorphological tide
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morphologicalitide from to
“basicla” 21[ctober1991,16hrs27m | 22[Dctober1991,17hrs30m
“basicb” 28Dctober1991,08hrs27m(]1| 28[Dctober1991,109hrs15m

Table[52[Morphologicallfides["basicla" and"basic b"
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1.2

sectlon 4; velocltles at Southern boundary

[ — morphological tide
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16:30 22:30 04:30 10:30 16:30

time —

Figure[3(5Boundaryconditions for/section 4; morphologicaltide"basic(a"

Figure[5[5shows[theboundary¢onditionslat $ection 4 [for morphologicalltide ‘basic[a”
whichuns from21 [October1991,16hrs27m o022 ctober1991,17hrs15m, The Boundary
conditionsWere [derived from mesting[in[the[HCZ odel, both fhe[driginal [Gonditions from
the HCZMnodellandfthe morphological Tide [inharmonic¢omponents [are plotted, [it[can [be
seen(that[16Mharmonic/components/aresufficient foraccurate representation. InFigure .01
and[E.02 [Boundarydonditions formorphological fideTbasic(a”[at[sections[3,[4 5[and 6 [are

given.
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saction 4; waterlevels at Northern boundary section 4; velocities at Southern boundary
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Figure[5[6 Boundaryconditions at/section4: orphological fide"basic[B".

Figure[56showsthe boundary[¢onditions[at[section[4 formorphological [tide ™ basic[bH”,
theseboundary¢onditions Werederived [from mesting[in the[HCZ odel, Hoththeldriginal
conditions [fromthe HCZodelldndthe morphological fidelin harmonical [Gomponents[are
plotted, it[can[bellseenJthat[ 116 Tharmonical [lcomponents[Jare[sufficient[Ifor[Jaccurate
representation. (It[canbe(seen(that(the Wwater(levels [0flthismorphological fideincludeslagger
and thatMelocities[are much more[peaked(than inthorphological “tide[@”. InHigureE.03 [and
E.04 Boundaryconditions [for horphological [fide[“basic b @t [Sections (3, 4[5 [and [6 [@re [given.

Thelmethodised [in[this[Sectionis[alsimplification[of the ‘methodofl Latteux,aslthe
neapspringl[averaged[transports Wwere[Computedin(onelstationonly [@nd thereforemo [standard
deviationlover[the[differencesbetween [the[fransportslin[several [points[and [the meappring [
averaged[fransports(needed [fo (beldetermined. Here, themeapspringaveraged [fransport tate
was[computed[and [was[matched fo(the movinglaveragelof the fransport(tates(over(d[period
ofl12[completelItides[](twolIsemildiurnal [tides)[1InIthis[Iway, [ alrepresentativetidal
schematisation Withrespect(to the meapspring [dveraged fransport rates was dbtained.

5.5.2.1 Harmonic[¢omponents

Themorphologicaltidelis(derived ds(a[time Series[and[therefore telates folalspecific[period
ofltime. [Tolallow [for(the[simulation[oflany[¢alendar(periodlin(timethe (morphological [tide
waslconvertedlintoharmoniccomponents. The[¢conversion[oflthefime(series into harmonic
components(was[¢hecked (by[¢onverting[the harmonic(componentsback[fofime[series and
plotting[the[initial Cand[final time[series, [ the[conversion[was[ found to[belgood. The
conversion/intoharmonic’domponents/dould’also [@ffectthe [fransport¥atesinlthe model [and
thismeeds [fobelchecked for. Thelfransport(rates from[arun uisingfimelseries Were[dompared
tothatlof’d MunMsingthe morphological fidegivenlin[16harmonic/domponents, See Figure
507.Mtiwasfoundthat by usingharmonic/components[theldverage fotal fransportTHates Were
underestimated(less than 1% WwithWegard folthe fime(Series fromfhe Mesting procedure. [This
underestimating Was found [fo (belinanacceptableMange [anddoes motmeed fobeldccounted
for.
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UsingCharmonic componentsthe morphologicaltidecanbelrun[trepeatedly, "butas[it
representsthe meapspringlaveraged(fransports((over(acomplete meap [spring[fidal[dycle), the
simulation[period[alwaysmeedsfobean[integer mumberloflmorphological fides for Valid
morphological .Gomputations.

5.5.2.2 Evaluation[éfimorphological[tide[¥basic[a”
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Figure[3[7[Averagefransportiovermeap spring(cycleland horphologicaltide “basic(a”, flat[bottom[at Tl 7.80 .

Figure[5[7[shows[thelaverage fotal[fransport,the averagesuspended(load(fransportland(the
average[bedloadfransportfor(aneap [Spring(fidalcyclelandthe morphological [fide “basicla”
in[observation[pointslatisection[4, ising[aflat(bottom[at[117.80mandlincluding[waves.
Furthermorethelaverage[fransports [ising harmonic[¢omponents [dre(given. (From[this[figure
it(Wwas[found[that[the averageltotal[transports over[the morphologicaltide tepresent the
average [fotal (fransports[over(themeap spring[tidal (cyclevery [(well. [Bed load[transports are
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represented [slightly (better [than (the [Suspended oad[fransport, (but [theloverall (conclusion(is
that[the ‘morphological [tide[is[tepresentative[for themeap spring tidal[cycle.[Thelaverage
transportsusing[16harmonic/components arelalmostlin perfectlagreementwith thelaverage
transports[using [time[Jseries, CitCcanJbe Cconcluded Cthatthe CJconversion[to harmonic
componentsdoes motlaffect(thefransportsand [that[16 harmoniccomponents(doladequately
represent the(fime(series.

Next,[themorphological fide"basic[d”[derived ising [aflatBottom [at[M 7.80m [fo MSLwill
belfested for[usewith the 1986 bathymetry.[All [otherparameterswereidentical [fo[the[tun
withfheBottomatTl7.80 mfoMSL.
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Figure[5[8[Average [fransports frommorphological(tide“basic(a” fising[the 1986 bathymetry atisection 4.
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Figure5[8shows(theldverage[fotal,bed loadand [Suspended(load [fransportslover(themeap [
spring[fidal [cyclelandthe morphological fide sing [the 1986 (bathymetry, also the average
transports ising 16 harmonicGomponents Were plotted. [All[Simulations ised Were including
waves.[Fromthis[figurelit[Wwas[foundthatfising[the 1986 bathymetry [thelaverage[total
transports[over[the meap(Spring[fidal¢ycle, Whichlarelin horthernldirection, Showalocal
decreaseland(are megative((i.e.in[Southern(direction) @tthe Southernflank [0fthe ridge.

Theldverage [fotal Transports(dverthe Meapspringfidal GycleTocally [drop b [dlmost(Zero.The

bedToad fransport/doesmotshow any [decreaselin [fransport(atthespecific Tocation, therefore

themegative[(i.e. in[Southern[direction) fransportsare ‘duelfothesuspended Toad [fransport

only.[Thispeculiar[phenomenonfisfinvestigated Tater[on. The average(fotal [fransportsising

thederivedmorphological fideldverestimate [fhe megative [fransportlatthe[Southern flankof
theridgel¢onsiderably[¢ompared(fothemeapspringlaveraged fransports. Thelaveragebed
loadransportloverthe TidgelisMepresented Wwell; theldeviationlis[due fofhelsuspendedToad

transportConly. The Coverestimationbfl thedecreaseinsuspended ToadtransportCatlthe

southernflank0flthe ridge thakesthe Morphological fidetinsuitable forfisein medium [ferm

morphological$imulation;duetothehegativetransports, the ridge woulderode much

quickerthan(supposed(to be.

From(Figure[5[8lit[was[found[that(the morphologicaltide*fbasic[a” [wasunsuitablefor uise
with[the[1986bathymetrylat/section (4, it[was[investigated[whether [the morphological [fide
resulted[in[$similar[tesidual [ transports[for[other[$ections asWwell.[For[section[3,[5[and[6,
separatel simulations[ werel madel[using[ the[local[ 11986 [ bathymetry[ and[locall boundary
conditions. Both[$imulations[covering[al complete[heap(spring[tidalltycle[and using[the
morphological tidewith harmonic'components [Were thade. The[boundary[conditions [atléach
section[werel derived[separately[from[nesting[in[the " HCZ[model, and[for[¢ach[section[a
morphologicallfide(inlharmonic[componentswas[computed, tising the horphological period
of (21 0ctober[11991,[116hrs27m 1 to[22[October[11991,11 7hrs 1 5m[(*basicla”).[[Extra
observation[points Wwereladdedfor (better linsightlinthe[development[ofthe fransports[over
theridge.
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section 3: avg tot transports (incl pores, m3lmlyr)
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Figure[5[9[Average [fotal fransports from torphological tide “basic [@” [for sections3,4,5 and 6 with 1986
bathymetry.

Figure[5[9shows[thelaverageltotalltransportsCover[the heap[spring[tidal[cycle[and[the
morphological fide [forSections 3,4, [5dnd 6 With the[1986 Bathymetry. [Section[6[is[the host
seaward[section. In[Appendix"Ethe averageltotaltransportsandaveragebed[loadand
suspended Toad [fransports for(€achSection[@regiven. [From[this[FigurelitWas foundthatthe
average[fotal [fransportsCover[the heap[springtidal[cycleVarybetween eachl$ection; The
average[total (transport[at[the depthoutsidethe[ridge crestCdecreasesfrom[about[22
m’/m/year([at[Section 3 [fo [about 10 m’/m/year @t section 6.

TheOfigureJalso Cshows Othat[Jthe Daverage Ctotal (transportsover Jthe Oridgefrom Cthe
morphologicalfidetepresentthose fromlaneap[springfidalltyclewell[in$ection3, but
overestimate[the dip[infransportjustinfront[ofTthe fopinlsection4[and5.[Thelaverage
transportsin[$ection 6 [are[somewhat[better [Fepresented (by the morphologicalltide. The
conclusion(fo e drawn(is thatthederived Thorphological fide Tepresents(the [fransportsfrom
alneap(springtidalcycleatthe Tundisturbed Cdepth CJonly; (it Coverestimates “the [dip Cin
suspended(Toad[transportlat[theltidgelitselflandthereforelis[hot[suitable for[nise[Wwithla
medium [fermmorphological [simulation.
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5.5.2.3 Evaluation[éfimorphological[tide[¥basic[b”’

Theimorphologicaltide‘basic[a”[was[found[tobeunsuitable for[useinmedium ferm
morphological Csimulationsdueto theoverestimationbfl thelocal "decreasein[average
suspended Toad OtransportsJat[Jthe[(southern T flank [JofTItheIridge [and[(the Jsubsequent
morphological Gonsequences. Therefore the Performance(6flthe thorphological fide[“basicb”
waslihvestigated Hereafter.

Themorphological (tide ™ basic[b”[(see[Figure[5[6) wasconverted Cinto 716 harmonic
componentsand Wwaslévaluated [lising[the 1986 [bathymetry.[Simulations were[¢arried [out
usinglalsingledepresentative wavel¢ondition, [TRANSPOR2004andfrachytopes;hed Tevel
updating (was[switched Joff[for Caccurate[representation JofT the (transports Catthe 71986
bathymetry.
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Figure5[10[Average[transportsfromtorphological fide[basic b [[isingthe 1986 [Bathymetry (section(4).
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Figure[510lshows(thefideaveraged fotal, (bed Toadldand [Suspended Toadfransportsover the
neapSpringfidalcycleland themorphologicalfidebasic b hising the 1986 Bathymetry, @lso
thelfidelaveraged fransportsusing[16 harmoniccomponentswere [plotted.[All[Simulations
usedWwerelincluding[Wwaves. Thelaveragefotal (fransports ‘over[the meap[spring[tidal¢ycle,
which(arelin mortherndirection,[show thelocal [decreaseland aremegative[(i.e.[in[Southern
direction)[at[theSouthernflank [ofTthe Tidge WhichWas[observedearlier.[The average [fotal
transports Cusing[the derived “morphological "tideT‘basic[ b [ldo ot show[thenegative
neapspringlaveragedtransport at[the southernflank ofTthetidge. Thelaveragebedload
transportfrom [the horphological fide["basicb” [over theTidge is therefore mMotlinlagreement
withOthe [neapspringlaveraged Jtransports[Jand Cis[lunsuited JforJuseJin[Jmedium [ferm
morphologicalsimulations.

Inffigures(E.11=E14shows(thelaveragefotal, bedToad landsuspended Toad fransportsiover
themeapspringcycleland themorphological fide "basicb” For section3,4,5@nd 6. Tticanbe
seen(thatBothBed ToadandSuspended Toad fransportsiatthesouthernflankofTthe Tidge are
represented Badly lising torphological fide"basicB”.

Furtherlanalysis(dfltransport[fime/series for(the[domplete meapspring [fidal [Gycle 'showed [that
atthelsouthern(flank(ofTthe(ridge, [€ébb fransports(inthe(second halfiofTthe meap [Spring[cycle
arelsignificantly [Smaller(than[dver[the firsthalf. [Apparently, tidaldasymmetry(at(the[southern
flank is Targer(in [the[Second halflofltheMeap(spring(cycle. Therefore, [@ny morphological fide
thatlis(fo[depresent/theldveraged transports(over theléntire[ridge[cannot[befrom[the[second
halflofthemeap(springltidalcycle.

5.5.3 Derivation[¢f{dptimal[morphological[tide

Thelmorphological [fides[(“basicla”[and[Tbasic[b”)[do[not[tepresent[the average [transports
near(thefoploflthe(tidge Very[Wwell.[Theywerel[derived (from'alsingle[observation[point[at
section[4[ising[ al flat[bottom. The imorphologicall tide[ therefore[does hot[account[ for
different[conditions(at(Section[3,5and (6 and [isnot suitable [for uselin(those[sections. From
analysis[JoflIsimulationsJusing Jmorphologic[ltide“basic[1b” Jit[Jwas[found [Jthat Jany
morphological fide Whichis[fo fepresent the meapspring(averaged fransports [at[fhe Tocation
of’theldecreasein/suspended load fransportwill have o liefin the firsthalfiofthe meapspring
tidal¢ycle;fransportsfromindividual fides[in[the[second [halflofTthe meapspringfidal[cycle
at[that[locationare imuch[imoreasymmetric[anddohot[coincidewith[the heapspring
averaged[transports.

5.5.3.1 Weighting[procedure

InTthis{SectionlabetterMmorphological [fideWwill belderived Which Will[beablefoMeproduce
theCaveragetransports"oOver[alheap(spring[tidaltycle atlall[foursections.Thelselected
morphological fide Willbe Hased lipon [simulationsfand[¢omputations [dt[section 3,4, 3, and
6.[Forldachisectionl@amorphological fideWwill Belderived dtthreedifferentdbservation points;
thefirstlat[thetelativelyflat[$ection[betweenthe southern[boundaryfand [theltidge, [the
secondat[thelocation"bflthe previously Cobserveddecrease inlaverage suspendedload
transportatthe[Southernflank fof the[tidgelandthelthird [at[the toplofTthelTidge, these
locationslarelabelled “flat”,*‘dip” Cand ‘top”. [Thesethree [points[Tepresentthe [different
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conditions Covertheridge. “From[thesepoints [at[Jall (four Csections, JanCoverallCvalid
morphological fidewillbelselected.

Improvements(in(thefethodoflderivation [0fthe morphological [fidelincludethehise[ofthe
1986 Hathymetrylinstead [0f[the flatBottom at[T7.80 1 [fo MSL.[Also, dsfidal [periodsvary
overlthe meap [spring fidal(dycle they will beldetermined [€xactly [forlaccurate computation 0f
theCaverageltotal [transportCover[twoltides. Simulations Wwerelcarried "out[usinglalingle
representative wavelcondition, [TRANSPOR2004 [and[frachytopes;bed Tevel ipdatingwas
switchedoffforlaccurate representation (0fthe fransports(atthe 1986 bathymetry.

InftheSimulations(aset[0f 20 [0bservation points Wwas Mised(at fixed positionsfofheSouthern
boundary.As(the ridge bends[inSouthernldirectionwithlincreasing depth,fhelobservation
pointsisedlin/different(sectionVary [folénsurecorrect TocationsWith Tespect fothe [fop [0fTthe
ridge. "Observation[pointsused [in[eachlkectionwith corresponding distances fromthe
southern boundary @relgiven/in Table[53.

section location flat” location “dip” location “top”

section3 obs2[@txXFM460mm obsT1@txX=I115m ] obsd3@tXET158m
section4 obs2[@txXFM460m obs1@tX=1115m0| obsd3@tXET158m
section[3 obs2@tX=FM460mm obs9@tX=M072m [0 | obs1@tXZFI115m
section[6 obs2 @txX =460 m obs[3at®=987m obs[10[@tx =1093

Table533[Mbservationpointslandcorresponding distancefrom Southern Boundary ised fin €ach [section.

Per(sectionandperlobservation[point[almorphological [tide hasbeen[derived with[the
improved method (usinglexact tidal (periods for(tidelaveraging)[Hence[12 morphological
tides(werelderived. (From(those[12 [morphological(tides, three Wwill (be selected for [festing [at
allTsections. [The(three fides [Selected for[festing [Were found [in multiple (points [at[different
sectionsand(thereforeare more [ikely [fobeValidfatlall four sectionsdandat[dll [Observation
points.

Theéomputed morphological [fides fromébservation points[dtTocationfdip” [onlydre [ Very
differentfrom(the¢omputedfnorphological fides atTocation[flat”[and Tocation ftop”.[The
morphological (tide fromMocation‘dip” [T does hot[tepresent[the transports[in[the other
locations very well, @nd[therefore [cannotbe ised[in morphological Gomputations. [Thefinal
overall morphological Tidewill Tie Between [the Thorphological fides fromTocation “dip”land
themorphological(fidelatTocationTflat”[and “top”,[and[overestimation[of the[decreaselin
suspendedToadtransports[at[the southernflank fofTthetidgefisthereforeinevitable.”An
overallvalid morphological fideWill e Selected from festing the threelindividually(selected
morphologicallfides.

Improvements(in themethod df'derivation6fithe horphological fidelinclude:

1. useloflthe1986bathymetry instead0faflatBottom @t 7.80m foMSL.

2. computationsdfitheorphological tide[forall four(sectionsinstead [0flsection4 [only.

3. useloffthreeldbservation[points/per(section, [@ticharacteristiclbcations.

4. computation(dfiéxactifidal [periods(for/determiningtheaccuratelfide[dveraged fransports.
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5.5.3.2 Exact[tidal[periods[for[accurate[¢omputation[bf[tide[average
transports

TheHCZoverall odel, vhich[Wasised [to[generate[boundary[conditions [for[the[2DV
models, Wwas [tunWwith[astronomical (boundary¢onditions; thefidal[periodthereforelis mot
fixed, [it[varies/overlameap[Springfidaléycle.Here, instead [0fusingamoving[averagelover
the Meap[Spring[cyclewith@fixed fidal Period for(@veraging, fhel@average fransportioverléach
individual fide Wwas[¢omputed Mising [the [éxact [fidal [period. [Firstfhezero[crossingsoffotal
transportweredetermined, from [thisthe [exact[fidal [periods overthe meap [Spring[fidal[cycle
canbefound. Using[these fidal periodsforlaveraging theléxactaveragelover twoltidesWas
computed@nd Was matched With The Meapspringlaveraged Transports.

Results

ThelimethoddescribedaboveWwascarriedoutlat[threelocations[persection;[inltotal (12
computations WereMade. Results[0f[éomputations for(Section 4 [areldiscussedand Tesults[of
computations(at(other[Sectionsare[summarized hereafter.[INext,[Several morphological fides
were Selected for[testing(in@ll four sections.
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Figure[3[11[Average [fotaltransportiising[eéxacttidal[periods, section4.
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Figure[ 5011 shows[theltidel@veragedtotal transports[{two [ semildiurnalltides)and[the
neapspringaveraged fotal (transports [at[observation[point[2 [of(Section[4 ising [eéxact[fidal
periods, [ Whicharealsoshown. [From[this[figurealmorphological (period "canlbelselected
whichlisvalid for[observationpoint[2 [6flsection 4. [From the lower figure, fit[can BeSeen that
theltidalperiod [Varies[over[the heap(Spring[tidallcycle;thelaveragetidal (period around
spring [fidelis[@bout[1476 minutes [@nd hip [fo (1509 minutes @round meap [fide. From [the ipper
figure, [it[dan Belseen thatfwo morphological fidescanbe selected Wwhich BHoth Tepresentthe
neapspringaveraged Jtransports[at Jlocation[“top” [at[Isection 14 [very Cwell. OThe Dfirst
morphological [fide[tuns [from 22 [October1991,T11hr03 [fo[23 [October1991,11hr45and
covers[alperiod 0f[ 1482 minutes. TheSecond morphological [tide Funs from[21October
1991,03hrs57m(fo 22 October[1991,04hrs42m(andldovers@Period 01485 minutes.
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Figure[3[12[Tide averaged transports [dtobservation point(11(locationdip”) forsection 4.

Figure[ 512 shows[ the[tidelaveraged total[ transports (two[semildiurnalltides)[and[the
neapspring(averaged [fotal fransports/at/observation[point(11 [at(section(4. Interestingly, [it[dan
now [bel$een(that[the tide averaged transportslat/thelsecondpartloflthe heap spring tidal
cycleldrelinmorthward(direction, while(fide[averaged fransports(in [the[first[part[dfithe meap[]
spring[tidaltyclelarelin[southward[direction.[ Theneapspringlaveraged[ transport(is(in
southward[ direction, [ therefore Cany [ morphologicall tide[that[is[to[represent[the average
transports(atlocation*dip”[should [belin[the first[partlofithe heap[spring[tidal(cycle.[The
morphological tide[selected [from location[Tdip” at’section[4 [tuns[from[20[October(1991,
03hr09(tb21 [October1991,03hr57 and (Covers/alperiod (01488 minutes.
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Figure(5(13(Tidelaveraged transportsat/observation [point[13 [(location “top”)for(section4.

Figure[ 5113 shows[theltidelaveraged[ total[transports[ (twol[semildiurnaltides)and the
neapspringlaveraged[fotal [fransportslatldobservation point[13[(location[Ttop’’)[at section (4.
Tidelaveraged transport[Jis[Jin[Inorthward[direction [Jonly. [It[Jcan[Ibe[Jseen[Jthat[Ttwo
morphological “tidesIcan[Ibeselected [Jlwhich[both[Irepresent[the Ineapspringlaveraged
transports(atlocation[top” [at[section4 Wery Well[,lthe firstimorphological tide Tuns from 22
October[1991, 11 1hr03 [fo[23 [October[1991,[11hr45and[¢overs(aperiod [0f[1482 minutes.
Thelsecond morphological [tide funsfrom(21[October1991,103hrs57m[fo 22 October1991,
04hrs42mlandcoverslalperiod[0f1485 tinutes. Thisprocedurefollowed [for(sections3,4,[5

and[6,(see(Table[54.

section(] | obs from to period

3 2 21[October1991,16hr21 22[October1991,17hr06 1485m
11 21[October(1991,16hr21 22[October1991,17hr06 1485m
13 21[October1991,16hr21 22[October1991,17hr06 1485(m

4 20" 22[Dctober1991,1hrs031 | 23[Dctober1991,11hrs450) | 1482 m
202™ 21[ctober1991,03hr57 22[Dctober1991,04hr42 1485m
11 20[October1991103hr09 21ctober1991,03hr57 1488m
1301% 22 October1991,11hrs03) | 23[Dctober1991,11hrs451 | 1482(th
132 21[October(1991,103hr57 22[October1991,104hr42 1485m

5 2 22[October(1991,104hr39 23[October1991,05hr21 1482im
9 20[Dctober1991,[03hr09 21[Dctober1991,[03hr57 1488m
11 22[Dctober1991,1hrs031 | 23[Dctober1991,11hrs450) | 1482 m

6 2 22[October1991,104hr39 23 Dctober1991,05hr21 1482m
5 24[October1991,[00hr15 25Dctober1991,00hr57 1482 m
10 21[October1991,16hr21 22[October1991,17hr06 1485m

Table54Morphological fides Selected from[three Gbservationpoints(at(all four(sections.
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5.5.3.3 Selection[6f[dptimal[inorphological(tide

Thelindividually[$elected fmorphological tides Wwhich Where foundlatlseveral [observation
points(at(differentisections(arelgivenin(Table5 (5.

nr section] | from to period
1 4 21[Dctober1991,03hr57 22[Dctober1991,04hr42 1485m
2 3 21[October1991,16hr21 22[October1991,17hr06 1485
3 5,6 22[October1991,104hr39 23 Dctober1991,05hr21 1482
4 4 22[Dctober1991,11hrs03 ] | 23[October1991,11hrs4501 | 14821

Table[575Morphological fides selected forevaluation.

These morphological [ tides[were[evaluated "by comparing[the averagel transports[from
simulations Withthe orphological fide [for @ach [Sectionldgainst[Simulations With[a[complete
neap[sSpring(fidal¢ycle. Tt Was [found[thatmorphological [fides[3 [dnd [4 (heavily[Overestimate
thelaveragesouthwards[fransports [dt/the[Southernflank in[Section4[and[5.[Alsolthe[daverage
transports over(thelsouthern(flank ‘of(the(tidgelat[section 6 [aremot(tepresented [Very well.
Morphologicaltides(1[and 2[both [0Overestimate the[dveragesouthward[fransports, (butmot(as
heavilyas[morphologicaltide[ B “and[#4. Although[morphologicall tide( 2 [represents[the
neapspring(averaged [transports(at(section[3[better than morphological (tide 1, the[latter[is
chosenlas(overall valid[morphological fide [as(it[performs(slightly [(better [at/section(5, where
the[Jsouthward [Jtransports(Jat[the[southern[Jflank[are[Jrepresented( better Ithan[lwith
morphologicalfide 2.

Thelselectedoverall(morphological[tide[tuns from[21[October[1991,03hrs57m[Tto[22
October[1991,[04hrs42mland(thus(¢overs alperiod of(1485 minutes,[see[Table[5(6. This
period Wwas(selectedas it Tepresentsthe meapspring [averaged fransports(atTocation flat” [and
“top”[inlall fourlsections(teasonably [well[and[does [tepresent[the[southward[transportsfin
location["dip”(in(all Sections Better [than thecther horphological [Periods.

overallmorph.tide| from to period

“mt2” 21[October1991,103hr57 22[OctoberM991,104hr42 1485m

Table56Selected[dverall morphological fide"mt2".
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Figure[5[14 Boundary [donditionsforsection4; thorphological fide "mt2".

Figure[314shows[the boundaryconditions/atSection 4 formorphological fide 'mt2”,these
boundaryconditions Gwere[derived fromhesting[[inthe THCZ [model, (boththe “original
conditions [fromthe [HCZfnodel andthemorphological [tidelin(harmonic ¢omponentsare
plotted,JitClcanJbeJseenJthat[J16 TharmonicJcomponents JareJsufficient for[Jaccurate
representation. [InFigureE.05[@nd[E.06 boundary[¢onditions [for[morphological fide[fmt2”
atlSections(3,4[5/and6(arelgiven.

Comparison[to[first[inorphological[tide

Themorphological fidelderivedin[the [previous Sectionlismot[very different from[thelone
derived[here, there’s time[difference ofConly[ 7753 Ciminutes between [ both[periods. The
morphological fidelderived[with the$econd [mmethod [$tarts[somewhat[¢arlier[and [is[justla
little[further[from[Springtide[and [ébb [velocities[are[therefore[d ittle Smaller. In general, [the
residual [fransport[(in[Northern(direction) is[Somewhat iinderestimated, [the [ddvantage [0fTthis
is[albetter[tepresentation of(thelaverage(transports at/the(southern(flank loflthe(tidge. The
decreaselitselflisstill [0verestimated [Compared [to the meapspring [averaged [transports, But Mot
asimuch (@swiththethorphological tide[“basic(a”.

Itimust(benoted [that[the (morphological [fide“basic[a” [tepresents (themeapspring [averaged
transports(very[Wwell,[exceptfor[the[$outhern[flank[oflthe tidge. The morphologicalltide
“mt2”[derived [in[this[ Section[ performs(slightly [ better, butdoes[ still[ overestimate! the
southward (transports/atlthe southern(flank [0f the ridge [atSection 4 [and 5.

Morphological[tide[¥mt2”[in[harmonic[¢omponents

Themorphological fide Was[converted into armonic ' domponents o [allow for[simulation [0f
any[calendar(periodfinfime.This[¢onversionwascheckedland Wwas foundfoBelgood.Also,
thelaverage [fransport(tatesfrom/asunluising the morphological fidelgiven[in[16 harmonic
componentswere[comparedfoltheaverage [fransportfusing the[fimelseries from(the mesting
procedurelover(theléxact[Samemorphological (period;the dgreementwas found[foBelgood.
Themorphologicallfide[¢an be funtepeatedly,butlas(itTepresents fide[averaged fransports
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overlalcompletemeap Springfidallcycle,thelsimulation[periodldlways meeds o [beldn integer
number 0fhorphological(fides.

5.5.3.4 Evaluation[éflinorphological[tide[¥mt2”

Themorphologicalltide[derived[in this[Section[wastested by comparing[theaverage
transports from(simulations With[the thorphological(fide for€ach Sectiondgainst[simulations
with@lcomplete meap [Spring [fidal[cycle.

section 3: avg tot transports (incl pores, m3Imer)
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Figure(S[15[Averagetotal tfransports frommorphological tide “*mt2” [for[sections 3,4, 5 and[6.

Figure (5115 shows [thetimeaveraged total transports(forboth(the mieap [Spring(tidal cycleland
the morphological [fide from(21 [Dctober1991,[03hrs57m(to 22 Dctober1991,04hrs42mfor
eachllsectionusing[the[11986 [ bathymetry. [ [From[ this[ figure[fit[lcan[be[seen[ that[ the
morphological fide 'mt2” [iinderestimates [the [fransports [in[Section 3 [and (6 [with[mearly 10
m’/m/year|((incl. [pores), fransports/in[Section 4 [and (5 [are represented well. [Furthermore, [the
morphological tide[still[dverestimatesthe[average[southern(transportsat(the Southern flank
offthelridge, though motas(strongly(as(the previousiderived morphological [tide “fbasic(a”.
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InFigures(E.15fo(E.18bHothTesults from [simulations sing the full meap [Spring[fidal ‘dycle
andusing theMmorphological fide "mt2”[aregiven. It Wwas foundthatthe thorphologicalfide
showed alsomewhatgreater[decreasein heightCofltheltidgethanthe fullheaplspring
simulations[and[that, "especially “at[$hallower water[(section[3 fand[4)[theimigrationivas
underestimated[dompared [fo(thefull meap [spring[simulation. [At’deeper Water [the migration
was [dccurately fepresented Wwith themorphological(fide.

The'tidelaveragedfransports[inSoutherndirectionat thefopofTthetidgelis[dverestimated
using the morphological (fide 'mt2” [(seeFigure[515),buthasTimited[effect. [Analysis[of
transportratesshowed that(the Top6fTthe ridgeinitially [€rodes at/aldonsiderablerate, butthat
after[Some(fime, [dsthe height‘ofTtheWidge s dltered, [the fime [fideaveraged [fransports [Over
theridgeareCinhortherndirection “only Candthe[TridgeerodesatCalimuchslower[Tate,
comparable o that(6flthe full ieap[Springcycle

ResultsCfrom T morphological Jsimulations Jwith[the[Jselected ' morphological (tide Care
encouraginglirrespective[ofthe femporal, [initial ‘€rosiondat the Topofithe Tidge Thatfit/eéntails.
Consideringtheléncouraging[tesults(and [the [¢computational [éfficiency[itiwas[decided [fose
themorphologicallfide " mt2” for/all[simulations

5.6 Wave[$chematisation

Inlorderltolsimulate(theleffect of[waves on[the orphological [¢hanges, ¢ither[the[WAVE
moduleloflDelft3Dlor(the[donstant[wave heightlsetting/in[Sediment[Onlinel¢an[been used.
Herein, [ thel constant[ wavel setting[ of Sediment[ Online[Wwas[uised, which[accounts forla
spationallydonstantWwaveheight.[Thewavemodel provideswaveforces[foltheflow hodel
and[thereforel énables/the[flow[model[tol simulate[ Wwaveldriven[ currents. Also, the[Wwave
parameters are[provided(tolthe[Sediment[Onlineladd onltoldccount for thelstirring[éffect’of
the [Waves[on[the[sediment[transport.[Twol[wave[schematizations(are[availablefor(thelarea,
model(desults Wsing [both Wwave[schematizations[will[belevaluated [againstmeasurements in
themext[Section.

In[Walstraletlal.[(1997)[alsingle[representative[Wavel¢ondition[(longterm average Wave
condition)Was[derived[fo(givethe bestrepresentation(ofitheldverall, [yearly [Waveclimate(at
locationEuro[Maas(c¢hannel by [applying theLatteux method folévaluateresidual [fransports,
see(Table(5[7.

Study H,(m) [ T,[(s) | Direction(°[IN) | Period (%)

Walstralet(al. (1997) | 2.25 6.6 315 84

WLI] [Pelft[Hydraulics

Table5[7[Applied singlerepresentativewavecondition.

Alsold[representative Wwave ¢limate[fromRoelvink[et(al.[(1998) wasused [inthis[study.[The
wavelgdlimate[consists (0f[11[Wwaveldonditions dand [Wwasselectedfrom[wave(datalclose(folthe
Portl[ofTRotterdam[over[the[period [June[1990+[July[1991.[TheWwavel¢limatelis[givenlin
Table(5(8.
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Condition | Hil((m) | T,((s) | Direction(°(N) | days(per(year | Period (%)
w00 0.10 5.0 310 136.5 37.123
701 1.05 5.0 255 46.0 12.603
N10 2.35 7.1 355 19.7 5.397
702 2.75 7.2 245 15.7 4.301
W06 2.35 6.8 295 5.1 1.397
NO8 2.35 7.2 345 8.8 2.411
W05 1.05 5.0 295 10.6 2.904
704 2.15 6.5 275 6.9 1.890
NO09 1.05 6.0 5 65.7 18.000
703 1.25 53 285 15.0 4.109
NO7 1.25 6.3 345 35.0 9.589

Table5[8[Applied Wwave[climate.

5.7 2DV[3ensitivity[analysis[éf($and[fidge[hear[Hoek[Van
Holland

Herein[the[2DV [$ensitivity [analysis[is[ discussed that[3wvas[ tarried Cout[to[investigate[the
sensitivity [0fthe 2DV [model [fo[several [(process and (model [parameters[Wwith[fespect[fo fair
simulation[0f'the morphological [development(ofithe(sand ridge mear Hoek van[Holland. [The
sensitivity [analysis(thus[also[serves[as[albasic[¢alibration oflthe[2DV [model.[Simulations
werel¢arried [out[with(the[Delft3D[Sediment[Online[addlonlin[2DV [mode. [First[thebasic
2DV iimodellsetluplisldiscussed, hext[thelsensitivity[ simulations[permodel or[process
parameter(are[discussed. The(settings found (from[the 2DV [¢alibrationand[sensitivity [funs
will(beusedlin[¢hapter[6 for(thevalidation[of(both(the(linetodel ((1DH, 2DV)[and area
model (2DH,3D).

Forlthelsensitivity [analysis/dnd(dalibration df'themodel, [the [period Jan26th[1986 [to March
18th(1991 was(selected. This[period(allows for/Gomparison (0f'the [domputational results With
themeasurements. TheValidation[in [chapter (6 is[@lso[carried[out for [thisPeriodand(also for
the period March18™1991 [fo October 19™2000.

5.7.1 Model[$et[Lp

Infthis[Section[the dveralllapproachfothe[2DV [Sensitivity [analysis[is[given. [Firstthe BHasic
modelsetuplis(discussed, Wwhichlincludesthe modellgrid[and Bathymetry, Boundaries, fime [’
parameters, processes, Wind, Waves(and [fransport settings.
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5.7.1.1 Computational[grid

Tolallow forlafrue 2DV [simulation [0f(the [Sand [dump(a[small,[detailed [grid Was[donstructed
by fakinga3electionlofthe [HCZ model whichWwas ocally [tefinedlin[the[arealoflthesand
dump [folhavelanlaccuraterepresentation. Thethodel [gridisedfiereinis 20 mwideland 2134
m(long, With [dminimal horizontal(grid[size[oflabout[10 M dvertheridge and@bout30 mlat
bothlboundaries. ThisHorizontal igrid Size 0110 h Wasfound[provide[énough resolution and
isC¢omputationally [éfficient,see[Section[4.3.1.[Thel¢onstructed [grid[is[onel¢ell wideland
becauseofTthe[staggeredgrid[conceptisedin Melft3 Dt really [is just Talsingle Tine[0f Wwater
levelpoints. TThelgridis/a[dne dimensional flumeSofo [Speak, With 6penboundariesatbBoth
endsoffthelgridandmo [slip [@twalls.

Alvertical [gridfofT10ayers with [logarithmiclayer[distribution Wwasised (hereinas[it[Wwas
found(that10ertical TayersSuffice With WavesSmallerthan3.00m,SeeSection4.3.1.

5.7.1.2 Bathymetry

Thebathymetry Wwasgenerated using [theldataldescribedlin Chapter3. Theloriginal [Sample
points[from[the measurements(werelinterpolated(onto(al5 x[3m(grid[that[wasised for[data
analysis. Next(the[depthpointswereised[ds[sample[points for(generating [the[bathymetryof
the 2DV mhodel By [friangular(interpolation(onto [the hodel(grid. The bathymetry[ofJan[26th
1986 [forlsection4 wasised/herein.

5.7.1.3 Open[boundary[¢onditions

Twolopenboundaries Wwereldefined; dtthe[south[western boundary (X [=[0 ) velocities meed
tolbelspecified andlat[the horthleasternboundary[(x[>[2134[m)[Wwater(levelsneed to[be
specified.[The harmonic/ forcing[ typel was[applied[ at[both[thelvelocity  and[water[level
boundary;the horphologicalltide ©imt2” [for[section 4 [Wwas[used Herein, [See [Figure[3[14.

5.7.1.4 Time[Jparameters

Theperiod[0fTJan26th1986[toMarch18th[1991 Wwas[chosen for[calibrationand Sensitivity
purposes. [ToTeduce [computational fime[simulations Were fun [0ver[d much(shorter fime; [the
morphological[¢hanges Wwere [Sped ipfothat(oflthe(calibration [period ising @ morphological
scale[factor, see[Section[#4.3.7.[Here, alsimulationperiod ofl( 7425 minuteswasused,
including d[spin[up time[0f[1485 minutes(fo dllow theodelfoladaptlitselflto theboundary
conditions.[ Theeffective[ kimulation[time[istherefore[ 5940 Ciminutes;in[ this[period4
completemorphological ‘¢ycles 0f[ 1485 minutesare simulated. In[Section[4.3.7 [different
simulationperiods [@and morphological(scale factors Werelihvestigated.

Allcomputational fime step [0f[30[Seconds Was [used, Whichlis[¢omputationallyéfficient[and
wasverified[tb lead [fo [accurate [results, [SeeSection 4.3 .4.
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5.7.1.5 Processes[and[physical[parameters

The 2DV [Sensitivity inodel was[Setip [folincludewind, Wwaves[and sediments, 8alinity [dnd
temperature Weremot(dctivated. The[physical parameters ised Were:

e Coriolislaccelerationwas(settip for[52[°N

e Acceleration(ofgravity was Set(to(9.8100 /s’

e Airldensitywas(1.000 kg/m’

e  Waterltemperature was[15°C

Thelalgebraic furbulencemodel Wasfised, See[Section’4.3.5.

5.7.1.6 Wind

Winddriven¢urrents [playanimportant[folelin[determiningfide[averaged tesidual [currents
and[fransports. Here, the wind (field Wwassimplified [intolalsingle tepresentative[Speed [and
directionWhichyieldsthe 'SsamelalongshorelandlcrossshoreWwind[stressfis[@veraged lover(the
entire[Wind[Tfield. [This Tepresentative[Speed [and[direction Were faken[as[7 /sand 240N,
thevalidity CofTthese[Values Gwvas[tecentlytested "and[confirmedagainst[long [ferm Swind
records(at[S(stations Withinthe [FLY LAND project(Roelvink&t(al.,2001b)

5.7.1.7 Waves

Theltecently [implemented[ tonstant[waveheight[Version 0f Sediment Online wassed,
whichldccounts[forlalspationally ‘constantwaveheight. In[Section[5.7.2.1 [Simulationsiising
alsingle[representative (wave[ conditionand [using [ alrepresentative (wavel climate[were
compared(toalsimulationwithoutwaves.

5.7.1.8 Transport[dettings

ThelSediment[OnlineladdlonlofDelft3D[wassed[for simultaneous computation[of flows
and[fransports/andsimultaneous(feedbackltobottom¢hanges;the elevation[oflthe bed[is
dynamicallyupdated[each(time[step. Theladvantage[oflthis[dverlanlofflinemorphological
computationlis[that[the hydronamicl[flow[computations[arelalways[ carried outlusing the
correct[ bathymetry.[The[ Sediment Onlinel‘addlon[ was[used[in[ ‘combination with[ the
TRANSPOR2004 [sediment[ transport[ model [ andal bed[ roughness[ predictor, sediment
characteristics@and@nline[SedimentParametersiised @regiven(in Table(5[9.
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sediment(characteristics

sediment/density 2650 kg/m’
drybed density 1600 kg/m’
mean(sediment(diameterDs, 300im
Online[Sedimentparameters

morphologicalScale factor 382.225
spinipfime 1485 minutes
equilibrium[concentrations (atihflow Boundaries[] | true
effectsediment(on(density [gradient true

updating Bed(atlinflow boundaries false

Table5[9(Sediment/characteristics and Online Sedimentparameters

Almorphological [scale[factor[0f(382.225wasapplied[in(the[simulationsuising[the[single
representativewaveof[ Walstrallet[al.[(1997) [, Cin[this (way[ the[ simulation[gives[the
morphological[development(the [period Jan26th[1986 [toMarch[18th(1991((1877[days). The
useloflhighmorphological Scalefactorswas Verified in[Section4.3.7.

5.7.2 Sensitivity[§imulations

InTthis[Section, (Tthesensitivity [Simulations [Will e discussed whichshow the[Sensitivity [0f
the2DV model [foSeveral processand odel [parameters With fespectfo ‘dccurate[simulation
oflthe morphologicalldevelopmentlandserveldsabasic[calibration [foénsure(dn [0ptimal [Set[]
up lofTthemodel. [For(the[sensitivity [analysisfand¢alibration ofTthe model, [the period Jan.
26th[1986 o March18th[1991was(selected.[Several [Settings[Or[parametersdrelinvestigated,
foreachlsettinglor[parameter[aValuelorlsetting[is[Selected [for[uselin[the sensitivity [and

validation runs.

Theprocessand thodel Pparameters(thathavebeenlinvestigatedlare listedinTable[510.

Inputiparameter(s)

Values

waveschematization

nolwaves, [ representative [ waveland Cwave
climate

horizontal ‘eéddy [diffusivity

0.10,(1.00,10@nd 25 /s

mean(sediment/diameter

225,300 (and 420 /jim

multiplication(factor(forbedload transport[’

0.25,00.50,1.00[and1.50

multiplication factor forisusp. Toad[transport[’]

0.25,10.50,1.00[@nd1.50

longitudinal bed[gradientfactor

0.50,1.00,1.507@nd5.00

WLI] [Pelft[Hydraulics

Table 510 [verview oflihvestigated [process/and thodel ihput [parameters
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ForleachlsettinglamorphodynamicDelft3D simulation forsection4 Wwas[carried [dut ising
theJalgebraic Cturbulence “model CinJcombinationwith TTRANSPOR2004 Tland[Tthe [bed
roughnesspredictor. Thelsingle Tepresentative Wwave from Walstralet(al.[(1997) wasised.

5.7.2.1 Wave[$chematization

Thetecently [implemented [constant Svave Cheight[version Cof[ Sediment Online[Wwas[used,
whichlaccountsforlalspationally [¢onstant[waveheight.[Bothlalsingle tepresentative[Wave
andlaWaveldlimatelare@vailable(seeSection[5.6) @nd will be [@valuated Mherein.

ThelelevenWwaveltonditions fromthe[Wwavelclimate eachChavelaldifferent[probability Cof
occurrence [([duration[in % [offime), Therefore[@achWave/condition meeds o belsimulated for
alcorrespondingperiod ofTfime. Because0fthe ise0flamorphologicalfide, thissimulation
period meeds(fobelanlinteger mumberofTtidal periods((1485 mminutes). By @pplying[different
MORFA Cmumbers [forall[Simulations, the[differentprobability [dofloccurrence [0f(the Wwave
conditions[are[taken[into[account. [ TheIMORFAChumbers are[¢hosen[$olasfolgive the
morphologicaleffectovertheperiod[thatCalwavelcondition would “occurlinlthetotal
simulationperiod[1986=1991.[Allwave conditions have Heen Simulated [consecutively,the
resultlofTthe[simulation[ofTthe Tast[wWave[conditionthereforelis thefinal [tesult[of [Simulating
the lentireWwaveclimate.The[fotal simulation period[Jan26th1986 [fo March[18th[1991 [takes
upl1877[days[(2702880minutes). MORFAChumbers[for[scaling[4x1485 [mminutes to[the
required (2702880 [minutes [dan(easily[Beldetermined(By[division:[2702880[/[5940(=[455.03,
thislis[the[total MORFAC mumber for[simulating [theleéntire Wwave climate. Next, the different
wavel¢onditions[and[their[probability [ofloccurrence needs o [(belaccounted for. [Bysimply
multiplying[the TMORFAC "numbers[with[the[probability “lof occurrence ofl thewave
conditions, the MORFA Clnumbers [fortheseparate runscan(be [found in(TableS[11.

wave/condition[ | probability MORFAC
W00 0.374 170.169
701 0.126 57.346
N10 0.054 24.559
702 0.043 19.573
W06 0.014 6.358
NO8 0.024 10.970
W05 0.029 13.215
704 0.019 8.602
N09 0.180 81.905
703 0.041 18.700
NO7 0.096 43.633
totals 1.00 455.03

Table(5(11 MORFAC numbers [forlélevenwave onditions

5—28 WLI] [Pelft[Hydraulics



Morphological[iodelling[éf[an[artificial[§and[tidge Z3079.40 May,[2005
near[Hoek[Yan[Holland,[The[[Netherlands.

Comparison[Wwave[§chematisations
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Figure[3[16Bottomprofile/developmentand fimelaveraged fransportsising [differentWwaveschematizations.

In[Figure[5016,the[computed bottom [profiles[for[simulationsWwithout[waves,[with[a[single
representative[wavel¢ondition [and [with[the [Wave[¢limate [(from[Roelvink[et[al. [(1998)[are
given.[Also(the fime[averaged [fransports are(given. It[canbe seen(that(theridgeincreases(in
height withoutwaves, which Was/(alsofoundfrom[initial hodelling[tests(in[Section(4.5.

Thelincreaselinheightwasl[also[observed [from ‘measurements0f(1986[and[1991.[As(the
morphological "developmentbetween 1986 and 11991 [is[mot[exemplaryandanlaverage
decreaselinheightloflabout0.10 m/yrwasfound overalonger(period((seelchapter3),itwas
thusproved that(simulations Mieed o [Bedarried [Gutfincluding Waves.

Results fromsimulations Wwith @lsingle Wepresentative Wavecondition[and [the Wwave[climate
from[Roelvink[ét[al.[(1998)[arelin[teasonablelagreement.Ideally, (theSinglefepresentative
wave[¢ondition Teads(fofimelaveragedfransportsiand orphological/development[identical
tolthat(Toflaldomplete Waveldlimate.[Here, [it Wwasfound(thatthe[Single Tepresentative Wwave
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condition"overestimates[the[decreaselinheightland inderestimates[the migration[inflood
direction. (Fromthelinitial modelling [fest[in[Section 4.5 lit Was[shown [that With[asymmetric
tides, [larger[Wwaves(leadsfolarger decreaselinheight andlarger(migration. From(this, the
conclusion(canbeldrawn [fhat(the(single representative Wave [0f Walstralgt(al. [[1997)[does Mot
represent[the JwaveJclimateJfromRoelvink et [Jal.[(1998) Cperfectly; Cconsidering Tthe
overestimation(ofthe/decreaselinheight(is Was foundthatthesingle Tepresentative wave [0f
Walstralétral. [(1997)s o Targeand that[a[slightly 'Smaller Wwaveldondition[would Tepresent
the waveldlimate fromRoelvinkdt(al.[(1998) [better.

However, the Gwave[climate[from[Roelvink[et[al.[{1998) s alschematizationalsoand
thereforeis Mot Perfect€ither; Mo [Clear[@ssessment(can Beadeldnthe walidity 0fBoth Wwave
schematizations. "Because[simulationsusing[the Twave[climateCareCtimelinefficient[Jin
comparisonfolsimulationsmsingthelsingleWepresentative Wwave [conditiondand [because Both
the2DVIiand 2DH odel Meed o BeTunWith fhe[samewaveSchematization for [Consistency
and[folallowfor[comparison, thelsingletepresentative Wwavewas Selected [formselinboth
models.

Figure[F.01 [shows(the Bottom profile[developmentland fimelaveraged Hed Tand [Suspended]
load[transports[for[$imulationswithout[Waves, [With[the[$ingle[representative Wwave[form
Walstralet(al. [(11997)and with[the Wwave[climatefrom [Roelvink(gt(al.[(1998).

5.7.2.2 Horizontal[éddy[diffusivity

Thelhorizontalléddy diffusivity[is[anléxchangel¢oefficientfor thehorizontal [diffusionlafla
conservative[property [byeddies in(a[turbulentflow; [it[éxerts[influencelon [the[concentration
distribution by ineans[ofltheladvection[diffusion[(mass/balance)eéquation,[seeltheDelft3D
FLOW manual (WLI[|Delft[Hydraulics,2003).

Thelvalue(for(theHorizontal [eddy diffusivity [depends(on [the flow(and[the(grid [Size ised. For
detailed modelswith/grid sizes(oflabout/ten meters(or less, the [value [for the horizontal [éddy
diffusivity lusually [arelin[the Tange [6fl1 fo[10 /s, [While With large ¢oarse grid models the
valuelfiypically lies/inthe Tange [6fI1 [fo[10 ?/s. The Horizontal léddy diffusivity is[aSo ¢alled
calibration[parameter; the value mustBeldetermined/in(the(calibrationprocess. Here,[values
0f10.10,(1.00,10and 25 th?/s werelevaluated.
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Figure[5[17Bottom/profile[development(and [fime[averagd fransports using differentvaluesforthe horizontal
eddy difussivity.

Figure[5117showsthe computed [bottom profiles “and Caverage$uspended "andbed Toad
transport tates iising [mean (a horizontal [éddy [diffusivity [0f[0.10,(1.0,(10.0(and[25,0[in"/s.
From (this figure it Wwas found that a (with (horizontal léddy [diffusivity (0f[10(and 25 n*/s the
erosion(atthefopofithe Tidge Wasdverestimatedduelfo Thelgreater liorizontal [distribution of
sediment.[A horizontal [eddy [diffusivity [of 1.0(m?/s was selected [for use in[the[validation
runs.

Figure[F.03 Cshowsthe "bottom “profile "developmentJandtimelaveragedtransports for
simulationswithldhorizontalléddy [diffusivity[0f(0.10,1.0,10.0@nd 25,0 m/s.

5.7.2.3 Mean[$ediment[diameter

Herein, [theeéffect(oflthemeansediment(diameter is investigated; [Simulationsusingamean
sediment[diameter[0f(225,300 and420jum [Were[¢arried [outland[¢compared. [These values
werel¢hosen(fo [tepresent[theaveragemean(sediment/diameter(ataldepthloflabout20mat
Hoek[wan[Holland[(225 [um), fo representthe [dverage mean(sediment[diameter[@t[the fopof
thesanddump Hoek [¥anHolland[(420um)[and[tofepresentlaltoughlaverage overboth
values (300 Tim).
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bottom profile development
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Figure3[18Bottom profiledevelopment(and fimelaveraged fransportstisingameansediment/diameter0f1225,
300/@and420im.

Figure[518Cshowsthecomputed [bottomprofiles and Caverage Suspended "andbed Toad
transport/ratesuisingldmean/sediment/diameter(0f225,300dnd 420 [im. From this figurelit
was[foundthatisinglaeansedimentldiameter[6f[420 umthe[tidgelincreasesinheight,
whichGvaslalso[foundfrom[initial fmodellingtests[without SwvavesCorCalnhet[current, see
Section4.5.The(fimelaveragedSuspended Toadfransporttisingd mean sediment/diameterof
420imfs/smallerthanfising@eanSediment/diameter 0f[300/0r225 [im.Thefimeldverage
bedToad [fransport(is biggerthan iising[@ean Sediment[diameter 6f3006r 225 [im.

Thisléffectlon[sediment [transport[ofithe heansedimentidiameter(is[Opposite proportional [fo
theéffectionSediment(transportofiwaves((seeSection4.5); [doarse [Sediment leads, like[small
waves, [to relatively[smallsuspended(load(fransportsas @ result/ofiwhich Bedload[fransports
are[dominant[and[theltidgelincreases[in[height.['With[$mall sediments[br[large waves,
suspended(load(transports/dominatebedloadtransports(and(the ridgedecreases(in Hieight

Thelincreaselinlheight[Wwas[also[observed from[ieasurements[of[1986and[1991.[As(the

morphologicaldevelopmentbetween[ 1986 and[1991 [is[hot[exemplaryand[anlaverage
decreaselinlheight/oflabout(0.10 h/yrwas(foundover(allongerperiod((seechapter(3), it[Wwas
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decided(fomselamean(sedimentdiameter[6f300 [im[in the Mmorphological ¢omputationsfo
providelsediment[fransportsfand orphology [thatepresents [the Tong [ferm (behaviour(ofTthe
ridge.

Figure[F.02 [shows(the Bottom profile[developmentlandfimelaveraged bed Tand [Suspended ]
loadtransports forsimulations isingdmean sediment/diameter [6f225,300and 420 [nm.

5.7.2.4 Multiplication[factor{én[the[bed[load[transport[(BED)

InMDelft3DSedimentOnlinelamultiplication factoronlthe bed Toad fransportdan(be@pplied
for/calibrationpurposes. [Here, the sensitivity [0fthe model o WVariations [0fthe multiplication
factor[wasinvestigated,[Simulations Werelcarried[dut Wwith ultiplication Factor[on[the [bed [
load Eransport[6f10.25,70.50,1.00@nd1.50.

bottom profile development
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Figure[3[19Bottomprofiledevelopment/and fimelaveraged [fransports tising different multiplication factors for
thebed[load[transport (BED)

Figure[ 519 shows[the[ computed bottomprofiles[andaverage[suspendedand[bedToad
transport(tates using multiplication factorson/thebed load [fransport[((BED)[0f10.25,[0.50,
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1.00Cand1.50.From [this[figurelit[followsthatteducing[thebedToad[transportlleads to

overestimation ofT the “top[érosion Cof ithe ridgeduetotheJincreasingJdominancy Cof
suspendedToad (fransport,[See[Section4.5[and[3.7.2.3. [Almultiplication[factor[on[the (hed [
load fransport[of(1.0 s Selected for hiselinthe Validation Tuns.

Figure[F.04shows[thebottom profile[developmentand[fimeldveraged bedTand[suspended
loadfransports for[Simulations ising ultiplication [factors[on(the HedToad fransport (BED)
0110.25,10.50,1.00and1.50.

5.7.2.5 Multiplication[factor{én[the[$uspend[load[transport[(SUS)

InMelft3DSedimentOnlinelamultiplication factor[onthesuspendedToad fransporticanbe
appliedforlcalibrationpurposes.[Here, the$ensitivity [of(the[inodel [toVariationsCbflthe
multiplicationfactor Gwas [investigated, simulations[were[ carried Cout Gwith Cmultiplication
factorlon/thesuspended oadfransport[ofl0.25,10.50,1.007@nd 1.50.

bottom proflle development
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Figure320Bottom profile(developmentland fimelaveraged transportstising/different multiplication factor for
thelsuspended doad fransport[(SUS)
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Figure[520Cshows[the computed [bottom [profiles and Caveragesuspended Candbed Toad
transport[tatessing ultiplication factors [on[theSuspended Toad fransport (SUS) [670.25,
0.50,1.00Cand .50 ] [From[this[figure[is[wasfound[thatwithfeduced “$uspended load
transport/the Tidge thigratesfinlebbldirection[dndlincreasesin height, Tike With [small waves
or(largelsediments, see Section4.5[and[3.7.2.3.[Almultiplication [factor[onthe[suspended ]
loadtransport[ofTl.0fis [Selected [forliselin the WalidationTuns.

Figure[F.05Oshows the “bottom Cprofile developmentandtime[averaged[transportsfor
simulationsising[@SUS factor[6f10.25,[0.50,1.00@nd 1.50.

5.7.2.6 Longitudinal[bed[gradient[factor{for[bed[load[transport

Withinthe[SedimentOnlineaddlén0fDelft3DIitlisPossiblefo@adjustthe bedToad fransport
forbed TopeleffectsisingMed gradient factorsforBedToad fransport. Bothlbngitudinal land
transverse bed[gradient factors[can[belaltered. Here, the effect oflthelongitudinal Tbed
gradient factor[is[discussed, the fransversebed[gradient factoris[0f o importancein[@a2DV
simulation. Themagnitude[ofTtheHed Toadfransportvectoris[adjustedifTabedSlopelexists
infthe(direction[ofltheBed Toad [fransportVector.

bottom profile development
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Figure(3121Bottomprofile/development/and timeaveraged transportsising[differentlongitudinal (bed[gradient
factors.
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Figure[521shows[the computed bottom [profilesCandaveragesuspended andbedToad

transport(rates lising Tongitudinal bed [gradient[factor(0f10.50,1.00,1.50@nd 5.00. From[this

figure[it[can[belseen[that increasing[thelongitudinal (bed gradient factor for bedoad

transportlincreasesfransportsfrom(the fop [ofthe Tidge fothe [foes, the Widgelitselftherefore

erodes faster, this[is[also[shownfromthelaveragebed load [fransports.[Alongitudinal (hed
gradientfactor0fT1.075[selected forise ih thevalidationTuns.

Figure[F.06[shows(the Bottom profile[developmentland fimelaveraged bed Tand [Suspended]
load fransportsfor Simulations iisingTongitudinal Bed gradientfactor[0f10.50,1.00,1.50and
5.00.

5.8 Synthesis

Infthis[study Both fransectmodel @pplications (1 DH,2DV)dnd[dreaodels[(2DH, 3D) will
besedfolsimulatetheMorphological [developmentlofTthe3and [tidge [Hoek [VanHolland.
Boundary[¢tonditions[for[these[models[Wwere[ generateduisingthe vell[dalibratedHolland
Coastal[Zone[(HCZ)[modell[and [were[éventually[¢onverted [into Tharmonic[¢omponents[to
allow [for(simulationoflanycalendar [period[in fime.

Tolteduce[¢omputational [fime, [a[tepresentative, (morphological fide was[derived uising[the
methodloflLatteux [(1995).[Theliorphological [fide[gives[an[optimal [tepresentation oflthe
residual((e.g.[yearly[averaged)sediment[fransports. The[determinationoffamorphological
tidel[tolschematize[thefull (heap(sSpring(tidal ¢ycle[showedthat/the morphologicalltidelis
quite[sensitive[to[thewater[depth[¢onsidered [When[waves[are takenlintolaccount.It[Was
shown [that(outside[oflthe ridge location [themet(transport[from(ameap springltidalldyclelis[fo
the morth(dueto[the [dominant[flood(velocities.[On top [oflthe ridgethe et fransport[from [d
neap/spring/(tidalldyclelis(to[the[south((ebb dominated)/duetothe[dominant/éffectlofwaves
during[ebb[ (shallowerwater).[ These[ effects werel taken[into[‘account! by alweighting
procedure using (datalpoints distributed (0over the@realincluding [the ridge.

The(tidelaveraged[transports/from[thelderivedorphological [tide werele¢valuatedlagainst
timelaveragedfransports ising(alfull meap[Spring(fidal(dycle. Tt[wasfound(that[the metfide
integrated [fransport(in Southern(direction [dt[the [fop [0f[theridge is[Overestimated [Somewhat
and(that(transport(tates loutside(the [ridge at[section[3 [dnd [6 Were underestimated. [Transport
rates at[Jsection14[Jand (15 [areJaccurately Crepresented [ Tusing [the Jmorphological “tide.
Furthermore, Torphological Simulations ising[d full meap [spring(fidal(cycle Were dompared
tosimulationsusingthe “morphological "tide. “From[this, (it Twas[foundthatCusingthe
morphological fidethedecreaseinheight(ofthe ridge Wwas Targer@nd ThatlatSection 3 land 4
the MigrationWasiinderestimated[in ‘¢omparison o the Tesults iising (@ full meap[Spring fidal
cycle.[Atldeepervaterthe migration was “accurately[tepresented [with the morphological
tide.

Given'theléncouragingmodellingTesultsfand[¢omputational ‘éfficiencyand [for[consistency

and[compatibility Measons, it (Was[decided Toise Theselected thorphological fide for both the
line[(1 DH,2DV)land(areamodels (2DH,3D).
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TwoCsuitablewaveschematizationsare[available.[Thel[single[tepresentative wave from
Walstralét(dl.[(1997)Wwas[derived folgivethe[bestTepresentation[of theoverall, [yearly Wwave
climate(at(locationEuroMaas [¢channel (by [applying[the ILatteux thethod [folévaluate Tesidual
transports. [AlTepresentative [(wavel climate[from[Roelvink[etlal. [(1998) Wwas[Selected [ from
waveldatalclose(fothe port/0f[Rotterdam overtheperiod June1990FJuly 1991 [and[donsists
of 11 wavelconditions.Both[Wavelschematizations Wwere[evaluated[in"a[2DV [$ensitivity
analysis.

ItCwasfoundthat[thesinglerepresentative Cwave of[ Walstralet[al.[11997)leads[toa
morphological JdevelopmentDthat[Jis TJin[JgoodJagreementwith Jthe JlongfermJaverage
developmentofTithe Tsand [ridgeTHoek [lvanTHolland Cand it Cwas [decided Cto Tuse Cthis
representativeWave [forthesimulation[0fthe Torphological [development[ofTthe [Sand Tidge
Hoek[van[Holland with[boththe [line[{1DH, 2DV)[andCarealimodels [(2DH,BD).[The
representativeWwave[climateTeads foldTargerdecreaseinheight(and [Smaller igration 6fTthe
ridgethanthelsingle Tfepresentative Wave from Walstralét[dl[([1997), withoutwaves(theridge
increasedinCheight, Owhich[wasalsofoundfromthelidealized [$andTidgemodelling[in
chapter@.

The2DVSensitivity [analysis [further[showed[that With Targer(values for the horizontal [eéddy
diffusivity[thelridge(érodes[At(alconsiderable(rate; dlvaluelof(1.00m2/s wasfound[to lead to
results(that(arein[goodldgreementwith the Tongfermaveraged/development(ofithe ridge.

Next,thelsensitivity [oflthemodellfo [the[eanlsediment[diameterDs,[Waslinvestigated. A
value[0fT420jum,[which[is[the mean sediment[diameter[on[fop [of[the tidge, Wwas[found[to
leadtolanlincreaseinlheightloflthe(tidgelduelfolthe dominantléffect ofbed load fransport
over[suspendedload(transport,[seel chapter[4.[Alvalue[of[ 300 im[was[foundltollead to
characteristiclmorphological [development(ofithe ridge [and [characteristic [fransport/rates.

Within[Delft3D [multiplication [(factors(on[the bed [Toad and [suspended(load fransport[canbe
applied[ for[calibration[ purposes. Thelsensitivity of( the[imodel to[variations[in[ these
multiplication factors[Werelinvestigated. [ TIt[Wwas[found[that[With[teducedsuspendedToad
transport[the(tidge migrates [in[eébb(directionand[increases [in height, Which[¢omplies Wwith
the[findings[oflT¢hapter(4.[Withlincreasing[fransport the[tidgeérodesatlallarger tate.[No
multiplication factors werelapplied[asfransporttates [(Were [in[good[agreement [With[known
valuesandthe[morphological [development[Wwas[ingoodagreement[Wwith[the Tlong[ferm
averagedevelopment(dsfound from Measurements.
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6 Model[tesults[of[$and[fidge[hear[Hoek[van
Holland

6.1 Introduction

Infthisichapterthesetuplofthelareamodel (2DH,3D)for the Malidationfunsfis[discussed/in
Section[6.2. Next,in[Section[6.3 [the [Validation [funs [of[both[theline(model [and [the [area
modelare discussed. "ResultsCofbothTmodelsTareCgiven Jin Csingle CplotsCifor Cmutual
comparison. Thelsimulationsfin[this chapterWeredarried [outisingan(dlder Versionandan
improved [ Version[ofDelft3D.[In[Section2.3.3.3 theain[differencelin bottom TayerSubl]
gridmodel betweenboth Versionsfis[discussed. Theresultsofthedlder Wersionarepresented
inSection[.3.[In[Section[6.4 modelling results Gwith[both versionsare compared for
simulations (at(section4[over(d[period 0f[9[and 14 [years.

6.2 Model$et[up[areaimodel (2DH,[3D)

Inlthis[Section[themodellsetupoflthelareamodel [(both[2DHland3D)ds[given. [Firstthe
FLOW /schematizations(are/given, which/include(the domputational [grid, [ihodelbathymetry,
open/boundaryl¢onditions(andfime[parameters. Theldifferent[processes ised [and [physical
parameters(arealsolgiven. Next, [the[Wwind[Tand [Waveschematizations[and [transport[settings
areldiscussed.

2DH[Ys3D

Both(the[2DH [and(the 3D [setluplisidiscussed(in(this(Section, the main[difference beingthe
number oflvertical layers; the 2DH [simulationis [d[depth[averaged[simulation Wwhich(reduces
the[computational timesinvolved; Mo furbulenceodelland moleddy [diffusivity [settings meed
tol$pecified. For[the[3D[simulationlalVertical [grid heeds[to[belspecified, alongwith[the
turbulenceand [eddy [settings(thentioned. These[3D [settings [areClearly stated hereafter.

6.2.2 FLOWI[$chematizations[area[inodel[(2DH[and[3D)

6.2.2.1 Computational[grid

Themorphological[Gomputations@imingatpredicting [the morphological 'development6flthe

ridge[tequire(a highTesolutionatthe Tocation[ofTthe ridge. From[simulations With[the 2DV

model it Wasfound(thatla Horizontal, Tongshore grid Size[dfTabout 10 @ttheTocationdfthe

ridgelistequiredforCaccurate[morphological (simulationCofTtheTidge[development.[The

computationalgrid‘ofTthe areamodel Was ¢onstructed [byfaking[alselection ofthe[HCZ
model, Which[Wasocally [tefined forlaccurate Tepresentationatthelocationof the [ridge.

Figure611 [shows the computational 'grid[ofthe [areatodel [(left).
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The tonstructedgrid[covers anlarealoflabout 40 kmlalongshore[and 27 km[inseaward
directionanddonsists[0fT66 X180 grid(cells. Thelongshoregrid(cell [Size Waries from about
1700m/(at(the(Tateral oundaries [fo@bout12minthetidge [Vicinity,[thecross[shore[grid cell
size[variesfrom/about[1400m(atthelcoastparallel [sSeaward boundary folabout[100m at(the
location[dflthe ridge.

computational grid model bathymetry

ot
4

7
75
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i

flit
o
A
it
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Figure6[1 [Computational [grid[(left) @and modelBathymetry [(right) ofthe@rea thodel.

Vertical[grid[(3D)

For[3[dimensional[¢omputationswiththelarealmodel, [@[Sol¢alled [Sigmaldoordinate Vertical
gridWas(specified. [Thismeans [that([thefotal Wwater(depthlis[divided[into[d mumber[ofTayers
eachlcoveringlalpercentage [0f(the[fotal Water[depth. Using[these[Sigmalayerstesults[in(the
same[Vertical [Tesolutionin[thel[entire[inodel[domain[tegardless oflthellocal [Wwater[depth.
Here, the[distribution[ofTtheltelativelayer[thicknesslis[honuniformtolallow[for[imore
resolution(ih(the mear(bed [@rea.

From[2DV [simulations[it[was[found(that[a[Vertical (grid [0fT10[¢omputational [Tayers Wwith[a
logarithmicayer(distribution’dnd@relative Bottom Tayer thickness[0f12% [0fthe Wwater(depth
ensure[ accuratel representationofl the[sediment[transports, seel section[4.3.1.[Thel[layer
distribution,(ile.thethickness(ofltheindividual layers[is[given[in[Figure[6(2.(It[¢an be seen
thevariation(factor(for(each(layerlis(1.33, which(compliesWwith[the[criterialspecified [in[the
Delft3Dimanuallthat[ statesthe[ vertical [ grid (must[have[al smooth[distribution;[i.e. the
variation[factorfor(éachlayerishould motlexceed 0.7 =(1.4.
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layer relative thickness((%o)
1 (water/surface) | 26.439
2 19.846
3 14.897
4 11.182
5 8.393
6 6.300
7 4.729
8 3.550
9 2.665
10((bed) 2.000
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Figure6(2 Vertical [grid[resolution [0f'thelareamodel.

6.2.2.2 Model[bathymetry

Themodel Bathymetry[was[generated lisingmorphology[datalofthe[ridge from[theMational
institutefor[Coastal [and [Marine [ Management[(RIKZ). This datalis[described[in[¢hapter(3
and[Wwas[¢onverted[ from UTM[¢oordinates/to[Paris ¢oordinatesfor[consistency[Wwith[the
HCZ model. The[MCZ[bathymetry Wasised @t(the femaining(areas. First, theridgedataas
interpolated[to[the grid[using[ triangular[interpolation.[ Then,[the[remaining[ areal was
interpolated[ from[the (HCZ iodel [ using[triangularinterpolation. Following[this[imethod
bathymetriesfor(1986,(1991and 2000 [were[generated. [In(the HCZ [model, [the Fslufter” (at
the[south[western[tip [ofl the[Maasvlakte andthe[i‘'van[Dixhoorn[drichoek”horth[of the
entrancel¢hannel (to[the [port[of[Rotterdam [(were motlincluded(in[theland [(boundaryof the
model, bothWere[schematized(dsmegativeldepths, this(dlso dppliesfor(theldreamodel.[The
model Bathymetry [0f(1991 [0flthe [@reamodellis[shownihthe rightplotiof[Figure6[1.

Tolallow [forfarhigh(morphologicallscalefactor(alsmall (strip [ofTa[fewgrid[¢ellsfalongthe
coast[was[made[unlérodable. This hon eérodable$trip fadjacent[to[the coastline[does not
affectCmorphological Ccomputations further “away [ from[the[toastline; the morphological
development(ofitheridgelis motlaffected.

6.2.2.3 Time[§cale[parameters

Forlthe(validation[oflthedreamodel fwo [periods Were[simulated, [the first[period [funs [from
January 261986 to March (181991 [and [the [Second [period (tuns[from March (18" 1991 to
October 19" 2000. These! periods| allow! forl comparison[ ofl computational  tesults[ with
measurements.

Thelarealmodel Wwas[tun[with[¢yclicTboundaryconditions for[fimelefficient morphological
computations.Alcyclicperiod[0f 1485 minutesWas [derived (based ipon [the Prerequisite [that
thelsediment(fransportlover theldyclicperiodshouldlequallthe Tongfermlaveragesediment
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transport, see[ Figure[1514.TheJsimulation[time[should Cequal “an[linteger Cnumber “of
morphologicallgycles; B cycleswereiised forBoth Periods

Thefimestepusedlin[Delft3Ddependsdnlseveral [(parameters, [Suchas(tequired accuracy,
stability,[gridsizeland Water[depth. [Anlindication[0flthe magnitude[ofTthe [fime Step s the
Courantmumber for Wavepropagation, fit[givesthe relation between Wave [propagation, fime
step@nd [the’smallest/grid(sizein[either X Tor [y direction. TDelft3D Mises @ mumerical [sScheme
thatlislinconditionally[stable, the[Courant Mumbertherefore may belas highlas20.Thefime
steplised(ih(thel@reamodel Wwas158, resulting [in[d Courant mumberdflabout16.

6.2.2.4 Open[boundary[¢onditions[and[discharges

Thelmodel Thasthree[openboundaries; twolaterallandlal¢oastparallel Seaward (boundary.
EachopenBoundary(is[dividedfin[@iumberof[boundarysegments,attheintersection [points
oftheboundary [segmentsopenboundary [conditionsneedto belspecified. (All Jopen
boundaries[were specifiedas[Wwaterlevel houndaries. [Boundary¢onditions[Wwere [generated
fromthe[HCZ model, the fmorphologicaltycle[of October211991,[03hrs57m[Tto[22
October[1991,04hrs42m [wasised herein.

Twoldischargeswerelincludedin[themodel. Theldischarge fromthe NieuweWaterweg [Wwas
obtained from(the [HCZ [model. Furthermore, the Tong ferm @verage discharge 6f1660 m’/s at
the [Haringvliet(sluices Wasfised.

6.2.2.5 Processes[and[physical[parameters

Theldrealthodel [Wwas Setlupltolincludelseveral [processes, which Will bediscussed(separately
hereafter:

e wind
e waves
e salinity

e sediments

The physicalparameters/ih [thelareathodel Were:

e Coriolis/dccelerationWassettip for[52°N,

e Acceleration of gravity was/set(to[9.8100 m/s”
e Airldensity was(1.000 kg/m’

e  Waterltemperaturewas(15°2C

6.2.2.6 3D[$chematizations

For(the[3D[simulation(alVertical (grid[was[Specified,[see Section[6.2.2.1.[Furthermore, the
algebraicturbulenceJmodelTwas[lusedJas[lit[Iproved[ better Jsuited [ [for[ luse Iwith[the
TRANSPOR2004equations[in[the[2DV¢alibration andis[more[time éfficient than ‘other
turbulence models, Whichlis[dbigladvantage here. The horizontal @ddy [diffusivity Was(set(fo
1.00th*/s, which Wwas found @ccurate [for [the [équivalent (grid sizes[in the 2DV [model.
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6.2.3 Wind

ThemodelWwas/setp (o represent/@verageconditions. TThe Wind [field Was[simplified finto[a
single@epresentative[speedanddirection Which(yieldsthe [Samelalongshore[and cross(shore
wind[stress(is[averaged[over(thelentire [ Wind [field. [This tepresentative Speed [anddirection
wereltaken(as[7m/s[and240°, The validity [0fTthese Walues Was [fested[and [donfirmed[against
long fermWwind Tecords(at(5 [stations Withinthe [FLY LAND project (Roelvink etlal.,2001b)

6.2.4 Wave[schematization

Thesingle representative wavedondition from Walstra'et(al. [([1997) was tised, wWhich Wwas
derived(tolgivelthebestrepresentation 0fithe overall, yearly Wwaveclimate [@tTocation Buro[]
Maas channel by [@pplying the LLatteux method [foévaluate residual transports, [see [Higure 6 (3

Study H,(m) [ T,[(s) [ Direction(°[IN) | Period(%)

Walstralet@l. (1997) [ 225 | 6.6 |[315 84

Figure[6(3 [Single representative wave[dondition fromWalstra et (al. [(1997).

6.2.5 Transport[parameters

ThelSedimentOnlineladd [on[ofDelft3D wasised [for sSimultaneous ¢omputationof flows
and[fransportsandsimultaneous[feedback fobottom ¢hanges; thelelevationofthe bed s
dynamically ipdatedleéach [fime step. Theladvantageloflthis[over[anloffline morphological
computation[is[that[thehydronamicflow[computationsCarelalways[carried outiising[the
correctbathymetry. TTheSediment[Onlineadd[on[wasused Cin[lcombination “with the
TRANSPOR2004sediment[transportCmodel "andthebedtoughness predictor. [ Sediment
characteristics[andOnline[SedimentParametersiised @regiven(inTable 6.

sedimentcharacteristics

sediment(density 2650 kg/m’
dryDbed(density 1600 kg/m’
mean [Sediment(diameter s 300dm

Online[Sedimentparameters

morphologicalscale factor 382.225

spin[uptime 1485 minutes

equilibrium[concentrations atfihflow Boundaries[] | true

effect’sediment(on(densitygradient true

updating Med(atlinflow boundaries false

Table61[Sediment/charachteristics and (Online[Sediment [parameters
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Themorphological "scalefactor[uisedto "$peed [up morphological [thangesto[that bfTthe
selected periods/is:

e 191.12forlthe period 6f JTanuary 26™ 1986 fo March 18" 1991

e 355.75forlthe period of March 18" 1991 ifo October 192000

6.3 Results

Hereinlthemodel [tesultslareldiscussed, figureslare[givenin[appendix[G. [Simulations[were
carried[out[using [differentinodel [approaches; [ 1DH.[2DV,2DHand[3Dsimulations[were
used[fo[¢compute themorphological [development[ofitheridge[overthe periods1986[1991
and (199112000 for[Section3 6.
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6.3.1 Computed[bottom[profile dlevelopment[and[time[averaged
transports

6.3.1.1 Section[3

bottom profile development section 3 1986-1991
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Figure 614 [ComputedBottom[profiledevelopment(and fime averaged bed (load [and [suspended(load(transport
between1986and[1991 [forsection3 ising 1DH, 2DV, 2DH[and 3D [simulations.
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1986[[1 991

Figure[6[4and[G.01 [showthe[computed ‘bottom[profile[developmentfand timelaveraged
bedToad@ndsuspended oad [fransportsbetween 1986 and 1991 Hor[section 3 mising[d[1DH,
2DV,2DH(and3Dnodel dpproach. Ttlcanbelseen [that/all[simulations showdTeductionin
heightlofTtheTidge, While heasurementsshowanlincreaselintidge height[ofTabout[0.25 .
Bothmulti[ayersimulations[(2DV[and3D) show [d[significantly [Smaller feduction [in height
than(the1 DHand 2DH [simulations.The ¢omputed migration[of(thetidge from [allinodel
approaches(isfin morth[Wwestern[direction(and s in[goodAgreement [With measurements [that
showedamigrationloflabout[75 . It[wasfound thatmigrationlis(slightly Targer Qising [the
singleTayerodel@pproaches((1DH@nd 2DH) than With fhe 2DV and 3D hodel @pproach.
Theigrationfromthe 3 DIsimulationfis(slightly[Smallerthanfhe igrationfromthe 2DV
simulation, Withfhe[SingleTayer(simulationsTit’sthe ‘other Wayaround;themigration from
theTarea’model Capproach({2DH)[sCslightly (arger thanimigration from[theline fmodel
approach[(1DH).

Timelaveraged [beddoadfransportfromthe 1 DH, 2DV fand[2DH$imulation[Gsabout10
m3/mlyear, incl. [pores and[increases at[the top of the tidge to about[15[m’/m year, incl.
pores after which/it[decreases fo about10 [m’/m year, [incl.[pores. The fime [averaged bed [
load transports[ from[the 3D simulationis[about 10 m’/m year, incl. pores but(is atlit’s
maximum [at(the Southern(slope ofithe tidge and[decreases at the fopand is about(5 m*/m
year, [incl. [pores [north[ofthe[ridge. [Timedveraged [Suspended (load [transport[fromthe 1DH,
2DV Iand 3D (simulation(is/about (8 (m*/m/yr, lincl. (pores southand north ofthe ridge (and is
about(15h3/m/yr(atlthefoplofitheridge. Timelaveraged/suspendedlload transportfrom(the
2DH [simulationlis about(7.5[m’/m/yr, lincl.[pores higher(than fromthe (1DH, 2DV and 3D
simulations.

19912000

Figure[G.02 [showsthe [¢computed[bottom profile([developmentand timelaveraged bedload
and[suspended(loadtransports[between(1991[and 2000 for[section3[usinga[1DH, 2DV,
2DHIland 3D model @pproach. Measurements/show ddecrease in height dflabout(0.25 land
almorthward[migration[oflabout[50m. dt(¢an belseen(thatthe decreaseinlheight[oflthe ridge
frombothlthe2DV[andthe 3D[simulations(arelin Measonableldgreement with easurements,
whilethe[1DHand[2DH[simulations[overestimate [the decreaselin height.[TThel¢computed
migration[0fthe ridge from(dll model [dpproachesis[about[100 mlin morth Wwestern[direction
and[thus(isl0verestimated(in [domparisonWith the theasurements.

Timelaveraged BedToadfransportfromthe 1DH,2DV,2DHand3Dsimulationfis@bout10
m’/m/yr, lincl. [pores[and(gradually lincreases to 14 m’/m/yr at(the fopof the Fidge, the 2DV
time [averaged bed Toad [fransportshows asuddenincrease [to bout 17.50 t*/m/yr (4t the ‘top
ofTthelTridge. Timelaveragedsuspendeddoad transportfromthe J1DH,[TT2DV and[BD
simulation(is about[10m*/m/yr, lincl. (poresSouth[and (north [of the tidge, While the time[
averaged suspended(load (transports from(the 2DH [simulation ‘are[about 7.5 (m*/m/yr, lincl.
poreshigher.[[Timelaveraged Jsuspendedload (transports “fromJboth Cthe 2DV Cand (3D
simulationfincrease TapidlyattheTocation6fTthe fop [ while fransports from Boththe 1 DH
and2DH simulationfincreasegradually.
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6.3.1.2 Section[4

19861991

Figure[G.03 8howsthe[¢omputedbottom [profile[developmentland [fime averaged bed Toad
andSuspended Joad [fransports between[1986and 1991 for[$ection4 ising[al[1DH, 2DV,
2DHand3Dmodel @pproach. dtlcanBelseen [thatlall [Simulations show dTeductionin height
ofTthelridge, While heasurements [show thatthe fop0fthe ridge stayslat@pproximately MSL
—[5.5m.[The2DV $imulationshowsalsignificantly[$mallerfeductionlinheightthanthe
1DH,2DHand 3 Dlsimulations. Thel¢omputed migration fromallodel@pproachesisfin
north[Western[direction; “migration ofl the[ridge fromthe[2DV "and[BD [simulationsis
underestimatedin¢omparison[With easurements[that’showedamigrationéflabout 0 m.
Thelmigrationfromthe 1 DHand[2DHsimulations[in[Tteasonable agreement[with[the
measurements.

Timelaveragedbeddoad transport[fromthe 1DH, 2DV and[2DH$imulation[isCabout10
m’/m year, lincl. [pores and increases [at the [top 0f the ridge o [about(15 th’/m year, lincl. pores
after(which it decreases[tolabout[10m’/myear, [incl. pores. The time averaged bed load
transport(from the 3D [simulations @bout 10 (mh’/m/yr, lincl. pores South (6flthe ridge, lincreases
at/the southern slopeand(decreases|at the top and is @bout(5 ™/m/yr morth(dfithe ridge.
Timelaveraged[$uspendedload transport[from[the[1DHland 2D VIsimulationlisabout[7.5
m’/m/yr, incl.[pores south and morth (oflthe tidge [andis dbout(17m’/m/yr(at the fop ofthe
ridge.[TTTimelaveraged [ suspendedload[transport[ from[the[ 2DH[kimulation[isabout[ 10
m’/m/yr, [incl.[ pores! higher! than[ from[the 1DH, 2DV simulations, whiletime averaged
suspendedload[transportfromthe[3DIsimulationlis[equallto[the fransports from[the 1DH
and[2DVI[simulationsnorthlofltheltidge, [it[subsequently[tends[to[the[¥Values of[the[2DH
simulation(south[oflthe ridge.

19912000

Figure[G.04 [8hows[the[¢omputedbottom [profile[developmentland fime averaged bedToad
andSuspended (load [fransportsbetween[1991[and 2000 for[$ection4 sing[a[1DH, 2DV,
2DHIand3Dmodel@pproach. Measurements(show (@ decrease [in height (0flabout(0.65 land
amorthward migration[oflabout[80m. dtcanbelseenthatthe(decrease/inheight(oflthe Midge
fromBoththe 2DV [and[the 3D [Simulations/arelih feasonable[dgreement With (heasurements,
whilelthe[1DHand2DH$imulations[dverestimate[the decreaseinheight. [TThe computed
migration [0flthefidge [from(all modelapproaches(isabout 70 m[in Morth Western direction
and[thusfsin/good@greementWwith [the measurements.

Time averaged bed Toad [fransport from (all [simulations is [About 10 m*/m/yr, lincl. [pores and
transports from the 1DH(and 2DH simulation gradually[increase fo 14 m*/m/yr at(the [fop (of
themidge, Whilethe 2DVIand 3D [fime averaged BedToad fransportishowslalsuddenlincrease
tolabout(17.50th’/m/yr at(the fop of the ridge. Time averaged suspended load fransport from
the[(1DH, 12DV dnd (3D [simulationlis[about10 ]113/m/yr, fincl. [pores[southfandmorthlaflthe
ridge, Whilethe fime averaged/suspended Toad fransports from The 2DH [simulation is[@bout
10(m*/m/yr, lincl. (pores higher. Time [averaged suspended load fransports from both the 2DV
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and3D(simulationfincrease rapidly(atithe Tocation0f the fop[Jwhilefransports from BHoth the
1DHand2DH [Simulationlincreasegradually.

6.3.1.3 Section[}

19861991

Figure[G.05showsthe[¢omputed (bottom [profile[developmentandfimeldaveraged (bed Toad
and[suspended(loadfransports[between1986and 1991 for[section5usinglal[1DH, 2DV,
2DHTand3 D iodel [@pproach. Measurements/show@lslightlincreaselin heightoflabout0.15
m,[Whilethe1DH@nd 2DH [Simulationsshow[aldecreaselinheight[6flabout2.00 mlandthe
2DVTandBDsimulationsshowaldecrease[inheightCofCabout[1.20Cm.The computed
migration[6fTtheTidge fromlall model lapproachesislabout25 M [in morth Western[direction
and[thuslis(severely linderestimated [in[¢comparison[With [the ineasurements [that'showed &
migration6flabout 100 m.

Timelaveraged [bedToad transportfromthe[1DH, 2DV and [ 2DH[$imulations[isCabout5
m’/m (year, lincl. [pores south [ofthe tidge [and increases atthe top [of the fidge folabout[15
m’/m/yr,[incl. [poresafter which it[decreases[to about[5 [in*/m/yr, lincl. (pores north of the
ridge. ThetimeldveragedBed(load[transport[fromthe 3D [Simulation/show [the(shifted [pattern
withlincreasingbedoad fransport(dttheSouthern(slopeland(decreaselatthe foplandis@bout
150m*/m/yrsouthof! the ridgel and[about 0 m’/m/yr horth[ofl the ridge. Timelaveraged
suspended load transport fromthe 1DH and 2DV [simulation is [about 2 t’/m/yr, lincl. [pores
southand (north of(the tidge [andlis[about(17m’/m/yr atithe top of the ridge after[which it
decreases(toltheldriginal (value.[While[the[time averaged [Suspended(load(transport(fromthe
3Dl simulation[is[in[ southward direction[ and[ the[ 2DH[ time[ averaged[ suspended load
transport(is/in morthern direction south 0f the ridge, (both increase(toldbout[30 m*/m/yrincl.
pores!at(the top of(the tidge after[which both[decrease to about 7.5 m’/m/yrl,incl. pores in
northern(direction morth(oflthe ridge.

19912000

Figure[G.06 [sShows the [¢computedbottom profile[developmentand fimelaveragedbedload
and[suspended(loadfransports[between[1991[and 2000 for[section5using(a[1DH, 2DV,
2DHIand 3D model l@approach. Measurements/show ddecrease in (height dflabout(1.25 land
aMmorthwardmigration(oflabout[80m. dt[canbelseenthatthe(decreaselin heightloflthe Midge
fromboth(the2DV[andthe 3D [simulations(drelin fair[agreementWwith iheasurements, While
the TDHand 2DH simulationsloverestimate thedecreaseinlheight. Mhe [domputed migration
ofTthe widge fromthe 2DV and[3DIsimulationsis[about10 M inSouthernldirectionand s
thusinaccurate.[Theimigration fromthe 1 DHand2DH [$imulations[isfabout1 50 m[in
northern(directionlandfis fhus/dverestimated

Time averaged (bed load [fransport from (all simulations [is [about (5 [m*/m/yr, lincl. [pores and
transports from(the 1DHand 2DH [simulation(gradually increase(fo [12Th3/m/yr atthe fop [of
themidge, Whilethe 2DVIand 3D [fimelaveraged Bed Toad fransportshowsldsudden lincrease
tolabout(17.50(th*/m/yr (at the fop of the ridge. Time averaged/suspended load transportfrom
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the[1DH, 12DV [and 3D simulation is about 0 m’/m/ yr,[incl. pores[Southfandmorth[ofTthe
ridge, Whilethefimelaveraged Suspended Toad fransportfrom the 2DH [simulationfis [dabout
10m*/m/yr, lincl. pores higher.Time [averaged suspended load [fransports from both [the 2DV
and3D(simulationlincrease Tapidly [dt[the Tocation (0flthe [fop, While fransports fromboth the
1DHand 2DH simulationincreasegradually.

6.3.1.4 Section[é

19861991

Figure[G.07 3hows [the[¢omputedbottom [profile[developmentland [fimelaveraged bed Toad
andSuspended Toad [fransportsbetween[1986and 1991 for[3ection[6msing[al1DH, 2DV,
2DHTand 3D model@pproach. Measurements show [@[decreaselin hieightdflabout1.20, [the
2DVTandBDsimulationsshowlaldecreaselinlheightCofCabout1.40mandarethuslin
reasonablelagreementWwith[theasurements. The 1 DHand 2DH Simulationsshow[a[decrease
inTheightCofTabout[2.00 mandthus overestimatethe decreaselinheight. [The computed
migrationof the fidge fromallmodel @pproachesis@about[10mlin morthWwestern[direction
with[the 2DV and 3D Simulationsand@bout50 tfrom1DHdnd 2DH [Simulationsandthus
is[underestimated [in[¢comparison[with the[measurements(that[showed[a[migration[oflabout
100/m.

Timelaveragedbedload transportfrom[the 1DH, 2DV and2DH[$imulationsis[about[0
m’/myear, [incl. (pores and lincreases at[the fop (ofthe ridge [fo [about [10m’/m/yr, [incl. [pores
after [ which[it_ decreases| tolabout[ 5[ im*/m/yr, incl. pores. Thel time averaged bedload
transportfromthe 3D [simulation(show [theshifted [patternwith[increasing[bed Toad [transport
at/thesouthern slopelanddecrease at/the[top [and is [dbout 15 m’/m/yr south of the Hidge [and
about[0m’/m/yrnorth oflthe ridge. Time averaged [suspended load transport from the 1DH
and 2DV simulation is about[2.5 m’/m/yr, lincl. pores in southern direction south oflthe
ridge, [about[10[m’/m/yr(in morthern direction (atthe [fop 0f the ridge after Wwhich it decreases
tolabout [0 m’/m/yr, incl. [pores. While the timeaveraged [suspended load fransport from the
3Dsimulation[isin[southwarddirection “and [ the[2DH[ time[averaged suspended(load
transport(is [in morthern (direction south (0 the fidge, both lincrease toldbout[30 m*/m/yrincl.
pores|at the top oflthe ridge after which Both [decrease [fo @bout 7.5 m*/m/yrl,incl.[pores morth
ofltheridge.

19912000

Figure[G.08 [8hows [the [¢omputedbottom [profile[developmentland [fime averaged bedTload
andSuspended Toad [fransports between[1991Cand 2000 For[$ection[6mising[al1DH, 2DV,
2DHand3Dmodel@pproach. Measurementsshow[d/decreasein height0flabout0.80 T and
amorthward migration 6f/about100m. Tt[danbBeSeen thattheldecreaselinheightofitheridge
fromoththe 2DV andthe3Dsimulations arelin fairfagreementwith measurements, but
that[themigrationlisfin[Southerndirectionandthuslinaccurate[as Mmeasurements $howla
migration[oflabout100 minmorthern(direction. [Theldecreaselinheight from[the 1 DHland
2DHIsimulationsfis[about2.00 i a@ndfs fhusdverestimated. TThe[Gomputed migration[ofthe
ridgefromthe 1DH and2DH [simulations is l@bout ™5 landfis thus in[goodlagreement With
theeasurements.
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Time(averaged (bed load [fransport from (all simulations [is [about (2 [m*/m/yr, lincl. [pores and
transports fromthe 1DHand 2DH simulation gradually increase fo 10 m*/m/yr at the top of
themidge, Whilethe 2DV(and 3D [fimelaveraged bed [load fransportshowsldasudden lincrease
tolabout(17.50(th*/m/yr (at the fop of the ridge. Time averaged suspended load transport from
the[1DH, 2DV [dnd 3D [simulation is@bout(2 th>/m/ yr, incl. Poresfin(southern(direction/south
ofltheridge"and"about[0im3/m/yr,incl. (pores horthCof the tidge. MThe timeldveraged
suspended load transports from the 2DH simulation are about (10 th*/m/yr, lincl. pores higher.
TimelaveragedSuspendedoad [fransports [from [boththe[2DVand 3D $imulationlincrease
rapidlyatithe Jocation[0f the fop, Whilefransports from oththe 1 DHand2DHsimulation
increaselgradually.

6.3.1.5 Underestimation[6f[iigration[at[$ection[b[and[é

From/ themodel Tesults for(Section[3 [and (6 [it[was found [fhatthe migration [atdeeper Water
wasminderestimated. From[the évaluation[oflthe orphological (fide'shownlinFiguresE.15
to[E.18Mtl¢anbelSeen[thatfhemigration from3imulations using[the morphological Tidelis
similar o [fhat[oflsimulations Wising @ fill meapSpringfidal[dycle. ThereforeitWas/concluded
that[the Tunderestimationbfl the “migrationat[deeper water[is(hot[dueltolthe[use 0fla
morphologicalfide.

6.3.2 Sedimentation[/érosion

6.3.2.1 2DH[$edimentation[/ ¢rosion

x 10°2DH-computed sedimentation / erosion between 1986 and 1991
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Figure[6[52DH [computed sedimentation /Térosion Between1986@nd 1991 withdepthlas(isolines.
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x10° 2DH-computed sedimentation / erosion between 1991 and 2000
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Figure[6(6 2DH [computed [sedimentation /Ierosion between 1991 [and 2000 with[depth(as(isolines.

Figure[65 [shows[the 2DH [computed [Sedimentation [dnd[érosionBetween 1986 [and[1991. Tt

canBelseen(that érosion[is(limited o the [fidgeonly andthat/Sedimentation[dccurs[over[the

entire(lengthofTthetidge at(the morth éastern(sideland attheldeeperpartlalsolatthesouth[]
western(sideofTtheTidge. (Figure[6 6 [showsthe[2DH [computed [Sedimentationandérosion

between[1991and[2000.1tWwasfound[that[erosion and[$edimentationwaslarger[in[this

periodthan (between1986[and[1991.1t[¢an belseen(that[sedimentation at/the morthléastern

sidelofTtheTWidgelis[particularly Margeland fakesuplalWwiderlarea, While[sedimentation[dt[the

south[Western[sideoflthe rfidgeat/deeper Water(is[less pronounced.

6.3.2.2 3D[$edimentation[/ érosion

Figure[6[7$hows[the[BD¢omputed ‘sedimentationand[erosionbetween 1986 and1991.
Sedimentationlandlérosionfis(dlearly[Smaller(than from the 2DH¢omputation, [éspeciallylat
deepervater. [Sedimentation vasfound "alongthehorthléastern$ide ofltheTtidgeandat
deeperiwater, [@lso atlthe[Southwesternside 0fltheridge. Figure6 8 [showsthe 3D computed
sedimentation"anderosion[between[1991and2000.Again, $edimentationand erosion[is
smaller than with the 2DH [Gomputation, Particularly [at[deeperWwater. Thelspatial [distribution
overlthelarealclosely[resembles(that(ofithe 2DH [domputation; [érosion[0f thelfop (0flthe ridge
and(sedimentation(along(theleéntiremorth¢astern(flank(oflthe rfidgeland (dt/deep [water(also[at
theSouth[Wwestern[flank.

Itiwas[found(thatBoththe[2DHand[3D[¢omputations(leadfolanidentical [Spatial [Patternof

sedimentation [dnd[érosion with[érosion(dnly[ofltheltop oflthe ridgeland[sedimentationboth
along(thelentirenorth[éastern/flank [0flthe ridgednd at[deep Water(alsoldt(the[south[Wwestern
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flank [0fTthe(ridge. (Tt[canBe seenthat/sedimentation@nd érosionfromthe 2DH [domputation
islarger(than from [the3D[computation, €specially [atideep Water.

x10° 3D-computed sedimentation / erosion between 1986 and 1991
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Figure6[7 3D ¢omputed(sedimentation/lerosionBetween 1986 and 1991 with depth @sisolines.
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Figure6[8 3D [¢omputed(sedimentation(/erosionBetween 1991 and 2000 with depth @sfisolines.
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6.4 Comparison[éfimodelling[fesults/with[different[Delft3D
versions

Hereinlalcomparisonlismadelbetween the two Delft3D[Versions[uisedinlthis[study. The
Delft3Dltesearch[Version(teleased 11112004 [Gs Teferred fo "asthelolder Version[and the
Delft3DFesearch[version[teleased (01042004 s referredtolas[improved [ version.[The
differencelin[bottomlayer[Sublgrid(model between [both Versions[is[discussed [in[Section
2.3.3.3.[Forlsimulationsisingtheimproved elft3D Version, dfew Mmorphological fide Wwas
derived.The$imulationsmising[thelolder¥ersionaretan with the morphological ‘tidelas
derivedfin[Section(5.5.3.dnfall[simulationsthe Previously Werified thodel [Settings [as tised[in
section6.3Wereised.

6.4.1 Morphological(tide[With[most[tecent[Version.

Tolguaranteela fair[¢omparison[between both[Versions, amorphological [fide Wwas[derived
usingthelimproved¥ersion6fDelft3D. Theorphological fideWwas[derived for/section 4, in
similar [flashion fothe method [presentedlin[Section[5.5.2.[Thismorphological [fide[tuns from
21October1991,16hrs27m(Tto[22[October[1991,17hrs1 5mlandlis[¢characterized by [fidal
velocities[between10.6and[0.75 /sland [dWater (level ariation [Between 10.75 [dnd[1.30 .
Themorphological(fide[that[was[used [Wwith[thelolder [ Version[Wwas[situated ‘onlyhalflalday
earlier(and (tunsfrom(21[October(1991,03hrs57m[1to[22 [ October(1991,[04hrs42mland[is
characterized[by[tidal[Velocities between[10.55and[0.70m/s and[alwater[level variation
between[10.75[@nd1.25m. Both(morphological tides arepresented [inh Figure[619.

section 4; velocities at Southern boundary

1.2 T T I T
. . = morphological tide older version
L S -+ - morphological tide improved version -
0.8} ‘

06
0.4}
0.2}

d.a. velocity (m/s) -

02
0.4 |
06 [
08 ¢ . . ‘

time (minutes) —

Figure[619 (Comparisonmorphologicaltides

Themewly[derivedmorphological fide Was(évaluatedlagainstresidual [fransportFatesfrom[a
full meap (springfidaldycle, See Figure (.09 in[Appendix [G. Tt wasshown that the improved
versionleads folSignificantly Thigher [fimelaveraged Ssuspendedload fransport(tatesthanthe
older¥ersion((seeHigureFigure 38 andE.08.)Which[is[duefo theldccurateldetermination[0f
suspended ToadtransportTusingthe correctionVector[{see[Section2.3.3.3). Further, (the
improved [Version[leadstol$mallerbedToad [fransportsthanthe older[Version{see[Figure
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Figure[ 58 andE.08.) Swhichis[duetoduelto imodificationsin[the[combined friction
coefficient[forWavesand/durrents Whichlisised intheinstantaneous [grain related Bed shear
stress[duefo Both[durrent/and Wave motion[(seeVan Rijnlet(al.,2004).

Alsolthe[distributionCbfTtheltimeldveraged [suspendedloadtransport over[thetidge has
changed; theltimelaveraged suspendedloadtransportlatthetopoflthelridgelisinflood
direction. [Thefimelaveragedsuspendedload fransportiisingthe(older Version[of[Delft3Dlis
in[ebbldirectionat[the[top 0fltheltidge dueltotheunderestimation ofl suspended doad
transportlin[the mear(bed [zone; Suspended loadfransport thereforeteactsmuchSlower[to
changeslin[flow tegimeandléspecially ‘duringlebb, sedimentslsettle Turtherfrom the Top,
wherefhey¢annot[be broughtback [fo [the fop, desulting [in[ametfransportinlebb [direction.
Furthermoreit[wasShown[that[the timeldaveraged 'bed Toad transport[isopposite[tolthe
residualGurrent.

From[G.097tcanbelseen(thatthemorphological fide Tepresents [the fotal TransportTatesover
theridgetatherlaccurately, [althoughthebedload [fransport[tates[(opposite o thetesidual
current) [@reldverlestimated atthe Top[ofithe(ridge.

6.4.2 Comparison[6fiinorphological[§imulations[for[§ection[4

Herein, 12DV [simulationsJusing [Iboth[Delft3D [versions Jwere[Tused['to[Jcompute Jthe
morphological[development[ofl the[ridgelover[the[periods[1986[1991[and[199112000for
section[ 4. Inlall[simulationsthel exact[ samelmodell settings wereused, except[ for[the
morphological(fide. Figures(G..10,[G.11,[Figure[6[10[and[TFigure[611[show the[computed
bottom [profile/development/and(timelaveraged bedloadldnd[suspended load fransports for
bothlperiodsforisection(4 hising [the two [Delft3D Versions ised[in [this[study.

5 year bottom profile development section 4 (1986 - 1991)
T

'1 5 T T T T
: = measured 1986
155 «+++ measured 1991 |
- computed 1991 (older version)
-16 - computed 1991 (improved version)

bed level (m) >
2

19 | |
900 1000 1100 1200 1300 1400 1500

distance (m) —»
Figure6[10Bottom profile[developmentfor(sectiond between1986and1991 fortwo Delft3DVersions.

Figure[6[10[8howsthe bottom[profile[development[for[section[4 [between 1986 and 1991
using[the[fwoDelft3Dversionsusedlin this[$tudy.It[¢an[beseenthatboth[versions[tather
accurately (iodel[the (migration[of(thetidge andthat[the[improved[Version[Wwith[the mew
morphological(tideleads tolamuch(smallerdecreaselinheight/than the ¢lder(version.The
resultCwith[the[improved[version lis[imore[fin[ line withImeasurements. However, [ the
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morphologicalldevelopmentbetween[1986and 1991 [forsection 4 [is mot[éxemplaryandan
averageldecreaselinheightloflabout0.10m/yr Wasfoundlover(dlongerperiod(see ¢hapter
3), which[dorresponds iwith(the resultsising the lolderMel ft3D Wersion.

T T T
- measured 1991
«+++ measured 2000
= computed 2000 (older version)

— computed 2000 (improved version)

9 year bottom profile development section 4 (1991 - 2000)
T T

bed level (m) -
3

185

19 | | | | |
900 1000 1100 1200 1300 1400 1500

distance (m) >

Figure[6(11 Bottom profile/development forsection 4 Between 1991 @nd 2000 fortwo Melft3Dversions

Figure[6[113howsthebottom profile[developmentforlsection4 between[1991[and 2000
usingthefwoDelft3D[Versions isedinthisstudy. (It[¢anbeseenthatboth Versions tather
accurately ‘model[themigration[of thetidge and that[the improved Version[with[themew
morphological fide leadsfo@muchsmalleridecreasefih lieightthanthelclder version.

AlthoughtwodifferentCmorphological "tides Cwereused, “both[versions[lead[to [ similar
migration0fthe ridge, Thatfis[in TineWith easurements. Thelimproved VersionWas fan With
themew morphological fidefhat[consists[ofTsmallervelocities[thantheoldermorphological
tide.dt[¢an(thereforeeconcluded thattheimproved Versionsleadsfolarger migrationof
thetidge[(equal migration with[Smaller¥elocities) Which s due fo [fhe linder predictionof
suspended(Toadfransportstising the[older Version,[see[Section2.3.3.3.dtlcan beldoncluded
that(the orphologicalldevelopment/ofitheSandridgeis Very [Sensitive fothe orphological
tidefised.

Iticanbelseen thatlthe ridge[develops rather Symmetrically iising (bothversions, Which s Mot
inllineWwith[themeasurements, [furtherthe(decreaselinheightising [the improved [versionlis
under [ predicted [in[ comparison[ with imeasurements, while using[ thel blder[version[the
decreaselinlheightwashodelled rather [dccurately. [From/simulations(in [Chapter4[(using[the
improved Delft3D[version)[it[iwas[ found[ that[larger[Wwaves[lead[tol al more asymmetric
development(ofithe tidgelandlallarger[decreaselinlheight; it thereforelisl¢concluded thatla
larger(singlel[tepresentative wavelheight[or[alwave[ climateincluding[storm[conditions
shouldbelused[with[the[improved version. Furtherlinvestigationlinto[Wavelschematization
with[thorphological modellingoflsand(ridges(is fequired.
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6.4.3 l4[year[imorphological[$imulation

Tolinvestigatethe[validity [0f[the Todelland odel Settings [for(afimelscalesTargerthan 10
years,[al[ 14 [year[simulation[for[section[4was[tarried Cout[uising two different[Delft3D
versions.

14 year bottom profile development section 4 (1986-2000)
-15 T T T T T

. . . - measured 1986
ABB = ~ .| + =< measured 2000
: : = computed 2000 (older version)
= computed 2000 (improved version)

bedlevel (m) -
J

| | |
900 1000 1100 1200 1300 1400 1500
distance (m) >

Figure[6(12 Bottom profiledevelopment between 1986and 2000 for(two Delft3D Versions.

In(Figure(612[and[G.12the2DVIdomputed Bottom [profile[developmentbetween1986and
200005 given[forsectiond, [t Wwas foundthat the 2DV model thatWwas [Setup [fo [Simulate(the
morphological[development(ofTthesand didge[danlaccurately predictthe Teductionin height
on[altimelscale[bfl 14 fyears. Migrationofl theFidgewas[slightly bverlestimatedCand,
comparedtotheCmeasurements, "the[ridgedevelopsrathersymmetrically. "The “overall
conclusion[islthat[the[2DVDelft3Dmodelcanlsimulated the[medium ferm$andtidge
behaviourWwith[feasonablelaccuracy.

6.5 Synthesis

Herein, alkynthesisCoflthe mainfindingsofTthischapter[is given. Model Tesults were
evaluatedagainstfneasurements,[a/distinction[Wastade [between [Tesults [at[shallower Water
depthi(section3and4)andldeeperWater((section3and 6).

Morphology

e Thelcomputedldecreaselinheight from 2DV and[3Dsimulationsfis[in[good[agreement
with measurements [between[1991and 2000, whichare tepresentative for[allonger
period. Boththe TDH and 2DH [simulation(overestimate thedecreaselin lieight.

e Measurements/show(dlincreasingmigration(in morthern(direction (With[increasingdepth.
Thetomputed Cmigration from 2DV and[BDsimulations[isCingoodagreement hat
shallower[depth "but[is[underestimated “with Cincreasing"depth "and"eventually [isCin
southerndirection. [The computed migration from[ 71 DHand T2DH [Csimulations[Tis
overestimatedatishallower[water[depth, but[isTesssensitive folincreasing [water[depth
and[thereforelin better[@greementat’deeper Water.

Timelaveraged bed Toadtransport
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Atlshallowerwater[depth,fimelaveraged (bed Toad [transportsfrom[1DH, 2DViand 2DH
simulationare[about[ 10 m3/m/yr,incl.[pores[and[ gradually[increase[ toabout[ 15
m3/m/yr,lincl. (pores at/thetop [0flthe ridge Whilefimelaveraged bed [load [fransport from
the 3D[simulations show [aldifferent[pattern[with[increasing (bed [load[fransport[at the
southern(slopelofithe tidge and[decreasing[transport[at[the fop oflthe ridge. Atldeeper
water, [time[averaged(bed load[fransports[@re dbout[5 h3/m/yr, incl. pores(and gradually
increase(tolabout(10m3/m/yr, lincl. [pores. Justlas(atishallower(depth, [fransports (from[the
3DI[simulation(dre/at(it’s haximum at theSouthern(slopedfithe

Timelaveraged ed Toadfransports from 2DV and3DSimulations Forthe period 19917
2000(show [a[rapidlincrease at[thefopofTthefidge folabout[17.50m3/m/yr,incl.[pores,
whiletransports[from[ 1 DH[land[2DH[simulations[gradually “increaseto[labout[115
m3/m/yr,lincl[poresat[thetop [at[Shallowerwater[depthand[about[10[m3/m/yr,[incl.
poresatlthefopat(deeperwater.

Timelaveraged(suspended load[transport

Thelfimelaveraged[suspendedload fransports from1DHand 2DV simulations[decrease
withlincreasing[water[depth;south oflthe tidge[typical[Valueslare[about[10m3/m/yr,
incl.[pores at(shallowerWwaterland[about 5 [n3/m/yr, incl.[pores at deeper[water.[ Timel
averagedtransports fromthe 2DH [simulation(are labout[10[th3/m/yr,linhcl.[poreshigher.
Timelaveraged JsuspendedToadtransportJfromthe 13D [Isimulation “lincreases with
increasingdepthland@pproachthe Waluesfrom fthe 2DH [simulation(dtideeper Water.
Whileltimelaveraged [ suspended(load[transports[ from[the[ 1DH[and[2DHI[ simulation
increasel graduallyCover[the tidge, [transports fromT2DV en BD[simulation[tapidly
increase/at(thefop oftheridge

From[thelsedimentation/[erosionplots[fromboth[the[2DHand 3D ¢computationsitwas
foundthat[bothcomputations showedanidenticalspatial "pattern CofTsedimentationand
erosion[witherosionlonly [oflthe [fop[ofltheTidgeandSedimentation bothlalongtheleéntire
northl@astern(flanklofTthetidgelandlatldeep [water[alsolat the[South Western flank [oflthe
ridge. TtiWwas found[that/sedimentationandérosion from fthe 2DH [domputationfis Targerthan
fromfthe3DIdomputation, Wwhich Wwas(especially [pronounced at(deep Water.

ItCwas[found(thatthreeldimensional (3D)inodelsCoverestimatethe[teductioninheightlin
comparisonWith[fwodimensional ¥ertical (2DV)[models, Whiletigration’and[deformation
ofTtheltidgeare approximatelyidentical. [tTis[fecommended tolinvestigate[in[detaillthe
existence0f[3dimensional [¢irculations/intheTidge Wicinity [and[it’s[éffects[onfnorphology
with@aB3Dmodel.

Comparison[Pelft3D[versions

InfSection(6.4,[a[comparison [between [the [two[Delft3D [Versions that[wereised in(this [Study
was[made by levaluation(ofimodel [results forsection(4. Theldifferencelin bottom [Mayer(sub[]
gridthodel Between Both Wersionslis[discussed(in[Section(2.3.3.3.

Itwasfound(thatithe improved Wersion[of(Delft3D leadsto larger [Suspended load [transports
dueltolthelcontinuoususeloflaltorrection[Vector tolthe[suspendedloadtransportlin the
bottomayers((seelSection2.3.3.3)@nd thusleadsto [@largertigrationoflthe ridge.
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Furthermore, [itGvasfound(thatthe decreasein heightlis[smalleriising [the mew [version. This
is[duelfolthelargersuspended Toad fransportsfin[the bottom Tayers which fransport/sediment
tolthefop region duelfo theldeformationlofvelocity [profilesovertheridge.

Theiimproved Wersion further Teads o [smaller(bed Hoad fransports than the0lder Wersion[due
tolsmallodificationsinthe[combined friction coefficient[for Waves@nd[durrents Which[is
used(infthelinstantaneous(grain(telated bed [shear[stress[due(fo Bothcurrentand Wwave motion
(seeVanRijn'étlal.,2004).

Fromthelderivation[oflthemorphological fide ising tThe Mew [Wersion it Wasfoundthatfime
averaged Suspended Toad[fransportisiinflood directionlonlyland that[fimeaveraged (bed]
loadtransport[isCinCebbdirection.[These changeswith [Frespectto theTesults fromthe
previousVersion(are related fothe dargerSuspended (Moad fransports(in [the Bottom Tayers fvith
the Timprovedwversion, "duetoCwhich the “suspended ToadbehavesmorelikebedToad
transport.

Fromthe14year(simulation[itwasconcludedthatthe 2DV Delft3D Mmodel[dan(simulate [the
medium [ferm Sand ridge behaviour Withfeasonableaccuracy.

comparison[Delft3D[Versions[With[tespect[to[the[inodel[tesults
using[the[older[Version

InC$ection[2.3.3.3Cand 6.4t Wwas[Shown [ that[thel[older Delft3D[Version[leadsto[linder
prediction[oflsuspended(load[fransportinthe Bottom [layers. Thistinder(predictionincreases
with[depthlduelfolthelincreased (bottom layer[thickness[when the telative[thickness[ofthe
bottom layer[temainsléqual[(2.00%).[Thereforethe inder[predicted (igrationlat($ection[5
and[6[(deeper Water)[(see[Section(6.3)is[dueltolthelolderDelft3D version.

In[Section[6.4[it[was[shown[thatusingtheimproved [Version[the[suspended(load transport
rates[increase[ duel to[ the[ proper[ functioning[ correction[ vector on[ the suspendedload
transportlin(the [bottom Tayers. [Furthermore, (bed(load [fransport(tates/decrease(due(tosmall
modifications[Jin[1the[I TRANSPOR2004 [ formulations.[ ' Therefore[Ithe[Iration[1between
suspended(load(and(bed load(transport/¢hangesWith[this[improvedDelft3D [version,[which
has[ significant[influence on[the morphological developmentofl the[ridgel as[ this[ ratio
determineslin(great/éxtend whether(the(ridge lincreasesOrdecreases(in Height.
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7 Conclusions[and[fecommendations

Herein, [the[main[findings[oflthis[studyare presented andfecommendations for[further
investigationdre(given.In‘Section7.2the[overall mostlimportant[¢onclusions With Tespect
tolthemain(objectives [0flthis[study(are presented. Next, lin[Section 7.2 fecommendations for
furtherfinvestigation/are/given(]

7.1 Conclusions

Hereintheldverall fmostlimportant’conclusions Wwith[tespectfothemainlobjectives [0fTthis
study(are [presented. Theldonclusions Willbelgiven With Tespectfo thefollowingsubjects:

o ridgelcharacteristics
e ridgeorphology

e modellSettings

e modelresults

e modell@approach

Ridge[¢haracteristics

Thelaccuracylofibathymetric[surveys[ofthe’sandtidge Hoek [vanHolland [is ‘éomparablefo
that[bathymetricsurveyscarried out[in theTNOURTECTstudy;the[vertical Caccuracylis
thereforefin/theorder(6f[0.10[0.2 mland fhelorizontal laccuracy ik linthe Grder(ofl fo 3 .

BathymetricsurveysofitheSand ridge Moek fan Holland Forthe period 1982 =2000[showed
alclear(teductionin(ridgelheightand ametmigrationinflooddirectionthatteducesWwith
depth.Thelaverage(Trate[ofmigrationin[flooddirection[is[about’5.50 M peryearfandthe
averageldecreaselinheightloflthe(ridgelis[aboutl0.1 [in[per[year. Between1992[and19937a
southwardmigrationdftheridge [@andlihcreaseinheight Was[dbserved.

Ridge[morphology

With[symmetricland [weak [asymmetric[tides[the[sand[ridge increases/inlheight[duelfolthe
deformation/of¥elocity [profiles/dover/theridge; the[fimelaveraged mearbed Welocitiesdrelin
directionlofltheltop ofltheltidgeland[solis[thebed[Tload transport.[ Withlincreasing[tidal
velocities[ or[nhetl currentsthe suspended(load[transportldominates!the bedload transport;
sediments (@removed[cutside the regionwhere they(canlbebroughtback [tothe topWwithbed[
load [transportland(thelridge(decreases/inlieight.

With[$§ymmetric[and [Wweak[asymmetric[tides[the migration[ofTthetidge is[in[eébbldirection
dueltolthe[dominant[ebbltransports¢aused by [thelhigher(bed shear[stresseswith[shallower
water[during[ébb. With[increasingnet[¢urrent(in[flood[direction, [the[eéffectof[the [shallower
water[duringébblis [Cancelled [Gutland[the ridge migrates(in flooddirection.
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Wavesl[stirfup[sediments and[leadtolarger$uspendedload [fransportsandalreductionlin
heightlofTtheridge.[Waves(dlso affecttheshape ofltheridge; Wwith[Waves(the fidgeldevelops
moreAsymmetrically. [TheleffectCofCwaves[increases with [diminishing [Wwater [ depthand
therefore [suspended(fransports during “ebb[(shallower water) Carelincreased [imorethan
suspended(Toad fransports(during flood. TWith [Ssymmetric fides [(no met/current) the igration
inlébbldirection(thereforelincreasesWith Wwaves. Themigration forfides With[aMetCurrentlis
infflood/direction @nd reducesWithWwaves.

Model[$ettings

InTthisTstudytheleffect[of[Variation[ofTseveral (imodel [MTand [processparameters [in[Delft3D
modelsWasinvestigated; mostiimportantdonclusions from this investigations Wwere:

o  Withllargewaves, thelreduction(in(height/oflthe ridge using[10 vertical Tayerswaslarger
comparison[tolsimulationsusing[20and (30 vertical [layers; With[large waves[greater
vertical resolution fis required.

e Thelfurbulencemodel Misedisloflsignificantlinfluence onthe computed morphological
development[ ofl thelridge; [ the[algebraic[ turbulence modellleads[ to[slightly[larger
migrationofithelridgeland [@(lessl@symmetric[developmentwith Wwaves [than(the kL [ork [
epsilon turbulencemodel.

e With[alvariable[bed[foughness[(bed toughnesspredictor)the migrationoflthe ridgeis
significantly [smaller than Wwith a[constant bed ‘foughness 0 (C =65 m"?/s. The[reduction
in(height/of’theridgelis(largerwith(d[variable bed roughness, butlthe shapeldevelops/less
asymmetrically (than Wwith@/constant bed[roughness, especially WithWaves

e ThelmeanlsedimentdiameterDsymeeds [fobeldetermined tather dccuratelyaslitlaffects
theldistribution Tofl Isediments [lin[Jthe [Jwater [Jlcolumn[Jand [Jtherebyldetermines(the
morphological "behaviour ofl thelsand[ ridge; [ with[larger[ sediments[ andl subsequent
dominant(bed(load[transports, the [ridge [ihcreasesin Height.

Model[results

Themorphologicalldevelopment(ofithe(sand(ridge mearMoek [vanHolland, The Netherlands
overlalperiodoflabout10[years hasbeen[modelled[with[reasonableaccuracyatlmost
sections.Theldccuracyis(strongly [affected by [the dccuracyoflthe morphological fide, when
wavesare[present. [ This[torphological [fide[should (bel¢arefully [determinedbased ‘onldata
pointsloutside[the(tidgelocationand[on[fop oflthe ridge Where the Water[depthis[much
smallerand Wavesare moreimportant.

This Cfurther Cimplies[that[the wave [schematization [lis Cof[isignificantlimportance “with
morphological [§imulationslofl$and [Tidges. Here, "al$ingle tepresentative vave was[used,
whichivas found o Tead o @ morphological [development thatfisfin[good [@greementWith [the
longfermlaverageldevelopmentdfithe’sand ridge Hoek WanHolland.
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Model[approach

Depthlaveraged modelsshould hotbeised fo[modelthe (morphological ldevelopment[of
sand[tidgeslas[these modelsusefixed, logarithmic[Velocity [profiles‘and[therefore ¢annot
model theléffectlofdeformationofVelocity [profilesover(the ridge. MDeformation [of Velocity
profiles(may(leadtola het[fransport[tothe[toplofltheltidge and maylcauseltheltidgeTo
increaselinhieight.

Threedimensional [(3D)modelsoverestimate 'the [feductioninheight[in[comparison Wwith
twodimensional Wertical [((2DV)models, Whilelfnigration[and [deformation o flthe fidgeare
approximately [identical. [1tCistrecommendedtoinvestigate [in[detail [the Cexistence 0fT 3 []
dimensional C¢irculationslinlthetidge[Vicinity fand [Gt’sCeffectsCon morphology [ with[al3D
model.

Bottom([layer[$ub[grid

InlthisCstudyCitCwas[discovered[ that[alcriterion for[the[accurate determinationof’ the
concentrations[in[the “bottom[layerdid[not[functionproperly(duelto[Trelatively[large
sediments[and[a[imandatory[bottom[layer[thickness),tesulting[inlanunder(predictionof
suspendedload[fransports. [Duringthe finalization[ofTthe[study[anupdate [of[Delft3Dwas
released thatput(things [rightland[continuouslyises [@nldccurate hethod [for(determination[0f
the[¢oncentrationslin[thebottomlayer.[Furthermore, [the teferencelheight [was[tecalibrated
and(a[mobility [term[(critical [Velocity)[on[the bedload [fransport wasladdedlinthis updated
Delft3D version.

SimulationsWith[anlidealized[sand fidge[Were redoneising [the iipdated version[ofDelft3D
and(abrieflcomparison Between both Wersions [revealed [that[this ipdate leads(to [significantly
larger[ suspended (load [ transportl and[ thus[to[larger migration[ rates.[ As[ suspended(load
transport[in[thebottom [Wwas[hot[inder(éstimated anymore, ' thel effectl ofl deformation[of
velocity[profileslover[the[tidge(transport[to[topoflthe[tidge) was[strengthened[and the
reductionlinlheight[wasteduced. Furthermore,it[wasfound that[bedload transport[tates
were[Smaller[duelto(thesmaller(teferencelheight and [the mobility [term for thebedload
transport

Fromthelderivation0fla morphological fidetising[the ipdated el ft3 D Wersion[itWwas[found
that[fimelaveragedSuspendedToad Fransportisinflood directionandfimelaveraged bed
load fransportfisfinl@bb[direction.

TRANSPOR2004

InTthis(study fit[WwasfoundthatWising[the TRANSPOR2004 [Sediment fransportiodel hed
loadtransportrates Cwithout waves Cwere[significantly Clargerthan “with Gwaves.[1tCwas
recommended(foinvestigate[the TRANSPOR2004 formulations for this and fecently @lstudy
ofTthe[TR2004 formulations [bythemodeldevelopers tevealedthatthis Wasldueltolthe
transitionbetween[current[Tand wavetelated [foughness. [The Gveighting (procedurebased
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upon[currentTand [Wave[telated [Velocities[Was[adjusted [ to[guarantee ‘a[$mooth transition
between bed(load Tfransporttates (Without’and with Wwaves [and [Wwill belincluded in the mext
updateofitheMelft3D modelling [Software

7.2 Recommendations

Herein, 'fecommendations[for further[investigationare[given. The tecommendations[are
givenWwith respectothefollowingsubjects:

e Modelschematizations(and Zapproach

e Delft3DbottomIayersublgridmodeland =restrictions
e Transportformulations

e Largelscalelsand mining

Model[$chematizations[and[[[approach

Itiwasfound(thatthemeanSediment’diameter sy determines fhe morphological (behaviour
ofTthe'sand ridgein[great/éxtent. Ttfistherefore fecommended [folinvestigate Theéffectoflthe
grain[size[distributionon the thorphological development[ofitheridge in futurestudies.

Itwasfound [thatthe [tepresentative morphological [fide heedsfobe determined [¢arefully,
basedlon(datapointsoutside(the ridge Tocation @andon fop 0ftheridge Wherelthe Water [depth
ismuchsmallerand Waves[dremoreimportant. In(a[continuation [0fTthis[study[it[is@advised
tolihvestigate(the Walidity [dflamorphological tidelintore(detail.

The(validity [0f(the[singlerepresentative[Wavel[dondition Was [Only [investigated [Briefly, butlit
was found that(large Wave heights Tead [fo [Significantimorphological [¢changes; [it[thereforeis
recommended [folinvestigatelin [more detail Whetheriodelling[oflarge wavelconditions(is
vital[fo [themorphological development(oflsand ridges.

ItCwas [ furthershown[that[three[dimensional [(3D)[imodels bverestimatethe teduction[in
height[lin[Jcomparison[Jwith [Jtwo [J[dimensional (vertical (2D V) [Imodels. [ It[therefore[ lis
recommended|tolinvestigatelin[detail thelexistence0fl3 [dimensional dirculations/in(thelridge
vicinity [andlit’séffects(onmorphology with @3 D [hodel.

Delft3D[bottom[layer{$ub[gridiinodel[and([festrictions

It(this[study[it[Wwasfound(that the[¢oncentrations [in [the (bottom[layer Wwere[severely [under(]
predicted[dueltolalcriterion forlaccurate[determination oflthe ¢oncentrations[inthebottom

layer(that[was mot[due(torelativelylarge[sediments (and [d(mandatory [bottom(layer(thickness

ofTat(least(2.0[% ofltheWwater(depth. [Altecently teleased [update[of(Delft3D [putthings Tight

and[¢ontinuouslyises[anlaccurateMmethod fodeterminethel¢oncentrationslin[thebottom

layer.
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Simulations Waryingthe[relative (bottom [dayer thickness[confirmed the Value[0f12.0 % [0flthe
waterdepth[thatWwas[Stated[in[theDelft3DFLOW Tuserinanual [asminimum Valuefor the
bottom [layerthickness. Ttlis[fecommendedtolinvestigate[the Testrictions[on[thetelative
thicknessofTthe bottom Tayer With fespect o the[dccurate [determination [0fIdoncentrations [in
the bottom(layer(atideeperwater.

Transport[formulations

InfthisStudy[itWas [foundthat mising [the TR ANSPOR2004sediment fransportinodel bed ]
load transport[rates TwithoutCwaveswere[significantly [larger than CwithCwaves. [ItCwas

recommended(foinvestigate[the TRANSPOR2004 formulations for this and fecently@lstudy

ofTthe[TR2004 [formulations’bytheMmodel developerstevealedthatthis vas[duetolthe

transitionbetweencurrent[Tand wavetelated [foughness. [The Gveighting [procedurebased

uponlcurrentTandWwave(delated Velocities Was[adjusted fo[guarantee[a[$smoothtransition

betweenbed(load MransportTates Withoutland Wwith Wwavesand Wwill e included [in the mext

update0flthe Delft3Dthodelling Software.

Infthisstudy itwas found(thatthe Suspended Toad rates @t the fop [0fTthe ridge Wwithout Waves
werel larger[ than[ with[modest[waves. This[was[not[ found[ from[the[TRANSPOR2004
sediment[ transport formulationsland[it[is[tecommended[tolinvestigate thel causel 0fT this
effect.

Large[$cale[$and[mining

ThisIstudy was[carried[dutwithinthe[SANDPITIprojectwhich wasSethip [to[develop reliable
prediction[techniquesJand[guidelines[to[betterunderstand, [simulate[ land “Ipredict[ithe
morphological (behavioroflargelscalesand mining frompits’and [large(scale(sand [banks. Tn
thisstudyanlartificial (sand[tidgel ofllimited dimensions[Wwas[modelled [Swvith[teasonable
accuracy using/Delft3D. [For(the ¢ontinuation [oflthis[study [it[is[tecommended to focus[on
modelling6firegenerationoflarge [scalelsand [banksaftersand [éxtraction.
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A Work[dverview

Herein, anloverview fis[given[oflthe[éxtra Work thatWas [arried [Gut[during this study but(that
was motlincludedlinthe body [fextofTthe Teportiduelfo felevancy With Tespect o theDelft3D
version thatWwas Tltimately (used CJ[This[extralwork[istelated [fo alSeries[ofupdatesofTthe
Delft3Dmodelling software(that (Were [teleased [during [this[study.[The[extraWork[includes
simulations(andafidal'Schematizationiising fthe[TRANSPOR 1993 Sediment fransportmodel
and mumerous Sensitivity [Simulationsiising [differentresearch Versions 0fMelft3D.

Successivelythefollowing fopics Will Be entioned Briefly:

o Thelestimation[dflaverage transportsfrommeasurements

e TRANSPOR1993ns[TRANSPOR2004 (incl. frachytopes)

e Thelsensitivity fothe Horizontal @andvertical [grid fesolutionising TRANSPOR2004

Estimated transports from(measurements
Alindication[0flthesediment[fransport(rates(dver[the [ridge[Was[derived[from measurements
and(served(as(dicheck 0flfimeldaverage[sedimentfransports from [the morphological tide.The
methodised Herelis described(inh(detail ih[Woudenberg((1996).

Theltotal[sediment[fransport tates cannot[beldeterminedfrom[$oundingsbecauseo0f the
unknownlinitial[Sediment(transport[atx [=[0. Total[Sediment[transport: [$tot. =[S [+Sconst.[S
can(beldetermined(from[$oundingsandthe[shape oflthe [sediment[transport over theltidge
can[therefore belestimated. Theldevelopment of 8 over[the(tidgelis[anlindication oflthe
sediment[tratesl overtheltidge. S[tanl[beldetermined from[ $oundings[ byl subtracting[the
integrated[profiles(and[¢orrecting[the tesulting[fransport tatesfor[differencelat[bothlends
(assumption[oflalclosed[system). Estimated[ transports from[ sounding[do[hot[ show[any
decreaselin[sediment/fransport(at/the[Southern(side[oflthe(ridge, Buttransports from [using
morphologicaltides(do./Alsolsimulations(overla/complete Meap [Spring tidal cycle[show[the

TRANSPOR1993 ¥s.[ TRANSPOR2004(incl. bed Youghness [predictor)
AtlthelstartCofTthe [study,[the [ TRANSPOR2004 [sediment transport[imodel fand [thebed
roughnesspredictorWwerenot[yet implemented [inthe Delft3D [modellingpackageand
waves/¢ouldlonly bemodelled ViaThe'WAVEmodule. Thereforefitwas[decided fose the
TRANSPOR1993 [sediment fransportmodelland @[S WAN [domputationfor thelassessment0f
thepredictivelcapabilities[of(Delft3Ddnthe morphological [developmentofTthesand(tidge
near[HoekvanHolland. Boundary [¢onditions Were[derived from the [HCZ model using the
automated hesting ‘procedurelandalimorphological (tide Swas[derived. [(Next[alsensitivity
analysis[wastarried Cout[usingthe[imorphological tide[andusing[the (TRANSPOR1993
sediment[fransportfmodel With fand Gvithout TSWAN Gwave [ computations. [Thissensitivity
analysisWas[Carried[Outfih Thore [detail than Teported/inthe feport.

Midlaugust[2004, Taresearch versionof [ Delft3D was I released, Twhich Tincluded Cthe
TRANSPOR2004sedimentfransportodel [and thefrachytopes Bed Toughness [predictor. [t
was[decided[to[Switch[to[thisfhew Version[as[itlis[Wwas[developedwithin[the (SANDPIT
projectiandprovides(astate [0fthe[artmorphological hodelling[System
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ItCwasfoundthat[the fimorphological [tide[derived using[theT TRANSPOR 1993 [$ediment
transportmodel [didn’t[Suffice With[this iewer(Version@nd [@amew morphological [fide meeded
toBelderived.

Alsolthenesting[in[the(HCZnodelmeeded [fobetedoneaslthebed toughnesspredictor
caused(significant[deviations[in Water (levels. Tt Was[decided o Tedo [the[sensitivity [dnalysis
using[thehew [version with[the CTTR2004 [sedimenttransport[inodel,[the[bed [roughness
predictorand (the ¢onstant[wavelheightlapplied from Within[the[Sediment[Onlinemodule.
From(this[sensitivity [analysis(it[Wasfoundthatthe model WasVery[Sensitive fo[the mumber
ofWertical Tayersand(therelativethicknessofthe Bottom Tayer.

The sensitivity tothe horizontalandvertical(grid resolution using TRANSPOR2004
Shortly afterthe firstWesearch Wersion [ofTDelft3Dthatlincluded The [ TRANSPOR2004 [Sand
transportmodel, [fwo lipdates becameldvailable. Thesensitivity '0fthese fhree Wersion o [the
vertical [resolution[andthebottom [layerthickness was compared. Thethree[research
versions [0fDelft3DthatWerelcompared Were teleased at

28(0912004, 1111112004 and29(1112004.

Computations Wwere ade[for[€ach versionwith[TR2004 using[10,20[and 30 vertical layers,
varying[thefelativethickness oflthe Hottom Tayer between[0.6,1.0land 2.0%. [0fthe [Water
depth. Inlthis[computations/themorphological [fide['mt2” Was ised[in [combination With[the
singleldepresentative[wave[from[Walstral(1997).[Thelhorizontal [grid [Size[over[the bar[Wwas
about(10[mland[the[¢omputational [fimestep used[was[30[s.[Thelmean[sediment/diameter
usedwas300[im.

Itlwasfoundthat[10[vertical Tayers[suffice for accurate[simulationof.[Furthermore, a mon[ ]
equidistant[ logarithmic [ spacing[ bfl the[ vertical[ grid[was[ preferred and[al bottom/[layer
thickness oflholless[than[2%[oflthewater[depthlWwas[Trequired[asl$maller[bottom[layer
thicknesslead [toinrealistic[fransports

This(setloflcomputationswas(alsorunWith[dhorizontal [grid [Size[6flabout 32 [musing three
different[JturbulenceJmodel (] (algebraic, Tk[L[Jand[Tk(épsilon). JAlso,Jthe[lexact[Jsame
computationsWere adefisingthorphological tide ©basic(@”[]

Fromthesecomputations, [it was[found that:

e ThelTesearchlversion[dd[2911112004 singlabottom layerthickness [0fT1% WwasVery
sensitivel[ to[the horizontal [ grid[tesolution, Wwhereby with[ greater[tesolution[the[bar
increased(inheight(andbecame thoreldsymmetric. Ttwas[decided Mot[fo ise thisVersion
aslit[seemed [ hot[ very[ trustworthy[in comparisonwith[the[ two[ previous[ versions
released.

o [t[wasl¢onfirmedthatlalhorizontal [gridSizeldfTabout10mprovided [énoughTesolution
forlaccuratethodellingof’the ridge behaviour.

e Thelfurbulencemodel Mised hadlonly Tittle éffect(onthe morphological[developmentlof
thetidgeland it[Wwas[decided o Miselthelalgebraic furbulence model as itis morefime
efficient.
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5 year bottom profile development
with U0 =0.05 m/s, Umax = 0.60 m/s and waves (Hs =1.50m, Tp=5.0s)
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5 year bottom profile development
with U0 =0.05 m/s, Umax = 0.60 m/s and waves (Hs =1.50m, Tp=5.0s)
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5 year bottom profile development

with U0 =0.05 m/s, Umax = 0.60 m/s and waves (Hs =1.50m, Tp=5.0s)
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5 year bottom profile development without waves
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d.a. velocities at max. flood and max. ebb

2000

12 : : : R PRSP PPIDPP PPIIPRRN |
U,=0.00m/s, U__ =050 mis, no waves|: 5 max. flood
IE 1 . _ max OSSR UURRURR P max. ebb
1
T 5 :
2 09 5 :
£ : :
= 08 5
8 07 :
@D : :
> N N
o 0.6 : :
o : 5
05 ; ;
0.3 : _ : § ;
| | | | | | |
400 600 800 1000 1200 1400 1600 1800
d.a. velocities at max. flood and max. ebb
15 ! ! ! ! ! ! '
UD =0.00mfs, U =0.75 mfs, no waves ' ' max. flood
_ max . e max. ebb
T
7
£
)
£
o
@D
=3
©
=
05 I I i i | I |
400 600 800 1000 1200 1400 1600 1800
d.a. velocities at max. flood and max. ebb
17 ! ! ! ! ! ' —
' UD =0.00mfs, U =1.00 mfs, no waves max. flood
16 _ max SRS SOV UUUURRUURNSUUURIS IAAMALN . max. ebb
T
7}
£
2
S
o
@D
=3
o
=

idealized sand ridge model effect of tides without net current (drift)
d.a. velocities at max. flood and max. ebb

2005

UD = 0.00m/s, U1 = 0.50/0.751 .00m/s. no waves

idealized sand ridge

WL | Delft Hydraulics

2307940

Figure C.10




« (sa) Aillloojaa Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Alloojea Bae < (sa) Aljloojea Bae

¢00 0 coo-

0c

<00 0

00

0c

v

¢00 0 <200

0c

<00 0

c0'0

0c

<00 0

c0'0

<00 0

00

0c

<o o

00

wetzL=X

wezzl =X

welpL=Xx

0c-

« (sa) Aillloojaa Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Alloojea Bae < (sa) Aljloojea Bae

¢00 0 <co0

0c

¢00 O

c0'0

0c

¢00 0 <co0

0c

¢00 0 <co0

0c

v

¢00 0 <co0

¢00 0 <co0

0c

¢00 0 <200

2 [
. 3 F
[H Y O O O O
: . : -
W: m_- f 3
H L L O H L L H L L O H L L
WwegzoL=x welg =X wegzgg =X wegzgg =X

0c-

ml

(w) yydep —

(w) yydep —

2005

Figure C.11

idealized sand ridge

idealized sand ridge model

tide-averaged veloci
0.00 m/s U1

o
s
o
[
=]
™
N
(=
A
=
el
c
[
=
-
S
o
E
]
t..eu_.“ =]
S £ =
© 0 =
£ o =
el
55 | 2
o
0 s I
D
3z 2 £
E=1T)
- [a]
[- s —_
- O |
17}
@ o =
£ o
@
=
=]
£

%gm;‘s, no waves

=0

u,=




avg vel. profile at x = 1125 m (top -25m)

0
. CE s v
E | . E
£ é : : £
% A0t .............. ........... .............. .............. ....... %
=} : : : : : =}
i) i)
A5 .............. ............. ,‘ ........... ...... _
220 ; ; i ; ; _
-0.02 -0.01 0 0.01 0.02
avg velocitiy (m/s) —
avg vel. profile at x = 1075 m (top -75m)
0 T T T T i
E E
= =
o o
[++] [++]
= =
i) i)
220 ; i ; i ; _
-0.02 -0.01 0 0.01 0.02
avg velocitiy (m/s) —
avg vel. profile at x = 1025 m (top -125m)
PP v
E | | E
= : 5 : =
% A0t .............. ............ L .............. ....... %
=] : : : : =]
! | !
A5 .............. ............... .......

-0.02 -0.01 0 0.01 0.02
avg velocitiy (m/s) —

avg vel. profile at x = 1175 m {top +25m)

-0.02 -0.01 0 0.01 0.02
avg velocitiy (m/s) —

avg vel. profile at x = 1250 m {top +75m)

-0.02 -0.01 0 0.01 0.02
avg velocitiy (m/s) —

avg vel. profile at x = 1300 m (top +125m}

-0.02 -0.01 0 0.01 0.02
avg velocitiy (m/s) —

idealized sand ridge model: effect of tides without net current {drift)

tide-averaged velocity profiles at ++ 25, 75 and 125 m from the top
UD =0.00 m/s U1 = 0.50 mfs, no waves

2005

idealized sand ridge

WL | Delft Hydraulics

2307940 Figure C.12




« (sa) Aillloojaa Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Alloojea Bae < (sa) Aljloojea Bae
¢00 0 <co0- -No.o 0 <co00- -No.o 0 <co00- -No.o 0 <co00- -No.o 0 <co00- -No.o 0 <co00- -No.o 0 <co00-

0c 0c 0c 0c 0c 0c 0c-
T || v v
| .......... ) QU Gl- | ..........
: - : . :
. - : :
- :
& :
m * m m “ : ” m
L ! T Aot SISO SR
m t : m : : . m m
- L ;
: 1 *
R | m T m m _ m :
EEREEREEREE o i1 ml IRERRRRRREE .......... - e -
: * : _m : : :
. b m m m L
——— g b——Jp b———Jp L—p L———Ho L—— o L——Ho
weigL=x weiglr=Xx WegZglL=Xx WweizZL=Xx WegzgZl=Xx WelLL=Xx weGLL =X

« (sa) Aillloojaa Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Alloojea Bae < (sa) Aljloojea Bae
¢00 0 ¢00- 200 O No.omm ¢00 0 <¢00- ¢00 O ¢0O0- ¢00 O ¢ZO00- 200 0O ¢00- 200 O <00

0c 0c 0c-

0c 0c

0c

v

mom

wezoL=Xx

(w) yydep —

(w) yydep —

2005

Figure C.13

idealized sand ridge

idealized sand ridge model
tide-averaged veloci

o
s
o
[
=]
™
N
(=
A
=
el
c
[
=
-
S
o
E
]
t..eu_.“ =]
S £ =
© 0 =
£ o =
el
55 | 2
o
0 s I
D
3z 2 £
E=1T)
- [a]
[- s —_
- O |
17}
@ o =
£ o
@
=
=]
£

?gm;‘s, no waves

=0

0.00 mfs U1

u,=




avg vel. profile at x = 1125 m (top -25m)

0
S TN PP SHTpppe
E | | E
< : : : <
% A0t .............. ............ .............. .............. ....... %
= : - : : : =
1 1
A5 .............. ............. ..... ...... _
220 ; ; i ; ; _
-0.02 -0.01 0 0.01 0.02
avg velocitiy (m/s) —
avg vel. profile at x = 1075 m (top -75m)
0 T T T j j
E E
= =
o o
L] L]
= =
1 1
220 ; ; ; i ; _
-0.02 -0.01 0 0.01 0.02
avg velocitiy (m/s) —
avg vel. profile at x = 1025 m (top -125m)
G
E | | E
= : 5 : =
% A0t .............. ............ .............. .............. ....... %
=] : : : : =]
! | !
A5 .............. ............... ..........

-0.02 -0.01 0 0.01 0.02
avg velocitiy (m/s) —

avg vel. profile at x = 1175 m {top +25m)

-0.02 -0.01 0 0.01 0.02
avg velocitiy (m/s) —

avg vel. profile at x = 1250 m {top +75m)

-0.02 -0.01 0 0.01 0.02
avg velocitiy (m/s) —

avg vel. profile at x = 1300 m (top +125m}

-0.02 -0.01 0 0.01 0.02
avg velocitiy (m/s) —

idealized sand ridge model: effect of tides without net current {drift)

tide-averaged velocity profiles at ++ 25, 75 and 125 m from the top
UD =0.00 m/s U1 = 0.75 mfs, no waves

2005

idealized sand ridge

WL | Delft Hydraulics

2307940 Figure C.14




« (sa) Aillloojaa Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Alloojea Bae < (sa) Aljloojea Bae
¢00 0 <co0- -No.o 0 <co00- -No.o 0 <co00- -No.o 0 <co00- -No.o 0 <co00- -No.o 0 <co00- -No.o 0 <co00-

0c 0c 0c 0c 0c 0c 0c-
T || v v
| .......... ) QU Gl- | ..........
: - : . :
. - : :
- :
& :
m * m m “ : ” m
L ! T Aot SISO SR
m t : m : : . m m
- L ;
: 1 *
R | m T m m _ m :
EEREEREEREE o i1 ml IRERRRRRREE .......... - e -
: * : _m : : :
. b m m m L
——— g b——Jp b———Jp L—p L———Ho L—— o L——Ho
weigL=x weiglr=Xx WegZglL=Xx WweizZL=Xx WegzgZl=Xx WelLL=Xx weGLL =X

« (sa) Aillloojaa Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Allloojea Bae < (sau) Alloojea Bae < (sa) Aljloojea Bae
¢00 0 ¢00- 200 O No.omm ¢00 0 <¢00- ¢00 O ¢0O0- ¢00 O ¢ZO00- 200 0O ¢00- 200 O <00

0c 0c 0c-

0c 0c

0c

v

mom

wezoL=Xx

(w) yydep —

(w) yydep —

2005

Figure C.15

idealized sand ridge

idealized sand ridge model
tide-averaged veloci
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avg vel. profile at x = 1125 m (top -25m)
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5 year bottom profile development without waves
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idealized sand ridge

2307940

idealized sand ridge model: effect of tides with drift

transport rates at max. flood and max. ebb over initial bottom profile
tide: FUU = 0.10m/s, U1 = 0.50/0.75M1 .00 m/s) without waves
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5 year bottom profile development without waves
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idealized sand ridge model: effect of tides with drift

transport rates at max. flood and max. ebb over initial bottom profile
tide: FUU = 0.05m/s, U1 = 0.50/0.75M1 .00 m/s) without waves
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d.a. velocities at max. flood and max. ebb
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5 year bottom profile development (U, = 0.00 m/s, U, = 0.75 m/s)
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5 year bottom profile development (U, = 0.10 m/s, U, = 0.75 m/s)
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