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Abstract:[ This[ Keynote[ Lecture[ addresses[ engineering sedimentation[ problems[in[ estuarine and[ coastal
environments[and practical(solutions(oflthese problems(based (on[the(tesults oflfield measurements, laboratory
scalelmodelsland Mumericalmhodels.

Thelthreemost(basicldesign/tules are: (1) fry to uinderstand thephysical [Systembased[on(available(field [data;
performnew (fieldmeasurements!ifithe ¢éxisting(field datalsetlis[not(sufficient/(do not[feduce on(thebudgetfor
fieldimeasurements);[(2)[try [to [@stimate(the thorphologicaléffects/oflengineering worksbased [on[simple methods
(rulesloflthumb, [simplified[models, analogy imodels, [i.e. [comparison [with [Similar[¢ases élsewhere); and [(3) uise
detailed[ models(for[fine/funing[and[determinationofl uncertainties [ (sensitivity [ study[trying[to[ find[the[most
influencial [parameters).

Engineeringworks(should bedesignedihasuchway[that(side effects[(sand [frapping, sand[starvation, downdrift
erosion) dreminimum. Furthermore, @ngineering worksIshould be(designedand(constructedor Builtlihlharmony
rather(than(in[donflict[with mature. This[‘building [with (nature’ [approach requiresaprofound inderstanding [of
thelsediment transportprocessesin horphological [systems.
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1.LINTRODUCTION

Thislectureaddresses[ sedimentation and[ erosionengineering[ problems in[estuaries and
coastall seas[ land[ practical [ solutions [ lofl tthese[ problems( based( lon![ thel results[lof’ field
measurements, laboratory [scale modelsand iumerical models.
Often,the[sedimentation[problem/is(a critical [€lement/in the [€conomic feasibility oflalproject,
particularly when€ach(year relatively (large[quantitiesof [sediment thaterial lhave [to (be(dredged
and(disposed at/far(field[locations.

Althoughlengineering[projects(arelaimedat[solving problems, it[haslong[been known that
theselprojects(dan(dlsoldontributetocreatingproblems(at(othermearby locations [(side effects).
Erosionloftenloccurslinl[ places[ wherelsediment[¢cannot!belsupplied[ by naturelin[$ufficient
quantities/becauselit[is trapped inlanother[partloflthe[system. The trapping[can[belduelto
naturalcauseslor[ dueltol man/madel changes[in[the system. Dredging ofl ship[ channels,
constructionofljetties, [groynes/and[seawallsdlways [results(in [the redistribution [oflsand [within
thelocal [System. [Engineering works[should(be[designed[in(d[such/way that(side éffects[(sand
trapping, [Sand|[starvation, downdrift/eérosion) dre minimum. Dramatic éxamplesoflside effects
are [presented by (Douglas ét(al.[(2003), who state that@bout 1 (billion m’ [(10° m*) (6fisand @re
removed! from![ thel beaches ofl Americal byl engineering! works! during thel past[ century.
Nourishment/and bypassingofisand [are0ften(required [to mitigate the[inavoidable[sideleffects
oflengineeringworks. [It[is important[to (@mphasize that(éngineeringworks[should[bedesigned
and[¢onstructed or(builtlinharmony (tather thanlin ¢onflict 'with mature. This[“building[Twith
nature’ [approach(tequires/alprofoundlinderstandingoflthelsediment transport/processes/in
morphologicalsystems(Van[Rijn,2005).

2.[SEDIMENTATIONPROBLEMS

Human/(interferencelin hydraulic[systems oftenismecessaryfolmaintain(and/éxtend économic
activities[ related [ ports and associated[ havigation[ channels.[ In[ many! situations[ engineering
structures(are(tequiredfo[stabilizetheshoreline, [Shoalsland inlets, o teduce sedimentation, [fo
preventor(tfeduce erosion, [or[folincrease the[channelldepthfo allow Targer(vessels entering (the
harbourbasin.[Coastal [protectiond@gainstfloodsand mavigabilityare the mostbasic [problems/in
many estuaries(in theworld.
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Examples ofiengineering works in@stuaries and(doastal [systems(are[shown in [Figure 1.
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Figure(l Exampleslof mannade structureslinlriver, @astuarylandldoastallsystems

Sedimentation [problems generallyoccur(at/locations/where/thesediment[transporting|capacity
ofTthehydraulic/system[is[teduced due(fo the[decrease[ofthe steady (currents)andloscillatory
(waves) flow[velocitiesandrelated turbulent/motions. Examples dre: [the [éxpansion/ofithe flow
depth[and Wwidth[dueltonatural [Variations or artificial ‘(measures[(dredging), the presencelof
vortex [orl eddy( zones, [ flow[$eparation| zones, dead[water[zones and lee zones| ofl structures.
Expansions[ofthe[mavigationalldepthwill[teduce[Velocities[inducingshoaling. Similarly,the
expansion| of the width[ ofl turning[ and[ mooring[ basins[insidel al harbour( areal will teduce
velocities[stimulating[shoaling[¢onditions. [Piers[or[pilingstructures[¢reate[éddies tesulting[in
increased(shoaling.

Sedimentation[problemslare mostloftenassociated[with humanlinterferencelinthe[physical
system(such as(theconstruction oflartificial structures(or(the dredging[of sediment from [the
bedfolincrease(the flow[depthorwidth. However, [sedimentation (as welllas(érosion) alsolis(a
basic/phenomenonoflnature dealing With loose [sediments [Wwithin[thetransporting[cycle from
sourceltb(sink locations. Natural [Sedimentation areasare known(as(shoals, flats, (banks, [Sheets,
bars,[ etc. Human [ interferencel inl these naturall sedimentation[ areas[ will always[ lead[to
relatively largemaintenance costland[should/therefore belavoided [@smuchlaspossible.

Sedimentation problems inléstuaries andcoastal [seas are herein|classified, as follows:

Channelsedimentation Basinsedimentation Shorelinesedimentation
1)Navigationchannels; 1) Harbourland Portbasins, 1) Wpdriftlarealoflgroynesland
2)Inlet/channels; Docks breakwatersmormal fo shore;
3)[Entrancechannels[0f 2)[Open(settlingbasins, furning | 2)[leelsidelarealofioffshore
harbours,docks(and Water andimooring [basins, mining[pits | breakwaters(paralleltoshore.
intakes; 3)Waterlintake basins;

4)[Trenchesfor funnels, 4)[FloodIplainsfandreservoirs.

pipelinesiand(dables;




2.1(Navigation channels

Portsarel ofl vital[importance[for[thel economy of’ ¢coastal[ countries. Thelincreasing[ draftl of
vessels[ requires| thel dredging! ofl deepldraft! channels connecting! thel port! to deep! water.
Generally, these[¢channels[suffer fromsedimentation [tequiringmainenancedredging folénsure
safe[passagelofitheshipsunder most/conditions.  The costs telated tolc¢apital[and[maintenance
dredgingoften(are(critical lin[the[économicfunctioning[of ports. Therefore, thechannel 'should
beldesigned inlsuchlalway [that/sedimentation/isminimum.

When!theflow[passeslalchannel, the Velocities decreasel dueltolthelincreaseloflthe[Wwater
depthslin(thel channel andhence!theltransport! capacity ofl bed[load[andlsuspended load
decreases.[As/aresult/the(bedload [particles(and(a[certain [@mount oflthe Suspended(sediment
particleswill Beldeposited inthe[channel (seeFigure2).
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When[waves|are[present,| this[process!is[considerably[eénhanced  dueltolthe sediment!stirring
action(oflthewavemotions/in/thenearbedregion resultinginlargersediment/concentrations,
whichlare[subsequently [transported by [the [flow.
Factors/énhancing(sedimentation, are:
deeplandwidelchannel;
orientation@lmostmormal o The flow;
strong flowsand large waves [passing/the(channel,
fine[sediment/(finesandand mud);
e alignment/throughlshoaling areas.
Natural navigation/channels in(éstuaries often(suffer from(the [generation [0f bars/shoals@t/the
transition 0f(flooddomiated [and [ebb/dominated[channels.



2.2 Inlet/channels

Naturalltidal inlet[ ¢hannels[ generally[suffer[from/heavy!sedimentation[duelto[wavelinduced
longshore! inputl of! sediments| thereby( reducing( the navigability [ ofl the channel.[Jetties! (long
dam/like[structures)lare[¢commonly build [fol¢liminate the[input(ofisediment/by[the Tongshore
current,| creating[ anl inlet! channel( (seel Figurel B).[ [ Thel jetties[ should bel 5ol long! thatl the
sedimentation[ at[ thel entrancel of’ thel channel dueltollongshore! bypassing! ofl sedimentsis
minimum. [Sediment/accumulation (will [generally [take[place(on[the hipdriftsideoflthe[jetties[and
erosion[on(theldowndrift[side. Mechanical [bypassing[oflsediment may[be[tequired to teduce
downdrift/erosion.
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Figure(3 Sedimentation|of'inlets, entranceslandlintakes (planview)

Jetty[design requires/the following[donsiderations/to reducesedimentation:

o thellengthloflthefjettiesshould/éxtend Beyond[theittoral transport(Zone;

o theljetty[spacing/shouldbe narrow, butmotleadingto lexcessively largechannel Welocities
undermining(the jetties(wide jetties may (lead to[shoalingland heandering(ofithe channel);

o theljettiesishould beimpermeable(to [prevent/lateral [passage 0f water(and [ittoral
sediments;

o theljetties[should/beparallel,rather/than(curved or tapered(narrow [eéntrance, channel
widening); [parallelljettiestend[to (confinethe ebb flow, raising ébb velocities land [therby
flushing/sediment/cut(ofthechannel into the sea;

e threeljetties/creating[two [parallel ichannels, ay (bebuildto [Separatethelinlet/channel [from
theriveroutflow;

e alsettling/basin/traptay beldredged [attheentranceoflthe channel [asa Buftferfor
sedimentation [to @nsure(navigability [oflthechannel.



2.3 Entrance/channels/of(harbours, docks/and water intakes

ThelentranceJto[Jal Tharbour[basin,Jdock or[ 'water[ lintake[ Ibasin[generally [suffers from
sedimentation(due(to [the(reduction(of flow [Velocities and [Wwavelactivity [(see Figure(3).[Often, [d
circulation(¢ell[is[generated [in the[eéntrance[oflthebasin[due fo thegeometryinvolved, (which
attractssediments /by eéxchange processes with [themainflow [system [outside the eéntrance. The
breakwaters/should[belstreamlined or fraining[walls ‘may [bebuiltto [teduceleddies and[dead[
waterCareas. [Harbouréntrances$hould thever[be[builtConthelinside[0fTbends, where Matural
shoaling processes (point(bars)[generallyoccur.
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Figure4 Deposition patterns
Top: Riverflow; [deposition|(point bars) mearlinnerlbend; erosion((pools) nearouter
bend
Bottom: OTidalflow, [deposition({flats) mear(innerchannel bendsandbetweenchannels
(shoal)

Entranceldesign requires the followingconsiderationsto[reduce [sedimentation:

o thelentrancelshould motbelocatedinshallow depthlonthelinside(oflabend (dricloselto
othermatural(shoaling areas/(seeHigure 4);

o thelentrancelshouldbe narrow(and[streamlined to feduce(the (generation(ofleddies, and
circulation(Zones;

o thebreakwaters(shouldbelimpermeablefo [prevent(lateral passageofwater(and sediments;

e alsettlingbasin/traptay beldredged [attheentrance(of’the channellas(aBbufter for
sedimentation.



2.4/Trenches for tunnels, pipelines/and cables

Small(scalefrenches forpipelines/and/¢cables (Figure[5)[arel characterised [by[relativelysmall
dimensions; width/oflabout(2 [to 10 mand/depthof1[to 2 m, While(the side slopes may [be rather
steep[(1 [fo[3),[depending[on(soil[conditions. These[frenches|generally 'havelaltriangular(shape
duelto/the[constructionmethod((plowing). Theldepth(oflsuchlaltrenchoften(onlylis/afraction(of
the [water [depth [fesultingin[flow[separation/and[the[generation [0f[vortex [¢ellsinside the major
partlofithe trenchlarea. [In[mobile/bed ¢onditions [(surflzonemear beach)(thetrenchshould have
al considerable overwidth[tol servelaslal buffer[ forl sedimenttrappedlin[thel period[between
trenchingland pipe/cablelaying.

Tunnel trenches have dimensions/similar to[those oflnavigation/¢hannels' and/show the[same
sedimentation patterns.
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Figure5 Trenches|forpipelines, (cablesland funnels

2.5[Harbours/and/ports

Sedimentation [in harbours/and(ports/isalproblem(that/exists(aslong/as harbours/dnd ports exist
andlis[telated(tol their basicl function,providing!shelter[by! creating quiescent/ conditions. [ In
general,[alharbour(is alplace(that provides[shelter/and[mooring/for ships, Whereas[a[portlisia
placewhere cargoes areloaded/anduinloaded from ships. Both types ofiplacesrequire(quiescent
conditions [protected from Wave[penetration andstrong/currents.
Theldesignland(constructionoflharbour basins [is[oneoflthe0ldestbranches oflengineering. [(One
of’theloldest knownlartificial Tharbourswas[PHAROS, located[on the open[¢oast of [Egyptlat
about[2000(B.C.Ithad[twoparallel ‘breakwaters, ¢ach[about(2.5km[long[which[consisted [of
rubblemound (structuresofvery large [blocksoftock [and [this (harbour iindoubtly [suffered [from
sedimentation.

There(are various [types(of natural harbours:
wellprotectedbays;
leelareas(oflislands(or headlands;
leeldreas(oflreefs;

leelareaslinriver mouths.

Artificiallharbours(can, [in[principle, bemade(at’any [placeldlong the[water[front, (but'should
preferablybellocated[in[areas[Wwhere[the[ T sedimentation[is observed or[estimated tobe
minimum.



Artificial Harbour (basins/can[beclassified [into:

e openlbasins;basinsor berthingplaceswhichlare open [to[flow(and/[or[waves; these basins
can be situated [in mearshore coastal areasand along[river banks, [see[Figure6; [the basin
generally [is[substantially[deeper/thanthe[surrounding [area so that(an acces/channel is
required(forvessels/tolenter the basin; ooring is only [possiblelinconditions with weak
crossléurrentsand mild Wave motions;

o shelteredbasins|(enclosed);thesetypes|ofienclosed basins/aretypified bylasingle
entrance(to reduce(the [flow [andwave motionas huch(as[possible; threesubclassescan be
identified:

Ul coastal'basinwithlalcontrolled lentrance, [generallyconsistingof twin[armed
breakwaters [or [jetties [(Figure 6);the breakwaters may block [the Tongshore [Sediment
transportlrequiring/sedimentbypassing ethods; eddiesand ‘turbulencemay [produced(in
thelentrance;/alsemileénclosedbasinlisObtained 'when [Only (One (breakwater [or [jetty[is
presentlon/theupdriftiside;

Ul coastalldredged|lagoonwithlanincontrolledeéntrance(Figure(6), which mhay igrate
along(thelshore(ormay suffer fromsevere(sedimentation/dueto Wavelinduced [processes
ormay even/belclosed by waveinduced sedimentationduring[storms;theentrancemay
suffer from migratingchannels and(bars;relatively [strong[currents may (be [presentdue(to
tidal filling loflthe (basin; entrance [hay [also (be controlled by [jetties
Uinteriorlbasinl(docks)along esturial lor[river channels [(Figure[6) land/or(lakes; [eddies/are
generally [present(in/the @ntrance area, where [Sedimentation of silty [and huddy (materials
usually[ismaximum.

Thelmostlimportantland[difficult partl ofl alsheltered harbour[basinlis[thelentrance. Many
harbour(éntrances havebeen found(to[bel difficult/ for[ships/tonavigate owing[tol¢currents,
waves/and morphology((sedimentation).

In[previous! centuries many [ harbours! suffered! from[‘heavy[ sedimentation[ threatening! the
economic/functioning| ofl the harbour. [Somelharbours|deteriorated[¢completely[duelto heavy
sedimentation(in/theleéntrancelarealoflthe basin. Forlexample,theharbour of[Amsterdam [(The
Netherlands)locatedin/the [Southwestern(part/of’an/inner(seal(former/South[Sea) Wwasonelof
the most (powerful (harbours in ‘the worldinthe 16" @and 17" (centuries, But Tost its[dominating
position(due[to[problematic[sedimentation(processes whichl¢ould[not/belsolved[at/that/time.
Owing[to[better dredges, itlis[how[possible to keep almost eachharbourleéntrancelatlthe
required[ navigation[ level, [ lalthough! this may[ bel al financial burden! on! the  leconomic
performance(oflaharbour [suffering/from heavy [Sedimentation.

From/[observed[sedimentation tates!it[¢anbelconcluded/that harbour(sedimentationlin(fresh
water[ conditionslis[much[less (factor[5)[thanlin[saltland[brackish3vater conditions. The
generation [ofstratifiedflow [Wwith a[clear[salt water Wwedgeis[a[well known[phenomenon inthe
tidal(Zoneof'major(rivers[([fidal[volumelabout/equal [to [fresh water volumeover(tidal [period).
Thelmaximum/siltland mud(concentrationsare/generally [found in(thelarealwhere theledge of
thelsaltwater (front[is movingupand[down(the riverchannel. ThisZone[where soft fluid hud
layerslarel formed[dueltoldepositionlat slack(tides[(especially neap(tides)[is known as[the
turbidity imaximum. Harbour(basins should[preferably [be[situated [outside(this zone folavoid
that(the(deposited fluid thud layers [penetratelinto mearby (harbour(basins.
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Openlbasins: (A= basinlalongBiverbank; [B=basinlalongfrestlepierperpendicular
tocoast)

Sheltered basins: [(C=basinprotected by breakwaters, (D= coastallagoon, [E=interior

basinldlongFiver)

2.6 Turning, mooring and Settling basins

Expansions| ofl width[and[depthlarel often[tequired! outsidel andlinsidel harbours!or[docks!for
navigational [teasons. The[flow[in these[basins[is[teduced[considerablylin[proportion[tolthe
expansion!dimensions|resultingin[tapid!siltation[ of! fine material. This[principle[¢anlalsolbe
used [(for(theldesign oflalsettling (basin/inareas[ofirapidshoaling[folcreatela buffer[(overdepth)
for/sediment/fromwhich/dredging/activities/can [be performed to femovethesediment fromthe
system.
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2.7/Shorelines

Shorelinestay [suffer from largescaleland/smallscale[sedimentationandérosionprocesses.
Structuressuchlas(groynesor[breakwatersperpendicular(or(oblique tothe shoreline((Figure(7)
will[lead[tolsedimentationon[the updriftlsideloflthe[Structureduelto[theblocking oflthe
sediment( transport! (current/induced[ and[ wavelinduced! transport[ of’ sediment). Similarly,
sedimentation [ WwillCoccurlin[thelleel oflal shoreparallel breakwater[ (Figure[7).[ Generally,
erosion/will(take[place on/the downdriftiside, because the sediment transport/will (gradually



restorelitselfl eroding[ sediment[particles[ from/the downdrift'side.[ Mechanical (bypassing[of

sediment(may [be Mecessary(todeal with the[downdriftlérosion(near(structures.

Largel(scaleshorelinesedimentation/and/erosion(generally(are/daused by:

e c¢pisodicfloodloristormlinduced processes;

e obstruction[ofthelsediment[transport/processes dueltothe presencel of hatural ‘barriers or
artificial barriers;

e fluctuationsfinsedimentsupply [and[transport;

e onshore/offshoreldirected/sedimenttransportfo [or[@way from theshoreline;

¢ mining/dredging/and/dumpingoflsediment.

Thelavailableloptions(todeal ‘'with[typical [érosion problems, are: (1) folaccept tetreatlin[areas

where(the[shorelines/banks[arewidelandlhigh;[(2) to maintain/the shorelinelat[a fixed position

(by hard(and/or Softistructures/or by dredging activities)and (B ) fo (bring [the 'shoreline forward by

reclaiming/land.

3[TAPPROACHIOF THE SEDIMENTATION PROBLEMS

3.1/Approach
Thelgeneral ‘approach tolsolvesedimentationand/eérosion [problems [consists 0flthe following
major(elements:
1. Specification(ofltheproblemlanddefinition0fwidercontext(socio économic, legal,
political,leénvironmental, [@dministrative aspects, etc.).
2. Formulation(ofigeneral 0bjectives and(desired[state (0fknowledge,
[Irequired level 0flaccuracy,
[Tavailabletimeand budget.
3. Determinationoflproblem(dimensions/and(analysis(offphysical[system[(current(stateof
knowledge),
[relevant user functions,
[Iphysicalparametersoflinterest,
Tspaceland fimelscales/involved,
[[state oftheSystem/((indicators).
Texistingknowledge [(literature, [charts, [interviews).
4. Formulation(ofthypothesesrelated(toproblem,
Generation[oflalternative(solutionsandCostestimates,
[[selection/and/application ofltools [(existing databases, theasurements/monitoring,
models),
[Tapplication oflspecialist knowledge.
6. Selection/ofloptimum/(solution.

e

Thelthree mostbasic rules are:

1. tryltolinderstand/thephysical(system/based on/available(field/data; performmew field
measurements [iflthelexisting [field[datalsetis mot[sufficient(do Mot reduceon/the
budget(for field measurements);

2. tryltolestimatethemorphologicaleffects/oflengineering works basedon(simple
methods [(rules/oflthumb, 'simplified hodels, @nalogy todels, [ile. comparison(with
similar(cases €lsewhere);

3. useldetailed odels forfinefuningand/determination0fiincertainties [(sensitivity
study [trying[to [find the most[influencial parameters).
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3.2[] Analysis/of'thephysical/system
One/oflthemostlimportant(activities within/anlengineeringlapproachlisalsound analysisoflthe
physicallsystem considered, involving:
e Geometryand/scales/of the/system,
[Tplanishapeoficoast,
[[dimensions [0flshoals/and bed forms,
[depthslofiatural ichannels,
[lsediment/composition anddistribution,
(time[scales/of naturalsedimentation/and erosion patterns(migration[rates),
[ldredging/volumes.
e TidesandCurrents,
[Tverticalltidalranges(micro<1 im, teso1 to 4, macro>4m),
[Ipeakcurrentvelocities(of flood[andebb phases[(incl. velocity [profiles),
[[durationlandlasymmetry(of/flood[andebb phases,
[[penetration(lengthlihto @stuary,
[residuall(tide[averaged) flow[velocities,
[lthree[dimensional flow [patterns(flow ihbends, stratified flow),
[wind[driven/currents.
e Sediment/transport,
[bed forms (typeland [dimensions),
[limud, [siltland[sand [doncentration profiles,
[lsuspended!size[domposition((sand), [percentatages ofimud @and organic material,
[in[situ/settling[velocities [(for mud),
e Wavelclimate,
[[dominantwindandWaveldirection,
[frequency(and fintensity [0f'storms,
[ltypesofidoastal ‘exposure((open, [sheltered orlexposed),
Tpresence0f breaker(bars.
¢ River/discharge,
[Ifrequencyand lintensity l0fifloodwaves,
(water levelsland flow[strenghts,
[Ipresence 0flupstream(dontrol structures [(weirs, barrages and reservors).
e Estuary(phenomena
[stratification effects((saltiwedge) mear Outlet,
(turbidity maximum [(null Zone),
(tidal flats[andshoals (migration[rates),
[Tflood/andlebb(channel [¢rossings,
[Ttidallebbdeltaland igratingtouth bars.

3.3 Tools
The toolsavailable for[solvingproblems|are:
e existing[databases,
e measurements/and monitoring(field studies),
e numerical/and(orphysical modelling.
Field[studies/comprise:
e Hydrodynamic/measurements,
Twaterlevel recordings,
[Tcurrent(velocity (at(fixed positions,
Tcurrent velocity profiling ((ADCP imethod) frommoving(vessel,
[Tdischarge measurements/across/main/channels,
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[[float/trackings/of'curved(streamlines,
Twavefield(closeltoshore.

e Sediment/transportmeasurements,
[ltypeslanddomposition0f'sediment(imud, silt, [sand, [gravel, mixtures),
[Teritical bed[shear stresses [for lérosionanddeposition/(mud),
[Isettlingvelocity [((flocculation(ofimud),
lbed Toad [transport/inTowest0.1 mlofwater/column,
[[Sedimentconcentrations [at VariousIevels@above bed,
[bulkdensityofbed material (consolidation ofimud).

e Morphology,

[lbathymetry(as[function/ofltime,
bed form trackings,
[lsedimentation/and/erosion/volumes [from bathymetry data.

Laboratory scale models/consist(of:
o Fixedbed engineeringloridesignimodels,
[tideTevelsland flow [patterns,
[Mearshore Waveldonditions,
configuration of'structures,
'[strength (of structures/(breakwaters),
e Movable bed engineering models,
Waluableforismalllscale 3D phenomena(local [Scourlanddeposition patterns),
[[Scaleleffects|due tolincorrect representation/ofisediment mobility land (bed forms,
Maboratory(effects/duetolspace limitations/andsimplified boundary [conditions,
e Processimodels,
[[datalforhinderstanding oflphysics/involved,
"Idata[for(calibrationand validation lof numerical models,
[[Systematicvariation of parameters,
limmediateland repeatable results ofléxperiments.

Mathematical models/consistof:

o [ldimensionallmodels|(1D),
[[Suitableforriversland metwork [System [0flebband flood[channels inlestuaries (non
stratified),
[[Suitable/forlongshoreldoastal flows,
[Tcross(sectionlintegrated €quations,
'[Sediment transport/capacity [formulae,
Cadvantages: 8asy [tolapply,goodresults(for(tidelevelsand(discharges, Tong [ferm
morphology,
“disadvantages.poor results[forlocal [Currents; moinformation oflateral horphology,

o 2ldimensionalyertical models(2DV),
[[Suitable for modelling (0flstreamtubes (information [0f streamtubesfrom2DH model),
Wertical [structureofvelocity [and sediment/Concentration fis fincluded,
Spacelandtime(lagleffects arelincluded,
Tadvantages: 8asy [tolapply, dperationalon [PC, Tong ferm/estimates,
"disadvantages: schematizationinto streamtubes required, geometry(of'each [tube must
beknown,

o 2ldimensional ' horizontallmodels (2DH),
[TSuitable for(coastal [Seasand[estuaries,
Tdepthaveraged mass/and momentum €quations [ihn[two horizontal[directions,
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'Idepthlaveraged/suspended/sediment/équations/(includinglageffects),
Tflooding/anddrying[procedures,
"lcurvilinear(grid [foréfficient[domputations,
[estinglofimodels/for/detailed [computations,
"advantages: standard[tool, operational [on/advancedPC, easyto[dombine with wave
models,
"disadvantages: notforvery [itregular(geometry, not/for/stratified flow, mot for
secondary flow,

e 3[dimensional models/(3D),
"limassland omentumlin [three coordinates (hydrostaticpressurelis/generally
assumed),
"lcurvilinear(grid [foreéfficient[domputations,
“advantages: allleffectslincluded|(stratified land mon[stratified flow, [secondary [flow),
many details,
"disadvantages: not/easy [tolapply(notmuch experience), only [for local [problems,
short/duration.

Sedimentation[predictions canlonly [(be donelaccurately, ifl there is[Sufficientunderstandingof
the[physical processes based[on[field measurements. Theseltypes[ ofl measurements/ tequire

experienced[ personnel [ to! handlel thel sophisticated[ electronic[ instruments| lunder[ extreme

conditions[andlareloften(expensive tol¢cover the long term matural variations[oflthe hydraulic

system/considered. Fixed bed(laboratory[scale models(can/beloperated [to determine(the(local

flowland[wave(fields; movablebed modelsmay [be applied to getlinformation ofllocal, 'smalll’
scale[ morphological [ developments[ near! structures.[ The! results[ ofl thesel laboratory[ models

suffer, however, (from(scalelérrorsand/interpretation érrors/related fo [the [sSchematized (boundary

conditions.Mathematical (tnodels/donot(suffer(from[scaleleffects, but[the interpretation/errors

dueltolsimplified model [ formulations and[boundary[ conditions[ also[limit[ theuse[ 0f model

results. Mathematicalthodels are relatively(easy(to ise but(are motparticularly (Gheap [fo[Operate,

as[manyruns|performed by experts are tequired [to get'algood(feeling oflthe mostimportant

parameters [and incertaintieslinvolved.

3.4] Mathematicalmodels andguidelines
Models/available for orphological ipredictions/can foughly be(divided into [twogroups:
e Behaviour/oriented models,including:
[[simpleengineering rules,
[[Statistical odels,
(lequilibrium river(regime todels,
[Tequilibrium coastal profile models,
[ladvection![diffusion typemodels,
Tplanishape(shoreline models,
e Process’basedmodels, including:
[longitudinallriver bed thodels,
[Tcross[shore(coastal [profilemhodels,
[network[estuary models,
[Tareamodels(initial sedimentation/erosion,sequential morphodynamicmodels).

Thelapplicability [ranges (0flprocess [telated land behaviour [telated hodels are(given/inTable(1.
Behaviourloriented modelshavelong[beenusedin[engineering! practice. Many[ ofl these

modelslare however[ Toversimplifications ofT complex [$ystems[thatlare poorlyinderstood.
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[lustrative( larguments! lare:[ (1) [ Jpoor[lassumptions[Jand[ limportant[ Jomissions| lin[ ' model
formulations,[(2)[usel ofl telationships[ofl questionable[validity,[(3)[ crudel representationof
boundary(c¢onditions,(4)(incorrectimodelcalibration/and verification/and[(5) tinknown model
uncertainties.

Profile[and[ Arealmodels are(thetwo[main[genericltypes[ofiprocessbased models. Bed[level
changes/follow from mumerical [solution oflthe thass[donservation balance.

Profilel I 'models[ consider! the[ physicall processesin[ one! (streamwise[ or cross/sectionwise)
direction, [@assuming [uniformity/in(the other(direction.  Theflood/andébb channelslin(an/estuary
systemcan besimulated by anetwork of'1D bed profile models.

Arealmodels are(2 [dimensional Thorizontal [(or[quasi[3 [dimensional)[tnodels¢onsistingof, and
linking, [a[number [ ofl submodels[describing[the[wave!field, the(tide[,[ wind[land[wave[driven
flow[field, thelsediment[fransport[fluxes and[thebed evolutionlinlalloop (feedback)lsystem.
Variousnumerical iipscalingtechniques/are(available(to fegularly [éxtrapolate the morphological
bedlevolutionfromthe[¢omputed bedlevels atlintermediate[time steps. Using[thisupscaling
technique((Rapid[AssessmentMethod,[RAM), [the [prediction horizon[can belextended todbout
50lyears.

Fully3D[models[describing thel¢urrents/on'althreedimensional [grid(arelinan/early[stage of
development, [butlthe[application[possibilities[ofTthese models [ for[tealistic[ cases are[tapidly
increasinglowing|[toimproved domputer technology.

InTlany [modellingJapproach, lassumptions[are[ being[ made[ regarding[ ithe mnatural [Jsystem
(alongshoreuniformor[not) and/the physicslincluded (sort oflprocesses/included(and typelof
simplification).[ Theseassumptions[limit the application oflalmodelto[ specific spatial ‘and
temporal(scales.

SPATIALCAND | STORMS MONTHS 1TO5B 5TOa0 100 TOL 100
TEMPORAL TO YEARS YEARS YEARS
SCALES SEASONS
[T Coastal (profile (models Coastallprofile(models
0[M0KM Arealmodels (2DH) Arealmodels(2DH; RAM)
Areamodels ((quasi) 3D)
Behaviour oriented models
[T AT AT AT T River bed - models((1D)
1000 (KM T AT AT N etwork [éstuary - models((1D)
Behaviour oriented models
Table( ApplicabilityFangesof process¥elatedlandbehaviourtelated models

Basiclquestions [for(coastal hanagers are:

e  Whatltypelofimodel shouldbe used|(process basedlorbehaviour|oriented model)?

e Whenltolseclect[alLine[model,[Profile(modell or anArealmodel?[Isthelsite[ considered
sufficiently liniform(to (warrant(the[use[ofTalcross[shore[Profile ' model? Are morphological
changes/duelto rip [Currents/important?
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e Whatlis[theluncertainty[inthe[model  predictions? What[is[the bandwidth[around!the
predictions/given all [the[possiblevaluesoflfree hodel parameters? How does the bandwidth
(‘modellvariability’) [compare(tolthe Matural (variability [in horphological change?

e Whatlisthepredictionhorizon[0fTthe model?'Whatlare themosttelevantfimeland spatial
scalesformodelling?

Modellusersshouldhavelalbasicunderstanding 0flthe thain/sources [0f model uncertainty,

being:

e crrorslin/inputidatal(schematization [érrors oflpast,[presentland future conditions),

e crrorslinmodel formulations [(imodel parameter settings, lincluding[processes mot
modelled),

e extrapolationlerrors using(the hodel outsidelits validity range,

e accumulationofierrors/through(the [simulation time.

Various thethods(are(available(to quantifythe incertaintiesinvolved:

e usellocallfield datatolvalidatethe model forthelproblemiconsidered and expressithe
resultsinlobjective statistical [parameters/and/or/[state indicators,

e uselmultiplerunsvaryinglinput/data/and model [parameter [Settings [(sensitivity funs),

¢ identifylworstldaselscenarios/(most/extreme extrapolation(cases),

e uselprobabilisticlmethodstopresentresultsinlterms(0fimean [valuesandstandard [errorsat
adertain(level l0fldonfidence.

Thelmodelltesults[shouldlalways[belevaluated [Wwith tespect(to/the natural variability[oflthe
physical system/at/the televant[fimeland[Spacelscales/involved. Forléxample,the long[term
erosion oflthe(doasthay [be relatively[small, (but(theshort/term variability [ofithe sand [volume
in[ the[ nearshore[ zone[ may [ bel relatively[large[ duel tol storm[ sequential [ effects. Model
predictions| ofl this parameter( (sand[ volumelin[nearshore zone)l arelonly meaningful [ifl the
modelvariability[(duelfovariation[oflmodel settings) [is[smallerthan the matural [variability.
Thelselection oflthe[ mostlappropriate  model approach(for[the[problem[at hand[oftenlis a
difficult/decision for[themanagerlin[¢harge, [dependinglonmanythings[such as:[spatial[and
temporal(scales/involved, available boundary|(datal(bathymetry andhydrodynamics),/dccuracy
andlcapability[ofléxistingmodels, availablebudget, ‘etc. [Models[generallylarelinlal¢ertain
stagelofldevelopmentand(the model(specialist/always[suggests[to [improvethe modelbefore
actually [@pplying(itlonthe problemat hand. [This/dualism between thodel improvement by [the
specialistand [inodel[application by the[generalist/¢an[be overcome by makinglalisnapshot’
evaluation(0flthe existingmodel (see [Figure(8).
Thel ‘snapshot’[ofl whatalmodellin[its[present state[canl do, first of all helpsimodellusers
(modellers)toshow how [d[model [study [should be Setup, what[data are required [@and how [the
results(¢an(beusefully linterpreted. Secondly [it[will [identify the (un)certaintiesin(the model
predictions.This Thelpsthe odellersfo identify strengths land weaknesses (0fltheirmodelsand
tolsuggest[future improvements. [ Itlalso[helps the coastallmanagers(tol$see how[the model
results(can(improvel(theirunderstanding(ofithe [system. Themodel results should be [presented
interms(of'relevant State [Indicators (SI’s). Morphological [datashould (be[dsmuch/aspossible
aggregated tobulk[Volumes[in televant[zones. Inanlideal situation,almodel prediction of
relevantaspects/ofia/pilot/caselshould (be madeat/the beginning(ofithe(project, Wwith the theans
then[availablelincluding[ estimated (un)certainties. /At theend[ofl the[ project al similar
prediction/shouldbe made with the hopefully improved mheans/(better hodel, better [boundary
databasedlonladditionalmeasurements).

Thelachieved teduction of the uncertainties(or[possiblytheir improved eéstimation) ¢couldbela

measureloflthe project’s/success.
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Figure 8 Evaluationlofenduser|orientedmodelldevelopment

Guidelines[formodel@pplicationare:

e selectlrelevant[StateIndicators,Such(as:
[Icharacteristic[current¥elocities; focus[on Tow [fide for maximum/currents;
[Tcharacteristicbedlevels, water[depths at'specific Tocations
[Tbulk sand Wolumesinselected [Zones (precise bed levelscannot/besimulated [dccurately);

e uselstandard(settings/for(initial runs;

e applyladditional calibrationofimodel [settings ising heasured bathymetry [(iflavailable) for
storm, [Seasonal(and(decadal fime Scales;

e applysensitivity[domputations [tolestimate [the(effects 0fhodel settings(and inputwave/
current/sediment(donditions; identify worst/dase[scenarios; selectappropriate time/(scales;

e uselprobabilistic(methodsfopresentresults;

e evaluateresults/in[domparisonwithmatural (variability;

e uselappropriate/safety argins.
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