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Abstract

Ever since 120 years people have been trying to create estuaries and tidal inlet systems in
experiments, starting with Osborne ReynoldgiirK S m $oyfar Sb&group of scientissucceeed
creating a physical scale model ofignamic tidal systemLow-sediment mobility, ebllominance
and the emergence of unrealistic deep scour holes and large ripglasresult of smooth flowvere
major problems of earlier experiment®©ur objective wa to create atidal inlet system in a
laboratory physical scale modbly applying a avelmethod to generate flowto determine whatthe
possible scale effects arand whether equilibrium morphology exisig, case ofa dynamic state. In
our experiments morphology emerged that resembled natunghvihe existence of an ebtdal
delta, channel network and inlet channel(B).contrast to the regular pumping of watethe entire
basin (3.8m by 1.2m) was tilted vertically, over the short axis. Thimvel metha of tilting the
experimental seup caused an increasesediment mobility in the ebband flood phasdecause the
bed surface slopes in downstream directidooth during flood and ebb phasedhis reducd
experimental time from weeks to days. Channels formed through backward erosion andisiarte
bifurcate after retreating from the basin margin to form a netwaifikup to four orders.Channelsn
the backbarrier area were found to migrate cyclicaljesemblance with natural cyclisehaviour
such as the number of inlet channels existed angdyl ebb and flood channels separated by sills
were present.The use of lightveight grains, an initial sediment basin level considerably higher than
mean sea level, a start perturbation amen-erodible barrierswere required to create a dynamic
tidal inlet system.The parametersnost sensitive to the equilibrium morphology were sediment bed
level, average water level, inlet width and tidal amplitulew average water level with respect to
the sediment bed cawsl long sharply curved channelShese chamnels had few branchesand
persisted on therregularly shapedbb-tidal delta. Higher average water levels increasbadnnel
migration rateshumber of branches and regularly shapeébb-tidal delta formed. Inlet width and
tidal amplitude most importanthaffected the shape and extent of tHeackbarrier basin and ebb
tidal delta since they determinedhe strength ofthe flow. The effectof a rise in water level was that
the backbarrier area widened and lengthengdhannels deepenednd the number of chanels
increased. The ebtidal delta built up in the verticaln this reportpossible scale effects, equilibrium
state of the system and how the experimentakults can be translated toatural systers has been
discussed

Keywords ebbtidal delta, tical channelpackbarrier,morphdogy, equilibrium,experiment, scale
rules, cyclibehaviour



Preface

This research thesis was done as part of gnaduation Master of Sciencesesearchat Utrecht
University, Faculty of Geosciences; Dapment of PhysicalGeography The research covered a
literature study, 35 laboratory experimentsjmage processing in Matlab and providing a written
report. On the 2% of January 2012 this research was orally presenteal nomber offellow students
and employees of Utrechtyniversity.The research was performeak part of the research group
River and delta morphodynamics leaded by Maarten Kleinhans of Utrecht Univaitsityesearch
group shares much experience in morphological experiments. There is not much literataribdides
experimental research on tidal morphology mainly because of scale issuestia@rdexperimental
constraints In this research a new method of generating flow was tested that shortens experimental
time considerablyand increases sediment mobilitlSo recommendations on scale issues were
made and testedThe novel experimental methodeems promisindpecause experimental results
closely resembled natural, dynamic, behaviour. Hopefully the novel metipeds up the door to
doing more experiments ondal morphology There already was significant interesftthird parties.

A scientific article was recently accept@ith results frompreparatory experiments of this research:

Kleinhans M.G., van der Vegt, M., Terwisscha van Scheltinga, R.C., B&aamnl. Markies, H., 2012.
Turning the tide: experimental creation of tidzlannel networks and ebb deltas.

The article will be published in October 20TThe abstract ofthis researchwas publishedat the
international conference NCG&ays 2011 in DelftCmtrolling the Dutch River¢NCR: Netherlands
Centre for River StudiesYhe audienceawarded me with theaward for best research poster
presentation (ex aequo)he abstract was also published and orally presetedVout van Dijk and

by Maarten Kleinhanat the conference of European Geosciences Union General Assembly in Austria
(April 2012)and at the American Geosciences Union conference in San Francisco (December 2011).
The novel methodhas proverto be promising, even more are thecentresults.
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Summary

A tidal inlet is a narrow channel that connects the open sea with a lagoon. Tidal inlets oftanimo
barrier island systems and are typified by deltas at each end of the (gktsfront page)The deltas
result from the highvelocity, tidal currents that flow through the channels and loose strength when
the flow diverts into the sea or lagoom the lagoon a backarrier environment developwith

branching channels and tidal flatBhe issue of conservation of tidal systems, exposed to the effects
of human interference (i.e. land reclamation, dredgiognstruction of groins and dikes) and clima
change is importantLiterature describing the hydrodynamics and morphology of-tdbdl deltas,

inlets and channel networks is widely available. The knowledge is largely based on field observations,
linear stability analyses and numerical modelliBgt the timescale of observations is usually smaller
than the timescale of morphological equilibrium. Due to numerical issues models have limited value.
Experiments can provide datach descriptions of their evolution in fully controlled boundary and
initial conditions. But experiments in the field of coastal morphodynassearch are rare mainly
because of scale issues and other experimental constrddafcits inprior experimentl workare

the occurrence of low sediment mobility, elslominance, hydraid smooth boundaries reflected in
unrealistic deep scour holes and a static equilibrium because of shear stresses below motion
[Kleinhans et al. 2010Tilting the experimental setip will cause increasesediment mobility in the

ebb- and flood phase becae the bed surface slopes in downstream direction, both during flood and
ebb phasesThus ebkdominance is counteracted while sediment mobility is increakeu

sediment mobility camlsobe overcomewith the use of lightweight grains.In this thesis itvas
suggested that scale rules should be more relaxed and that it is more important that the flow
remains subcritical and is near uniform. Alee composition of a sediment mixture is essential when
relaxing scale rulest was suggested to usaé sedinent that scales with flow depth on the
floodplains witha coarse sediment taib avoid smooth conditions.

The experiments were carriezlit in a plastic tub of 3.8m x 1.2m x 0.2m. The initial configuration was
a sediment basin of about 4cm height thaasvdirectly connected to a water basin of about 2.8cm
deep.The tide was generatedybvertically tilting the setip, instead of pumping water in and out

The effect othe experimental conditions amplitude of tilting, speed of tilting, inlet width, hortabn
water level (MSL), sediment level, sediméetslope and sediment type on evolution and
morphology were investigated.he spatial distribution of bed elevations and tidal water levels within
the tilting basin were surveyed through two digital photoveras. The water was coloured pink such
that the colour intensity of the water was an indication of water depth.

In our experimentsediment transport occurred both during the ebb phase as well as during the
flood phaseSo tilting the seup to generatelow rather than pumping water in and out worked well
to simulate the net effect of tidal flonChannels formed through backward erosion and started to
bifurcateand migrateafter retreating from the basin margimypical morphology emerged with the
exisence of an eb#idal delta, channel network and inlet channel@h he experimental

morphology resembled naturéxperiments with poorly sorted sand showed tkguilibrium

occurred invariably when the sediment in most of the tidal basin was immobdepéxear the inlet.
Experiments with lightveight grains showed a more dynamic state of changigical ebb and

flood channels separated by sills were presémtiso observed abandonment and subsequent filling
up of ebb and flood channels with sedimemd formation of new channel# addition bifurcations
occurred and a cyclic migration of channels existed in the-badler area. Channels in the inlet
showedresemblance with natural cyclaehavioursuch as the number of inlet channgls nature
constant tidal prisn channel area usually define equilibrium state. The experimental tidal prism and
channel area were constant while tiebb-tidal delta and tidal area still expanded. It indicated that
the subject of defining equilibrium state is notaghtforward. Meanwhile our experimenghowed
morphological equilibrium state when the bablrrier area remained equally large and the eiulal
delta did not expand anymore. Thaguilibrium state coincided with migration of bars, channels and



shoals ad was defined to be a dynamic equilibrium stafée use of lightveight grains, non
erodible barriers, a start perturbation and an initial sediment basin level considerably higher than
mean sea level were required initial conditions to produce a dynaiaet inlet system.

Multiple conditions were investigated in the experimeni&ie parameters that were most sensitive

to the equilibrium morphology were sediment bed level, average water level, inlet wsdthiment

and tidal amplitudeLow average wateelel with respect to the sediment bed caused long sharply
curved channels, caused by backward erosion. These channels had few branches and persisted on
the irregularly shaped ebbdal delta. Higher average water levels increased migration rates, number
of branches and a regularly shaped etdal delta formed. Inlet width and tidal amplitude most
importantly affected the shape and extent of the bawkrrier basin and eblidal delta since they
determined strength of flow. Ae effect to a rise in sea levah equilibrium morphology waa wider

and longer baclbarrier basin with more channels, a deeper inlet channel and thetielalb delta

built up in the vertical.

From applying scale rules it was found that experimesgaliment mobility was low while ftion

was highBut the scalingules did not incorporate the effect of a tilting sediment bed. The time scale
of experimental cyclic behaviour more or less agreed with the scale ratio of Tingescale ratio of

time was a function of tidal velocities abdsin lengthThe occurrence of experimental cyclic
behaviourassociates with all parameters and indicates that experimental sediment mobility was
appropriate. It is thus suggested that the net effect of tilting is such that it more or less negates the
scde effects predicted from scale ruldsxperiments predict an inlet area an order of magnitude
higher than the95-percent confidence limit of extrapolated field data [Maydora, 1977] They
described that possible scale effect in their experiments wasiieeof typical size quartz sand which
did not scale with prototype barrier sediment conditions. But our results were consistent with

F 2 dzy RA y 3 GMora pLF77] avhil@ vie Ndaled sediment by the use of kgktght grains. It is

thus suggested that thmlet area versa prism relationship is not a poweelation for the entire

range of conditions from experiments to prototype.

The morphology of the experiments compared rather well with observaRatommendations on
folding of the ebktidal delta aroum the inlet and realizing sediment rearrangement were provided.
Experimental observations suggest further research on the effect of inlet width on morphology and
on inlet dynamicsThe experimental setp also allows investigatirestuaries, shorgaralleltidal
currents the effect of wind waves, and mare



Samenvatting voor een leek

Rondom de wereld zijn er verscheidene kusten waarin een smalle geul een binnenzee verbindt met
de open zee. Voorbeelden hiervan zijn de Waddenkust van Nederland tot Dermmedek

Amerikaanse zuidelijke oostkust en de Portugese kust. Ook Venetié in Italié ligt in een dergelijke
binnenzee. Door deze zeegaten stroomt dagelijks de vloedstroom de binnenzee in en de ebstroom
naar buiten. Doordat het zeegat vrij nauw is, versnadydtijstroom wanneer deze het zeegat

passeert. Waarna de getijstroom vervolgens uitstroomt in zee, neemt de snelheid van de stroom af

en daarmee ook zijn capaciteit om zand te vervoeren. Hierdoor ligt er aan één of beide zijdes van een
zeegat vaak een del. In de binnenzee zelf ligt een geulensysteem waarin de geulen zich blijven
vertakken. Hierbij vormen ze indrukwekkende patronen. Tussen de geulen liggen veelal platen die
droogvallen tijdens eb. De droogvallende platen en eventuele eilanden hebben jzender een

hoge ecologische waarde voor bodemleven, vogels, vissen en zeehonden. Nu zijn zulke zeegaten met
RStirQa Sy 3ASdzZ Sy Sy LXIFGSy Ay RS o0AyySyiSS Reéeyl
banken migreren en dat er lokaal erosie of ddpesptreedt doordat de ebstroom net even anders
stroomt dan de vloedstroom. Deze dynamiek is het waardevolle van zulke getijsystemen en moet
daarom behouden blijven. Er is een belangrijke discussie gaande over het behoud van de natuurlijke
dynamiek in ggjsystemen terwijl de systemen ook beinvloed zijn en worden door de mens
(landwinning, baggeren, aanleggen van dijken, havens ed.) en klimaatverandering. Dit benadrukt de
waarde van de resultaten uit dit onderzoek.

Het doel van dit onderzoek was om eegtifgysteem te creéren uit een enkel zeegat met vlak

achterland waarbij de stroming door het kantelen van de bak gedreven wordt. Vervolgens, bestaat er
een evenwichtsmorfologie en hoe ziet deze eruit? Lijkt de experimentele evenwichtsmorfologie op
denatuNI A21S Y2NF2f23AS @y RS RStdlFIQaxz 1SS3ard Sy
condities hierop, zijnde: initi€le geul, de mate van kanteling, de snelheid van kantelen, de breedte

van je zeegat, de waterhoogte in zee, de sediment hoogte, dmfpethn het sediment bed en het

type sediment? Als laatste zijn schaal regels toegepast op de resultaten en vergeleken met

natuurlijke systemen. Wat zijn de schaal effecten en welke processen zijn een goede weergave van

de natuur?

Er is veel wetenschaelijke literatuur over de waterdynamiek en morfologie van het zeegat, de

buiten delta, het geulensysteem en platen. De kennis is vooral afkomstig van observaties en
metingen in de natuur, lineaire stabiliteitsvergelijkingen en numerieke modellen. Maigddehalen
waarop de morfologie in een soort evenwicht komt zijn vaak langer dan er observaties zijn. Ook
hebben numerieke modellen hun eigen beperkingen zoals de complexiteit van sediment transport en
is het numeriek lastig om nag¢n droogvallen te modkeren. Experimenterechterzouden een

volledige beshrijving van het ontstaan van een getijsysteem kunnen nabootsen waarbij de rand
condities en initiéle condities zelf bepaald word&mordat een experiment op kleinere schaal
plaatsvindt, is het een vemglde weergave van de realiteit. Maar het probleem is nu dat

experimenten zelden gedaan worden om kustmorfologie te onderzoeken. Dit komt vooral door
schaalproblemen. Andere beperkingen van eerdere experimenten waren dat de morfologie gevormd
was door eerebgedomineerde stroom, er werd weinig sediment verplaatst met de stroom en het
GeLIS adNRYAYy3 gl a WwIEFITRQ ¢l NR22NJ 2S RASLIS 3L 4GSy
als er in de gevormde getijsystemen geen verandering van de bodem meer ptahtsvanks dat

er water stroomde. In de natuur echter, blijven zulke systemen dynamisch.

In dit onderzoek maken wij gebruik van een compleet nieuwe methode om water te laten stromen
die eb en vloed moet nabootsen. Normaalgesproken werd dit gedaan doayafaeweging te

simuleren of water in en uit te pompen. Wij kantelen de bak vanuit één hoekpunt op en neer.
Hierdoor gaat water stromen in de richting van de helling waarbij de zandbodem mee helt. Hierdoor
is er een lagere stroomsterkte nodig om sedimeneroderen en vervoeren en heb je dus hogere
sediment mobiliteit. De sediment mobiliteit wordt ook nog eens verhoogd door gebruik te maken



van hele lichte plastic korrels die gemakkelijk meegevoerd worden. Dan zijn er nog de schaal regels

waar aan voldaamoet worden. In de literatuur sectie staat een uitgebreide uitleg waarom deze

regels die in eerdere experimenten geformuleerd zijn niet persé opddeins veel belangrijker dat

het type stroming juist is en de stroomsnelheid in verhouding met de wagptdi Door grovere

12NNBta S 3ISOoNHzA 1Sy 1T 2NBH 2SS SNW22NJ RIG RS aidNey
een plastic bak van 3.8m bij 1.2 m en 20 cm hoog. Deze bak was opgedeeld in een laag sediment aan

de ene kant en water in de rest vde bak. Door de bak te kantelen ging er water in en uit een

initieel geultje in het zandbed stromen. De veranderingen van de geul werden zichtbaar gemaakt

R22NJ YARRSt @Iy OFYSNIQa Iy KSG LIXITFT2yR RAS | dzi

In de experimenten vondrezowel tijdens inals uitstroom sediment transport plaats. Het kantelen

van de bak simuleert dus het effect van eb en vioed. Er ontstond een karakteristieke morfologie met
een ebgetijde delta, hoofdgeul(en) in het zeegat en een geulennetwerk in heedahtl. De
experimentele morfologie was dus vergelijkbaar met die in de natuur. De evenwichtsmorfologie in de
experimenten was een systeem waarbij het achterland niet meer groeide en de delta niet meer
uitbreidde. In de natuur wordt evenwicht vaak gededimid aan de hand van een verhouding tussen
getijvolume en doorstroomoppervlakte van het zeegat. Het experimentele getijvolume en de
doorstroomoppervlakte van het zeegat waren al lange tijd redelijk stabiel terwijl de delta nog groeide
en het achterland nogitbreidde. Uit de experimenten blijkt dat het definiéren van een evenwicht
wellicht complexer is. Toen het systeem niet meer groeide bleven de geulen wel migreren. De
experimentele evenwichtsmorfologie was dus in een dynamische staat. Dit was nog eroleit e

gezien op experimentele schaal. Belangrijke condities om een dynamisch evenwichtssysteem te doen
2yGadlly gl NBYyY fAOKGISHAOKEG LIXTFadAO 1 2NNBfaz SS
sediment bed lag hoger dan de zeestand en een inigéld. Bij de experimenten met zand vond er

na verloop van tijd geen transport meer plaats en was dat dus het evenwicht.

Over het algemeen breidde een geul zich uit door teohgijdendeerosie. Een splitsing vond plaats

nadat een geul zich iets had tegegrokken. Na splitsing vond er zijwaartse migratie plaats.
Karakteristieke eb en vioed geulen waren aanwezig met daartussen drempels. Ook werden er geulen
verlaten, opgevuld en ontstonden er nieuwe geulen. Migratie van geulen in het achterland gebeurde
in een cycliciteit. Ook in het zeegat was er cyclisch gedrag dat ook in de natuur plaatsvindt: het
wisselen van het aantal geulen. De morfologie was het meest gevoelig voor de volgende condities:
hoogte van het sediment bed, gemiddelde waterhoogte, breedte et zeegat en de getijamplitude
(mate van kanteling). Een zeespiegelstijging leidde tot uitbreiding van het achterland, een dieper
zeegat en de elgetijde delta werd opgehoogd.

Uit de schaal regels bleek dat de mobiliteit van het sediment aan dekéagavas en dat

bodemwrijving aan de hoge kant was vergeleken met de natuur. Maar de schaal regels nemen niet
het effect mee van het meehellende zandbed tijdens eb en tijdens vloed. Terwijl de tijdschaal van de
cycliciteit wel overeenkwam met de schaalveuding van tijd. De cycliciteit is een gevolg van alle
condities en is wellicht een betere maatstaf. De suggestie is dan ook dat de het effect van kantelen
dusdanig is dat het ervoor zorgt dat de mobiliteit van het sediment toch juist was. Kortom, aan de
schaal regels werd bijna voldaan; de experimentele morfologie en processen daarin leken erg op die
in de natuur; een evenwicht werd bereikt waarin geulen en platen dynamisch waren.
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Chapter 1: Introduction

A tidal inlet is a narrow channel that connects the open sea with a lagoon. Tidal inlets often occur in
barrier island systems and are typified by delidsne or bothends of the inlets(see front page)
The deltas result frordeceleration of theéhigh-velocity, tidal currents that flow through the channels
and loose strength when the flow diverts into the sea or lagdoithe lagoon a backarrier
environment developswith branching channels and tidal flafBhe baclbarrierareasare ecologically
AYLRNIFYG FNBFA F2N) Soad aKStt FAAK | ljdz Odzt (i dzNB =
channel system provides natural access to ports [varidegen et al. 2008a]. The areas can be
densely populated and attractive for recreation which increases the economic value of the system
[van der Vegt 2006]. Literature describing the hydrodynamics and morphology didztleltas,
inlets and channel rtevorks is widely available. The knowledge is largely based on field observations,
linear stability analyses and numerical modelliBgt the timescale of observations is usually smaller
than the timescale of morphological equilibriubue to numerical isss models have limited value.
Experiments can provide datdch descriptions of their evolution in fully controlled boundary and
initial conditions. But experiments in the field of coastairphodynamiaesearch are rarelhe issue
of conservation of tidadystems, exposed to the effects of human interference (i.e. land reclamation
dredging construction of groins and dikeand climate change is important. Therefore we should
improve our understandingrothe evolutionof a tidal inlet systenthe existen@ of an equilibrium
stateand the effect of changes in conditions such as sea level rise and land reclarBgtiemments
can give new insight on tketopics.

Not much is known about thgenesis of tidal inlet systems and estuaries because the
depositsare usually reworke in nature [Perillo 1995Experiments allow describing the evolutioh
a tidal inlet systenfrom plane bed to equilibrium staté&ver since 120 years people have been trying
to create estuaries and tidal inlet systems in experimesigting with Osborne Reynolds in the
MYy y JREYRA0Ids118874891] So far no group of scientist did succeed creating a physical scale model
of a dynamic tidal systenMost importantly, lowsediment mobility, ebllominance and the
emergence of unrealistideep scour holes and large ripples have to be avoidled.main objective
of this research is to create tidal inlet systems in a laboratory physical scale model by applying a
novel method to generate flonBubsequently, desequilibrium morphology exist ahwhat is the
equilibrium morphologyf the tidal inlet systerdA How does it compare to naturelhe focus is on
morphologyand dynamic®f the ebb tidal delta, the inlet and the channel networks. We study the
sensitivity to the width of the inlet, the tidalonditions, sediment level, initial perturbation and sea
level rise Third,scaingrules are applied oexperimental parameterand those ofrototype
systems What are scale effects and which phenomena in experiments represent nature?
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Chapter 2: Theoretical review and scope

The theoretical analysis considers literature on morphology of tidal inlet systathprocesses
governing the morphology from different methods of resear€hist the reader is introduced tbe
typical morphology of tidal iek systems and the principle of sediment transport. Chapter 2.2
considers basic knowledge from observatioftee processes governing the morphology of tidal inlet
systemsare provided Also quantificatiosof typical characteristicwill be considered andheir
interrelations.The so called equilibrium stateill be defined with a description of simultaneous
cyclicbehaviour Then chapter 2.3 covers findings franodellingstudies.Modellingstudiesallowed

to test findings from observationgheir resultsprovidebetter insight in theeffect of the character of
tidal flow, the relevant effect ofvavesand their combined actionThese two processes most
importantly describe the dynamic state thfe sediment bed on a range of time and spatial scales.
Thereafer chapter 2.4 summarizes prior experimental wgrtqvidesfindings from prior

experiments and most importantlyiscussegxperimental constraints. The last section, chapter 2.5,
is on the application of scale rules. First the principle of upsceligigen followed by suggestions on
relaxing scale rules. Nevertheless multiple methods of scaling are outlined to allow comparison of
results to previous experimental work aatlow comparison to nature. Last, chapter 2.6 gives the
thesis outline.

2.1 Tidal inlet systems and sediment transport

This section describes typical morphology of tidal inlet systems and estuaries and how they emerged.
Also the principles of sediment transport will be explained.

2.1.1 Tidal inlet systems

In many coastlines the tidal water passbsugh inlets into and from hackbarrierarea twice a day
and thereby created typical morphologligure2.1 presents four examples of tidal systems with
exposed sand bodie$hey are respectively the Dutch Wadden Sea Coast, the Western Scheldt
estuaryin the southwest of the Netherlands, Cape Hatteras and North Inlet at the Atlantic coast of
the United States of Americd he ebb and flood current transport sediment. But the ebb and flood
flow not simply reverse the direction at each part of the beaytimay have different flow paths
[Reynolds 18871891]. So what has been a scouring flow during ebb can be a depositing flow during
flood. A typical shape of the sand bodies results from the local change in the character of flow and
the flow having to pasthrough a narrow inlet. Figure 2.2 presents a sketch of a typical tidal inlet
system. Typical sand bodies are the inlets in between the barriers, the delta at the seaward and at
the landward side of the inlet and the channel network in the Baakier. Tle seaward delta is

referred to as the ebitidal delta while the landward delta is the flodlal delta.The region of the
ebb-tidal delta is shallow, with depths in the order of several meters. Some parts can be above mean
sea level. The delta is foldedoaind the deep ebltlominated channel [de Swart and Zimmerman
2009].The channel through the inlet usually consists of a centraiddyhinated channel and one or
two flood dominated channels. Between the barriers and the mainland generally ebbagkr
environment (estuary or lagoon) is situated. The bhaekrier shows a typical branching channel
network of several orders with tidal bars, meanders and an intertidal zone of tidal flats and salt
marshes [de Swart and Zimmerman 2009]. So many coastlinesddatets with typical morphology

of the system as a result of tidal flow.

The deltas, inlet and baddarrier area consist of different sand deposits preserving historical
development. Figure 2.3 shows the sedimentological architecture in the bottgresént tidal inlet
systems. The deposits in a bamdrier usually consist of fine sands and mud (striped in figure 2.3).
While the deposits near the inlet and of the eblal delta are usually coarser and consist of medium
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US Atlantic coast at
South Carohna

Figure 2.1 Examples of tidal systems with exposed sand bodies.

sand (densely dotted in figure 2.3). The sequence of bottom layers found indicated vertical accretion
of thick layers of sediment. At the same time typical deposits ofesuwlironments are longtretched

and layered tp of each indicating migration. The theory is that present barrier island systems
migrated landward when sea level rose since the last glacifitasselink and Hughes 2003]
Continental shelves which lay dry during thst glaciations became flooded. $lvaused a

complicated process @éworking of sediment, filling in of the topographic lows of the glacial
landscape and esion oftopographic heights [de Swart and Zimmerman 2009]. Another
phenomenorthat can lead to the formation of a tidal inlet systésa breach through a barrier

island or the coastline [Stefanon et al. 2009]. Barrier morphology is affected by a number of factors
which include sea level, sediment supply, substrate gradient, geological inheritance, wave energy
level, tides and wind [Msselink and Hughes 2003]. In terms of barrier evolution and stratigraphy, the
two most important factors are sea level and sediment supply. It depends on a combination of these
two factors whether the barriers are prograding (fig@8 typical stratigrapt), stationary or
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retrograding [Masselink and Hughes 2003). most tidal inlet systems formed and migrated when
sea levetose and their preservation depends on future conditions.

The schematizations figure 2.2 and figure2.3 give rise to some coradictions. The figures
show a weldeveloped flood tidal delta and a waleveloped ebb tidal delta. While in nature it is
usually observed that either the ebb tidal delta or the flood tidal delta is-dealeloped [de Swart
and Zimmerman 2009]idure 2.2 presents he direction of the tidal current parallel to the coast
which is the case for the Dutéadden $a Coast. Though, the direction of the tide can also be
perpendicular to the coast. This is observed for the U.S. Atlantic @bast ebbtidal deltas are
usually more symmetrical than for the Dutch Wadden Sea C8addespite of having general
morphology, the morphology of a tidal inlet systestnongly depends on local conditions.

Tidal flats

s ;);\;,a\EM 1epy
. Tdal watersheq

Coast

Figure 2.2 Sketch of an idealized tidal inlet system, showing the different
geomorphologic elements and the dominant physical processes
and phenomena. From De Swart and Zimmerman 2009.
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Figure 2.3 Block diagram illustrating the various sub-environments in a barrier island system.
Note the stratigraphy which shows the barriers island system to be a prograding system
due to sea level rise since the last glaciation. From Masselink and Hughes 2003 (page 244).

2.1.2 Estuaries

As long as freshwater is discharged into the sea in a channeled form, there is a potential for the
dewelopment of an estuarine environment [Perillo 1995]. An estuary is a partly enclosed sediment
body that is fed by river water and has a free connection to the sea so it is influenced by tide. It forms
a transition zone between river environments and ocearironments. Estuaries occur in many
types wherein geology is often a major contrdkertain type of estuary is comparable to a tidal inlet
system because they are tidltominated and also form channel networks and an-tidal delta.
Welltknown examplegre the Westerscheldt in the Netherlands and the Thames in the United
Kingdom. So in an estuattye tidal flow interacts withriver flow. River discharges in tide dominated
estuaries are generally small conmpd with the tidal prism (< 5%Perillo [1995]ntroduces the role

of tides to be complex and less well studied than many other aspects. A short andritteth
introduction is given here by Wells, edited by Pefill#95, page 179]:

We know that certain basins, such as the North Sea, the Yelloan8d¢he Bay of Fundy
have especially large tide ranges because of basin geometry. We know that when tides

O2y@SNHS Ay O2Failt SyoravySyiQas adOK Fa S$Saic

range increases as tides are forced through smaller @exg®onal areas. We know that as
tides move upstream through smaller cregstional areas, the tidal currents become
progressively more asymmetric in both speed and duraGommonly estuaries have lengths
of the same order as the tidal wavelengifet, &en when generalizations and simplifying
assumptions are made, it is difficult to unravel the role of tides in sedimentation pattern and
morphological development because of the difference in source, distribution, and nature of
both fine and coarse sedimesnfound within estuaries.

The general sedimentology of a specific estuary is the consequence of many conditions. One of the
most important is the sediment source. The sediment source may be from the river or the adjacent
shelf. The sediment is introducéato the estuary by tidal action or a currealong the shore

Erosion of inner estuary rocks or pestuary sediments and biogenic material may also be significant
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[Perillo 1995]5 2 OdzY Sy i NB 2y 3S2f23A0Ff NBO2Adda 2F aSadd
incised valleyfills with brackish trace fossils. In such settings topokgybasin geometnhave a

strong control on morphology during infillinhe question arises to what extent the morphology is

controlled by the original topology. Also, Rler{1995] states that the understanding of coas{alane

estuaries may be biased by estuaries along the east coast of the U.S. and in the Netherlands.

Experiments can provide new insight on the effect of topology and basin geometry on morphology.

2.1.3 Sediment transport

A current or drift acts on the bed sediment [Reynolds 188%1]. The primary action is not so much
to drag the grains along the bottom but to pick them up, hold them in some kind of eddying
suspension at certain distance above the bottom arehtlallow them to settle. As a consequence,
there is a layer of water adjacent to the bottom that is loaded with sediment. The thickness of the
layer depends on the sediment properties and current velocity. The faster the current and the finer
the sedimentthe thicker and the denser the loaded layer will be [Reynolds 11&91].

The most important modes of transport are bed load and suspended load transporo&éd
movesh y GKS FT2N)XY 2F &t ARAY3 | YR Niatfpartofth8totAINI Ay aed { d
sediment transport which is maintained in suspension by turbulence in the flowing water for
O2yaARSNIofe LISNA2Ra 27T [VanRen 1903).(Ba2 tdrispod thobésl OG0 & A
may occur simultaneously and the transition zone carbetveltdefined. Whether sediment is in
suspension or transported as bed load is largely determined by the equilibrium between the fluid
drag force and the gravity force, expressed in the terminal fall velocity. Small particles have a low fall
velocity andare therefore more easily transported as suspended sediment since gravity does not pull
them down.

Theforcethat acurrentexerts on the bed surffadsRSa ONA G SR o6& (KS o06SR akKk
(N/m?). The bed shear stress is given:

ol c* 3 dz (2.1)

with “, being the water density (kg/f), g the gravity acceleration (nfjs u the depthaveraged flow
velocity (m/s) and C the Chéegefficient(m®%/s) [Van Rijn 1993]. The Chénefficientis a measure

for bottom friction. A certain velocity is needed before particles start to move [Van Rijn 1993]. Then,
the quantity of the sediment which passes a particular section increases much faster than the
velocity Reynolds 18871891] To initiate and retain motion, a bed shear stress is needed just larger
than the critical beeshear stress, .. Shields (1936) did many experiments to determine the

initiation of motion for different grain sizes. He determined an empirical dimensionless parameter
for bed shear stress, the Shields parameételt describes whether the flow is sufficiently stgpto

initiate motion [Van Rijn 1993]. This is given by:

‘ cr:_b,cr/ ((’ sG ’w) gdéo) (22)

with _,..is the critical bed shear strefd/m?), " s the sediment density (kg/f, ", the water density
(kg/m®), g the gravity acceleration (nfjsandds, the median grain size (m). Figu2et shows the

classical Shields diagram for a fixed temperature and viscosity. For fine sediment with a boundary
Reynolds humber below (sediment size of about 8m) a relatively high critical Shields stress is

needd to initiate motion.Since he gravity action on a smaller particle is smaller which would make

it more easy to initiate the motion. Still, a higher mobility parameter is needed to initiate motion.
CKA& A& RdzS G2 TFTAYS &S Re) andfyidiparocksiintdce [¥s2 tNBuleNéd. i A O & ¢
Roughness elements such as grain particles generate eddies which affect the turbulence structure
and hence the flow velocities close to the bottom. Roughness elements facilitate initiation of motion
[Van Rijn 293]. In turbulent flow conditions the flow velocities are not constant in space and time. In
addition, the particles are random in size, shape and position [Van Rijn 1993]. So the actual transport
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of sediment is not necessarily described by a simple féatran. This is resembled in the availability

of different deterministic transport formulas that differentiate in the parameters needed to obtain a
transport rate (i.e. MeyePeter Mueller, Bagnold and Van Rijn). In short, the most important
parameters fordetermining sediment transport are flow velocity, water depth, bottom roughness
and sediment size and density. Transport formulations generally determine sediment transport, g
(m?/s), from the flow velocity, u (m/s}p the power of 3o 5 [Van Rijn 1993When, at a particular
place, the sediment load of the water is less than the full load due to its velocity, it will take up from
such place more sediment than is released. The water increases its load at the expense of the bed.
The bed is lowered or eded locally. Conversely, when the water is overloaded by sediment net
deposition will take place. Consequently, the bed will raideyholds 1884891] Predominantly,
changes in velocity determine deposition and erosion of the bed. The gradual chamgesefiiment
bed does not depend on the rate of deposit and withdrawal, but on the tidally averaged excess of
one of these over the other.
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Figure 2.4 Shields diagram describing the initiation of motion for a current over a plane bed from the
dimensionless critical Shields parameter and the particle Reynolds number. The numbers in the figure
present median sediment size (mm).

Source: htep://serc.carleton.edu/NAGTWorkshops/sedimentary/activities/14100.heml.

2.2 Observations

This section provides basic knowledge from observations. First a classification scheme introduces the

most importantprocesses governing the morphology of tidal inlet systems. Then the development of
channels and subsequent channel patternsiéscribed for Quantifications of typical characteristics
of channels such as widtb depth ratios, channel branching numbers and channel areas are
considered. Channel areas have interrelations with tidal wataraek and sediment volumes
introducing the concept of equilibrium stat&he so called equilibrium state will befined.
Thereafter the existing of an equilibrium state is discussed because of its dynamic state and
simultaneous cyclibehaviour

2.2.1 Classification scheme

Hubbard et al. [1979] classified tidal inlet systems based on examples frosoulieeasternAtlantic
coast of the USA. Three types of inlets are identified and schematized inZigubeing tide
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dominated (A), wavglominated (B) and transonal (C). In short, tide domination (A) causes deep
ebb-tidal channels and floctldal deltas to be poorly developetivhen the tide is dominant, the

extent of the main ebb channel is much larger, up to several times the width of the inlet such as for
the inlets near South Carolina and @gia [Davis Jr. and FitzGer2@04]. Wavedominated (B) inlets

are characterized by large, lobate flotidal deltas building into wide open lagoons. The <iolal

delta is smallWaveinduced currents push the ekidal lobe close to the inlet mouth such as for the
coast of Florida and North Carolirédal channels are generally shallow (less than 6m) and bifurcate
landward and seaward of the inlet. In transitional inlets (C), major sand bodies are typically
concentratal in the inlet. The inlets vary widely in morphology and sand body geometry. Hubbard et
al. [1979] do not explicitly describe the configuration of the lagoon but the schematization shows
that the lagoon mainly consists of shoals and channels. The inieketthe barrier islands is
maintained by the separation of landward and seaward transport through the inlet. Other factors
than the tidal current and waves exhibit less controls. Their effects are more difficult to quantify.
Nevertheless, factors that detmine the particular morphology of a tidal inlet system are [Hubbard
et al. 1979]:

1) tidal prism

2) inlet crosssectional area and shape

3) the nature of the backarrier bay (shape, geometry, size, geology)
4) fresh water input

5) relative changes isea level

6) sediment supply

The most important parameter governing the shaping process of the typical coastal structures is
considered to be tidal prism [Dieckmann et al. 1988]. Tidal prism is defirtethhgolume of water

that enters and leaves thiéal basin during one tidal cycl# is a function of the tidal range and the
morphology of thebackbarrier. The dimensions of inlets and ebb deltas correspond to the tidal
prismoh Q. NASY wmpcd YR 52YS0NRGa] A Whgnhetd8l frish M e
of one basin reduces suddenly by land reclamation, the inlet reduces in size over a few decades [Oost
1995].00st [1995] provides time scales in which active existence time is supposed to be studied. He
gives an order of magnitude for thalal system of 1.000 year. Thackbarrierchannel system, inlet
channel and ebftidal delta have an active existence time of 10 to 1.000 yeaeal differences in

factors, recent changes due to human interference and a long existence time makes e stibj
equilibrium volumes and system response hard to dedocaatural systems.

TIDAL INLET TYPES- GEORGIA EMBAYMENT
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Figure 2.5 Tidal inlet classification [Hubbard et al. 1979].

Arrows show dominant transport direction.
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2.2.2 Channel initiation and early development

Channels develop when aall depression in the sheet flow causes the discharge to concentrate.
Sediment transport is related to the power of velocity, therefore a small increase in flow velocity due
to a depression causes an increase in sedimemispart capacity [Van Rijn 1993n increasing flow
depth leads to a decrease in bed surface area and therefore less bed friction per unit flow volume.
Both processes induce a positive feedback mechanismwiads to channel developmerithe
channelization usually extends basin inwaly headward erosion [Kleinhans et al. 2008] because of
a larger hydraulic gradient from the tidal flats towards the channel head. Nevertheless the channel
cannot become infinitively deep, which introduces the subject of channel character and
morphologichequilibrium. The definite channel character is controlled by properties such as slope,
cohesivenessf the banks Froude number and channel width and depth. The latter depend on
imposed water discharge, grain size and sediment concentration [Hoyal aets&009]. Also, the
channel character/instability controls the avulsion cycles within a system and therefore the
development of a channel network. Cleveringa and Oost [1999] describe the origination of channel
systems to be regarded as an etitiven drahage network, governed dyackwarderosion.
Thebackbarriertypically shows a channel network. The channel network drains the area.
Rodriguedturbe et al.[1992] found that a tree like drainage network arises from the assumption of
an equilibrium confuration with minimum energy dissipation [van der Wegen et al. 2008]. They
assume equal energy dissipation per unit area of channel anywhere in the river network. In a tidal
system the basin alternately drowns and drains during flood and ebb. The ebbhdkw get going
from zero speed at slack water. As a result maximum ebb velocities usually occur at lower water
levels than maximum flood velocities. According to Cleveringa and Oost [1999] flooding changes the
configuration that arises from draining thesin.So he draining of the basin result in a tree like
YySGig2N] 6KAES (KS Ff22RAy3 Fft2¢6 RAalGdZNDA (GKS LINE
O2 y ¥ A 3 dabkk tiidoehgivioubexpresghat the more treelike the network is, the more
dominant the draining flow (ebb) is over the flooding flow&idressing equilibrium morphology in
case of tidal flow is of no ways simplée complex interaction of hydrodynamic and
morphodynamic processes in tidal basins limits the applicability of preuased nodels[Cleveringa
and Oost1999] They can be improved using the fractal geometry (se@i@rp frombehaviour
oriented modelssuchas the dynamical equilibrium morpholof@leveringa and Oost 199Rinaldo
et al. 1999 findvell-definedpower law relatbnsfor larger channels between crassctional area,
drainage area, tidal prism, channel width, and peak discharge. Comparison to experimental results
may provide greateinsight in aspects of morphodynamic adjustments and equilibmuonphology

2.2.3 Marsdiep Inlet

The Dutch tidal inlet Marsdielpetween Den Helder and Texel got a passage from the North Sea to
the present Wadden Sea in 1170 (Allerheiligenvioed). Data on the water depth of the inlet is
collected by A.P. Oost (U.U. abdltares) and provides infmation of a evolving tidal inlet system.
Figure2.6shows an increase in water depth from 1300 to the year 1980 [Oost 2011, the data is
confidential because it is not published yet]. From 1385 to 1700 the inlet depth increases linearly.
From 1700 the wadr depth increases less and the trend is variable. This period of time coincides with
human interference of the system by land reclamatiboes the variability result from human
interference only or can a part of the variability &eplainedby tidal forang?
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Figure 2.6 Data on the increase of the water depth of the Marsdiep inlet over time (years) at the Dutch
Wadden Sea Coast. The data is confidential because it is not published yet. Copyright by A.P. Oost, 2011.

2.2.4 Width to depth ratios of tidal channels

The typical morphology of a tidal basin consists of an inlet with main channels and further inside the
basin, the main channels become shallower and undergo a sequence of bifurcations. It results in a
complex pattern of channels and tidal flatShannelmeandering is seen for the main channels as
well as for the smaller channets tidal channel networks (figur2.1). The discharge increases in the
seaward direction so both width and depth is expected to increase in the seaward direction. But the
width ard depth of the channels is also influenced bg tritical threshold for erosion and deposition
[Fagherazzi and Furbish 2001 in Kleinhans et al. 200&). widthdepth ratio is often used to
determine bar pattern and therefore channel pattern [Kleinhansakt2010]. The width to depth

ratio is defined as:

i 1" 2k5 2.3

with W being the top width and D the mean depth. The width to depth ratio in tide dominated inlets
is usually small [Hubbard et al. 197%he inlet channels and larger channels in Ehech Wadden

Sea have a width to depth ratio of about 35 (Vlie and Ameland wdétulatedfrom depth maps of
1999 and 2005). The bband flood channels near the tidal divide usually have higher width to depth
ratios of about 6@100. Literature desches values from about 5 and higher (up to 150) [Dénaix 1811
in Stefanon et al. 2009]In rivers the width to depth ratio is usually much higher than 30 [Chang et
al. 1979].The question arises how width depth ratios of experimental channetempare to
observations and what processes and conditions describe dissimilarities.

2.2.5 Hierarchical analysis

The large inlet channel branches into smaller channels, which finally give way to (inter) tidal gullies
[Cleveringa and Oost 199%h order to describghe branching patterns of channel systertiorton
introduced ahierarchicalind fractal analysis of channelaimference [Cleveringa and Od€99].
Cleveringa and Oost [1999] foubgtl LILJ @ Ay 3 | 2 NI 2 y-éadnneYsgsiemiRtheld K I
Dutch Wadden Sea hawsimilar branching patterns. The channel systems have the same
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characteristic as thredo four- times branching networks. Figue7isan example of what a three
to four-times branching networks involves. The smallest channels are assigned to fest Ona
first-order channels merge into a secendder channeland so on [Cleveringa and Od$99]. The
branch lengths of these channels decrease logarithmically. Their actual configuration is a result of a
selforganising nature with a natural variabyli Regarding tidathannel systems, Cleveringa and Oost
[1999] state that the threeto four-times branching network is an equilibrium morphology.
Subsequent, Marani et al. [2008jund that total channel length relates well to watershed
area rather thanto its tidal prism. This founding is a somewhat counterintuitive result because
typical tidal features are generally relatdo tidal prism [Hubbard et all979 and Cleveringa and
Oost 1999]. Marani et al. [2003halyzed e relevant morphometric featuresf the observed tidal
networks andsalt marshes. It allows one to sketch drainage directions, unchanneled flow lengths,
and contributing areas to determine any channel cross section. Drainage direction was deduced from
the related water surface gradientsor direct comparison to proper experimental result one has to
consider that the work of Marani et al. [2003] generally considered channel networks in highly
vegetated areas. Stillt, is of interestfor recent experimental works because it is not strafighward
whether tidal channel networks are a remnant of rain water drainage systems and/orflbdal
channelization If the latter is the case and assuming that vegetation captured the configuration of
the network, the channel dimensions and networksvefetated areas are still representative for
unvegetated areas. Likewise Marani et al. [2003] suggest that the concept of inheritance is
supported. The salt marsh area might be a proxy of the dynamic forcing responsible for the
formation of the network duing its history. After colonization by alophytic vegetation the network
only undergoes minor changes not altering its basic structure [Marani 2088].

Figure 2.7 Horton’s hierarchical analysis. The smallest channels are assigned to the first order. Two first-
order channels merge into a second-order channel, and so on. A lower-order channel that joins a higher
order channel does not change the order of the latter. From Cleveringa and Oost 1999.

2.2.6 Empirical relationships that define equilibrium

Empircal relationships between tidal prism P, channel area Ac andidabdelta sand volume ESV
exist. The longerm empirical relationships are used to define equilibrium state, assuming stable
boundary conditions [Dastgheib et al. 2008{ich relationshipsan be useful for predicting
adjustment to natural or human induced changes such as land reclamation and partial closure of
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basins. Tidal prism is definedtasal volume of water that enters and leaves the tidal basin during
one tidal cyclelt is mainlya function of the tidal range and morphology of the bdekrier basin.
The idealized geometry with a representation of parameters is illustrated in figure 2.8.

Figure 2.8 Idealized geometry with channel area A_, tidal prism P (the volume of water that enters and
leaves the lagoon during each tidal cycle), Length of estuary L, and area of estuary entrance A.. From
Powell et al. 2006.

The sand volume of the ektidal delta ESV is related to the tidal prism P (i) by

ESV = P® (2.4
ESV 9.0066 P% (2.4a) [Walton and Adams 1976 in van der Vegt 2006].
ES\=3.80x10° P12 (2.4b) for the Atlantic US Coast [Powell et al. 2006]

The constants c1 = 0.0066 and c2 = 1.23 hold for systems that are in a natural equilibrium state
[Walton and Adams 1976 in van der Vegt 2006]. Typical values of the tidal prism are between 106
and 109 m3. Equilibrium exists between crssstional channel area.Am?®) and tidal prism P (f
ohQ. NASY mMopch Ay t26Stf SG Ifd wnnceyY

A.=aP 5
" (2.5)
A.=4.69*10% PO (25) WhQ. NASYy> mopcdh Ay t2¢gStt Si |
A.=6.25x 10 P (25) Ct 2NARIFI Qa SyiaNlIyOSawt2Stt Si

The coefficienta andm vary from entrance to entrance but from 28 US inlets it was obtained that
bestfit values area=4.69*10" and m=0.85. Powell et al. [2006] applied the empirical relationship
on 66 inlets of the Atlantic Coast and Gulf Coast. They found a bestditf6r25 x 1dandm = 1.
Their results argivenin figure2.9.The islands along thButch and German Wadden coast also
show an almost linear relation between tidal prism P and the depth of thedelohinated channel
[Sha 1990 in van der Vegt 200Bkperiments by Mayeora [1977] predicted an inlet area an order
of magnitude higher thanhie 95-percent confidence limit of extrapolated field data [Maydora,
1977]. They suggested that the inlet area versus prism relationship may not be an exponential
relation for the entire range of conditions from experiments to prototype or that scakceffare
important. MayorMora [1977] described that possible scale effect in their experiments was the use
of typical size quartz sand which did not scale with prototype barrier sediment conditions. Our
experiments do scale sediment and results can thefiné if the inlet area versus prism relationship
holdsfor the lower range of conditions of Mayddora [1977].
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Figure 2.9 Area-prism data for Florida entrances. From Powell et al. 2006.

2.2.7 Dynamic equilibrium state

Morphodynamic equilibrium isften assumed [van der Wegen et al. 2008] based on the relation
between ebbtidal delta volume (ESV) or tidal prism (P) and the inlet area (Ac) (previous sedtien).
O2yOSLII 2F WWY2NLK2REeYyIlIYAO SljdZAf AONAERY QQ NBTSNA
bathymetry in a tidal system [Van der Wegen et al. 20B8}.the empirical relations do not phain

the origin of the equilibrium and its sensitivity to changing conditions [van der Wegen et al. 2008].

The equilibriumstate may be dynamic in the semof regular or cyclic migration of shoals and

channels. Theynamicbehaviourand adjustment to equilibrium occurs on different spatial scales

but timescales interact with each other. It results in a state wherein a process of continuous and
dynamic feethack is maintained [De Vriend 1996 in Van der Wegen et al. 2008]. The equilibrium
characteristics may be a subject of geological inheritance and the dynamic feedback can be reflected
in timescales of centuries to millennia. In contrast, major impacts loyams occuted over decennia

to centuries. Observations usually comprise less time than all these processes cover so the subject of
dynamic equilibrium state is still under debafemodellingstudy by van der Wegen et al. [2008]

suggests that when basing@ve towards a state of less morphodynamic activity it is represented by
stable characteristic patterns. Also the basin deepens and widens less. A continuous sediment export
toward the sea and bar and shoal migration is still observed. Closer analyars @ér Wegen et al.
[2008]on the hydrodynamic characteristics over time shows:

lower width averaged velocity peaks,

similar ebb and flood duration and velocities along the basin,

constant time lags between maximum velocities and maximum water levels,

a stable relationship of the ratio of the water volume stored on the shoals and the channel
volume (Vs/¥, criterion to determine the floodand ebbdominancy of a tidal inlet)

A stable relationship of the ratio of the tidal amplitude to mean channel dépfth).

< <<

<

These relations canelp in determiningvhen aneventual equilibriunmay be defined.

2.2.8 Cyclic behaviour

Tidal systems remain dynamic over time. Field studies from a few centuries show that the channels in
the Dutch Wadden Sea and in thackbarrier at the coast of South Carolina actively migrate. The
channels do so by eroding bars and depositing new bars. Also in the inlets the channels shift
continuously and cyclically [Oost 1995 Chapter 3]. The tidal systems have multiple inlets with single,
double or triple channels. Also the number of channels show a dy&liaviourof shifting between

the numbers oinlet channels [Oost 199Ghapter 3]JAmeland inlet (most natural system of the

Frisian Islands) is modulating between a @h@annel and a twahannel system during a period of
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approximately 50 years [De Grimal 1998 in Dissanayake 20@8 and Oost 1995]. Alsbe tidal
inlets between the barrier islands shift/migrate continuously and, as far as known from a few
centuries, cyclically (Oost 19@h. 3).A summary of cyclic and migratiorhaviouris observed in:

- eastward migration of inlets whereby it takes over drainage systems

- Pinkegat: cyclic development of the main channel from one main channel to two or more
main channels. In case of one mahannel the channel is relatively deep and migrates
eastward.Simultaneouslyhe barrier to the west expand#s a resulthe flood flow acquires
more time to reach thdackbarrier. Eventually it washes out new channels. A multiple
channel inlet systemarises. The channels are shallower. They also migrate eastward. The
channels that are situated the furthest to the west migrate the fastest. After some decennia
the channels fuse or silt up. Eventually one main channel remains.

- Zoutkamperlaag: the ebtidal delta shows channel migration from the west to the north and
from there to the east. The channel migration on the dlutal delta modifies the location of
the tidal current. Thereby it influences the main channels in the inlet. Usually two separate
chanrels arise in the main channel that separate more and more in time. Eventually the
western channel is abandoned.

- The backbarrier shows a response to the transition in the number of channel inlets. The high
water area becomes smaller in the west due tcharmge in the tidal signal. At the same time
the high water area shifts slightly eastward.

- On theebb-tidal delta smallerscale bars are observed that migrafée migration is
referred to as cyclic bdrehaviourand the bars migrate from the inlet andtach to the
coast [De Swart et al. 2004 and Ehlers 1988 in Dissanayake@®8].It indicates that sand
is by passed from one barrier island to the next [de Swart and Zimmerman 2009].

- Smallerscale channels and shoals repetitively form in the regioth® ebbtidal delta and
subsequently migrate from one side of the inlet to the other side [van der Vegt 2006]. Typical
time scale of this cycle ranges between decades (Ameland Inlet, the Netherlands) to
centuries (Texel Inlet, the Netherland$he longshore transport is generated by a
combination of waves and currents [different researchers in de Swart and Zimmerman,
2009]. The waves generally approach the coast under an oblique angle and thereby generate
long-shore currents. A part of the sediment bygsa&s the ebtidal delta and reaches the up
drift part of the next island (figure 2.2). Another part of the sediment is transported into the
inlet and is either deposited there, imported into the basin or exported back whereby it
contributes to the mainteance of the ebkidal delta [de Swart and Zimmerman 2009].

In the last decades human interference, by land reclamation and the construction of groins, has been
of major influenceon the naturalbehaviourof tidal inlet systemsilt is difficult to distingish between

cyclic phenomena and the adjustment of the system due to human interference and to see which
process is being dominant. Experiments can provide better insight on cyclic phenomena.

2.3 (2D) Modelling studies

Modellingstudies allow testing findingsom observations and experiments. First an overview of
modellingefforts will be provided. The first section provides insight in the capabilities of
morphologicaimodels as well as in the shortcomings in results of models on morphological change.
The net sections providénsight inthe effect of the character of the tidal flow and the effect of wind
waves on typical morphology¥he ebltidal delta, inlet, flood tidal delta, the channel networks and
basin geometry are considered separately.

2.3.1 Modelling capabilities

Morphodynamic models have experienced increasing popularity since computer power increased
exponentially. Most of the models aredimensional or Zlimensional but the last decade attempts
have been made to develop quaand fully three dimensioal models [Cayocca 2001] with the
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development of the Delft3D modeNormally depth averaged schemes cannot account for undertow,
wave asymmetry, density currents or curvatingluced secondary flows [Cayocca 2001]. If models
do incorporate these processebey do so by introducing a formulation that approaches the net
effect. The focus of this study is on the etodal delta, inlet and channel networks which are large
scale features. Consequently the focus is on themngn morphological development. kontrast,

the more advanced Delft3modellingmight be better suited for understanding the complexity of
flow and sediment transport on small scales. Then2ilellingapproaches are suited for largeale

and longterm approaches.

Multiple studieswere done on the evolution of the ebbdal delta and on channel networks
by the analysis of conceptual and numerical models [van der Vegt 2006; Dastgheib et al. 2008;
Dissanayake et al. 2009]. The objective ofrtiedellingstudieswas to achieve equilibriurstate and
realistic morphologyVan der Vegt [2006] simulated the almost linear relation betwelebtidal
sand volume ESV and tidal prismtRvas found that the balance between net (tidally averaged)
intersection of sediment transport from the currenh@waves and between the net sediment
transport due to bed slopes maintains the equilibrivvian der Vegt [2006] could not achieve the
folding of the ebb tidal delta around the elstbominated channel in his model. Nor could the model
accurately resemble thmorphology of the ebHidal deltas of the USA Atlantic coast and Dutch
Wadden coast. Dastgheib et al. [2008] simulated a stable condition of the tidal basin in the Western
Dutch Wadden Sea. The stable condition strongly depends on the initial conditiom mbdel as
well as on the forcing conditions. Dissanayake et al. [2009] shdvegdhitial basin configuration
and tidal signal influence the ekldal delta morphology. The elfidal delta did not achieve an
equilibrium state. Tie model showed unredaiic wide and deep channels. In addition, results strongly
depended on sediment transport formulation. So although models oftat#) deltas and models of
tidal basins reproduce basic morphology, improvement is needed.

Geleynse et al. [2011] showed imeans of anodellingstudy how sediment characteristics
result in different morphology of river deltas. Thrphodynamics are dominated by river flow, tidal
currents or wind waves (figur210. Meanwhile, a tidal inlet systems is a combination of adl hi
one single system. The ehidal delta consists of sand and the morphology is determined by tidal
currents and wind waves. The flotidal delta rather resembles sarsgilt conditions. While the
channel networks and tidal flats consist of finer seditamd clay. The morphology of the channels
is determined by the tidal and possibly river flow while the mud flats are eroded by wind waves [de
Swart and Zimmerman 2009]. In masbdellingstudies the frequent sediment grain size
corresponds to a medium beh sand. Cayocca [2001] models the interaction between the inlet and
the lagoon.In nature much finer sediment predominates in the lagoon. The morphological changes
predicted by the model in the lagoon are expected to be underestimated around the titkal fla
[Cayocca 2001]. The development of tidal flats ismotlelledwhile tidal flats considerably affect
the tidal flow when flooding and draining a basfm how to involve the different sediment
characteristics and flow dominance in one model? Van det [2006] describes the problem with
different time-scales. Water motion varies on a scale of seconds to days while the morphodynamic
evolution happens on a scale years to decades. Other complications are the coupling between the
hydrodynamics and the chge in bathymetry which mutually affect each other, ramiform
sediment distributions calculations, wetting and drying and including 3D effects. So far, no model
simulates the morphodynamic interactions and configuration of a tidal system or estuary on
timescales of centuries in a realistic way.
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Figure 2.10 Simulated delta morphology for different combinations of hydraulic and sedimentary forcing
types after 7.5 simulated years, from Geleynse et al, 2010.

2.3.2 Ebb-tidal delta and inlet

Modellingstudies provile knowledge on flow patterns through the inld@the ebb flow behaves as a
free turbulent jet when water flows out of thbackbarrier. During flooding, almost radial inflow of
water occurs before the water enters the inlet [de Swart and Zimmerman 200&id/at al. 2007,
Dissanayake et al. 2009veraged over a tidal cycle it results in a residual current. The residual
current in the central channes in the direction of ebb currents and pushes sediment seaward
[different researchers in De Swart andnierman 2009; Dissanayake et al. 2009]. The residual
currentat the sides of the inles in the direction of flood currentd he mean residual tidal flow is
organized in cells, presented in figutel 1 A residual current causes net sediment transportsin
sediment transport is aonlinear function of instantaneous flow velocityhe flow field of figure
2.11explainsthe arising of a delta perpendicular to the inlet. The flow strength increases which
induces erosion. Consequently the channel deepenssaméin ebb channel in the middle arises. The
flood flow is stronger at the sides. Typically flood marginal channels arelse®maccording to

figure 2.3. Cayocca [200Thodelledthe macrotidal Arcachon Basin in Frankemost of the inlet at
Arcachon Bsin the ebb currents are stronger than flood currei@kefound that in the absence of
waves, the ebb tidal delta continues to extend seawards. No process prevents the tidal ebb current
not to expandas long as there is sediment available and the ird&dins its flushing action [Cayocca
2001]. The inlet retained its flushing action because the simulation did not include any process that
might induce the breaching of existing sandbars [Cayocca 2001].
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Figure 2.11 Mean residual tidal flow vectors from modelling study of Dissanayake et al. [2009] which

illustrates presence of tidal residual circulation for Western Wadden Sea.

Some ebkidal deltas are (almost) symmetric with respect to the raids through the inlet
such as for the US Atlantic Coasin\der Vegt [2006hodelledtypical parameter settings from the
USA coast to investigate how the symmetric elilal delta is maintained. The sediment that forms
the ebbtidal delta most importantly originates from stirring of sediment by waves and tiddgtze
transport by the residual currents. The edbminated channel does not form in the direction of the
residual currents (figurg2.12). The presence of waves causes a larger delta. Van der Vegt [2006]
achieved equilibrium between the ekimlal delta amd the channels. The equilibrium is maintained by
the balance between the bed slope and the average strength of currents and waves over a tidal
cycle. Tie model results of Van der Vegt [2006] also showed differences with observations. Most
importantly, thelength of the ebbdominated channel in the model is considerably smaller than
observed in nature. Neither does the model recover the folding of thet&ta delta around the
ebb-dominated channel. Thmmodelledsand volumes are about a factor five smattean observed in
nature. It indicates a limitation in available sediment transport formulation to model morphological
change. Still, it was concluded thasénd transport by tides prevails over that by waves and
alongshore tidal currents are small, a ngasymmetric ebkidal delta results.
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Figure 2.12 Mean residual tidal flow vectors from modelling study of Van der Vegt [2006] which illustrates

presence of two tidal residual circulation cells (with maximum currents in the order of 0.13 m/s). The
width of the tidal inlet is 1 km.

The occurrence of asymmetric deltas is prominent for the Dutch Wa8aenoast (figure
2.1). Two important agents can be distinguished that give way to asymmetry of deltas. Waves that
arrive at the delta with an angleaase the ebldominated channel to be oriented in the direction of
the wavedriven currentsThe second agent is the direction of the tidal curretiich is shore
parallel for at the Dutch Wadden Sea codste ebb current at the Dutch Wadden Coast trattelim
east to west. It causes the elmmminated channel to be oriented to that direction, which is to the
left for the Dutch Wadden Coast [van der Vegt 2006]. When the flood flow enters the tidal basin, the
tidal signal can deform because of decreasing wdepths and long flow paths. At the time the ebb
flow leaves the basin, the open sea tidal signal caoftzedifferent type (travelling wave) as the one
leaving the basin (standing wav&yhen there is no difference between the open digkal waveand
the tidal wavefrom the basin an ebldominated current exists that flows to the ldftand side The
flood flow enters from that direction to®o the current is bdirectionalthere. The gt like character
of the ebb flow is locally dominant over the more i@dnflow at flood.As a consequence the delta is
left oriented .On the righthand side of the inlet the currents are weaker, more rotary and flood
dominated [van der Vegt 2006]. Usually flodaiminated channels emerge ther&/hen the phase
difference ketween the open sea tidal signal and the basin tidal signal is 90 degrees the tidal flow
behaves differentlytravellingwave versus standing wavei this case the ebb current through the
inlet significantly lags the strength of a sheparallel ebbcurrent to the left. The result is a less
asymmetrical deltgvVan der Vegt 2006]. Dissanayake et al. [2009] describe the same phenomenon in
their models.Van der Vegt [2006] also found that wider inlets tend to have andghinated
current which is orientedd the right. e orientation of the main inlethannel and the eblidal
deltais not influenced by the orientation of the basin with respect to the inlet [Dissanayake et al.
2009]. e Caoriolis force is of minor influence on the orientation of the-&thl delta. On the
Northern Hemisphere theentreof mass will slightly be shifted to the right and on the Southern
Hemisphere slightly to the left [Van der Vegt 2006]. In short, the orientation of theiidabdelta is
to a large extent determined by thateraction of the alongshore tidal current in the open sea and
the tidal currents through the inlet. An asymmetrical einifal delta is maintained by strong
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bypassing currents at the eHfmlal delta front and the weaker and rotational character of the
currents at the east of the inlet [Dissanayake et al. 2009].

For most coastal regions the M2 tidal constituerthe semidiurnal lunar tide with a period
of 12 hours and 25 minuteds the dominant tidal constituenfThe M4 tidal constituent is an
overtideto the signalWhen the tidal wave enters shallow watime tidal wave signal changes
because in shallow water the tidal wave crest moves faster than the wave trough (propagation speed
of the waveu,, = (gh)"?). The flood period becomes shorter with a peakcrest and the ebb becomes
longer with a flat trough. It is referred to as tidal asymmetry. Consequently flood velocities will
increase and ebb velocities will decrease but last longer. The higher flood velocities favor a basin
inward sediment transportThe model of Dissanayake et al. [2009] showed that offshore asymmetry
from the M2 and M4 tidal constituents leads to a decreasing volume of thetidbbdelta (ESV) on
the longer term (figure@.13). So the M4 tidal constituent causes higher flood veiesitvhich results
in a smaller ebkidal delta. In the model of Dissanayake et al. [2009] there is ho wave generated
alongshore transport which contributes sediment to the dltal delta. Therefore the flood current
can continue to transport sediment frothe ebbtidal delta into the basin. In case of the M2 tidal
constituent only the ebkidal delta sand volume first increases and then stabiliEegire2.13shows
that the ebbtidal delta of (b) from M2 and M4 has one main channel. In comparison, (a)\®
has two channels and a more extensive ¢iolal delta. The eblidal deltas of both models show
asymmetry in the ebltidal delta. These models did not consider wave driven currents. Meanwhile
the basin was located asymmetrically with respect to tHetiin the model domain. As a result,
higher concentratiorof ebb currents developed at the west of the inlet which resulted in a more
pronounced channel to the west and an asymmetry in the-gtl delta. It is concluded that initial
basin configurationnfluences the ebkidal delta orientation when wave driven currents are absent.
Offshore tidal wave asymmetry from M2 and M4 influences the volume of the deltas.
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Figure 2.13: 50-year bed evolutions from model of Dissanayake et al. [2009] with
(a) no tidal asymmetry (M2), (b) with tidal asymmetry (M2, M4), and volume change,
(c) ebb-tidal delta, and (d) flood-tidal delta.

2.3.3 Flood-tidal delta

Just landward of the inlet, sometimes a flotidal delta is observedlhe presence or absence of
flood-tidal ddtas and their size and development are related to the tidal range, wave energy,
sediments supply and theackbarrier setting of the region [Davis Jr. and FitzGerald 2004]. Flood
tidal deltas are best revealed in areas with moderate to large tidal rafigesn to 3.0 m). They are
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well exposed at low tide. The flood tidal delta can have single or multiple lobes. To some extent, the
size of the floodidal delta is related to the open water area in thackbarrierand to the size of the
tidal inlet [Powellet al 2006]. In general, a decreasing inlet channel width leads to a smaller flood
tidal delta [Davis Jr. and FitzGerald 2004]. At most stable inlets the sand of theiflabdelta is
simply recirculated. Strongest flood currents generally occur riegh tide when the entire flood

tidal delta is submerged. Net sediment transport is up the flood ramp, through the flood channels
and on the ebb shield. During the falling tide, strongest-eblyents are generally reached near mid
to low water. At this tne the ebb shield is out of the water and the tidal current is diverted around
the ebb shield while it erodes sand from the landward face of the ebb shield. The sediment is
transported into the inlet channel. Then, the subsequent fl@odrent transports he sediment back
up the flood ramp and ebb shield [Davis Jr. and FitzGerald 2004]. Like that the¢idlalodelta is
maintained.

2.3.4 Channel networks

To model morphological change transport formulations are required. Dissanayake et al. [2009] used
two different formulations to model the initiation and development of a tidal inlet systéie VR
(Van Rijn) formula tendet produce twice the sediment transport rates compared to the EH
(EngeluneHansen) formula and gave a stronger evolution than that of théoEHula. The

difference resultedrom a different degree of nofinearity of sediment transport versus depth
averaged flow velocity of the two formulake VR formula better descridehe initiation of motion.
The results from using the VR formula beskofekd the conceptual hypotheses of initiation and
development of a tidal inlet over a time period %8 years. But channel pattern wanore refined

and pronounced in the EH model result [Dissanayake et al. 2009]. The latter indicatesotttigrito
achieve pronounced channel network configurationghe model, low sediment transport rates
were preferred.At the same time,tie bar theory from Struiksma et §1985)suggests that an
increasing degree of nelinearity between sediment transport and dep#veraged flow velocity
increases the tendency to form bars and islands [Van Dijk et al. 20b@Jn there are many bars and
islands, channel network is less defined in the sense of existence of long channel sitiideling
efforts thus suggest that sedient transport rates determine channel network configuration, most
importantly in early stages of development.

2.3.5 Long basins

Van der Wegen and Roelvink [200&8bdelled1D-profile adjustment of long basins from horizontal
sediment bed. After 8000 years theqgfite from-10MSL is a landward sloping bed in figRrg4. In

case of a shallower basin higher sedimentation rates are observed. The shallower a basin becomes,
the more ebb flows and ebb wave propagation are hampered so that ebb duration increases. As a
result flood duration is smaller and velocities are higher. At the same time more sediment is
transported landward during flood [van der Wegen and Roelvink 2008].
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Figure 2.14 1D model results of profile evolution from horizontal flat bed at 10m-MSL

The 2Dmodelling of van der Wegen and Roelvink [2008] provides knowledge on equilibrium
morphology in a long shallow basin. Fig@r&5shows the emerging of a wide sinuous channel from
smaller channels. Channel width decreases basin inward indicatingrelfshape of the estuary. A
different morphology arises for a short and a long basin. Figuréshows that in a short basin
multiple small sinuous channels arise. While for a long basin a wide sinuous channel arises that
bifurcates in the back part dhe basin.

Longterm, 2D, simulations by Hibma (2003) show stable patterns in estuaries. The patterns
have a characteristic length scale with an order of magnitude of the tidal excursion [van der Wegen
and Roelvink 2008]. Lanzoni and Seminara [2008¢stthe impact of the (funnel) shape of the
estuary. They found thahe dominant factor in tidal environments is the presence of multiple
sediment fractions including sand and mud. Tidal asymmetries in currents and water levels result in
continuously chaging suspended sediment concentration profiles during the tidal cycle. Erosion and
settlings lags are particularly relevant at shoals around slack tide.
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Figure 2.15 Pattern formation for a shallow basin in meters. The basin is 2.5 km wide and 80 km long.
(a) is after 15 years, (b) after 100 years, (c) after 800 years. From van der Wegen and Roelvink 2008.
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Figure 2.16 Pattern formation for, left, a short basin of 20 km long and, right, a long basin of 80 km long
presented after 1600 years. From van der Wegen and Roelvink 2008.

2.4 Experiments

This section first gives an introductitmand summary oprior coastal morphological experiments.
Secondly experimental findings will be given. Thereafter an analogue experiment to this research
summarized to fiish withprovidingknowledge and experimental experience from delta
experiments.
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2.4.1 Experimental efforts and constraints

Relatively little amounts of laboratory experiments are done in the fieldazfstal morphological
researchfHoyal and Sheets, 2009his is in contrast to thexistence of a wide literature based on
field observationslinear stability analyses and numerical modelling. Though experiments can
provide a datarich description of the evolutioof tidal channel networks, ebbdal deltas and
estuariesn fully controlled boundary and initial conditions. Reynolds already stated the importance
of experimentalising about 120 years ago.

Experimentalising on the small scales allows to test in whatever condition we want to test
and readilyobserve the effect produce@®n a large scale we can only test the conclusion by
actual observatiofiReynolds887-1891]

Theresults will be the same on a small scale as on a large one if the character of the motion of the
water is the same at allgints [Reynolds 1884891] But only few research teams have ever created
features of tidal inlet systems in the laboratory [de Swart and Zimmerman 2869hr, no research
group ever succeeded creating a dynamic tidal inlet system that is close tdaqmil

Stefanon et al. [2009] aimed atpeducing a typical lagooenvironment subject to tidal
forcings. Tambroni et al. [2005] investigated equilibrium conditions of a longitudinal bed profile for
both a rectangular basin and a basin with an exporaigtdecaying widthGarotta et al. [2007]
studied the long term morphodynamic evolution af axperimentatidal meandering channel
connected to a tidal basivaleria et al. [20(7and Van Dijk [2009] created an ehfal delta and a
flood tidal delta espectively. Reynold4887-1891]simulated tidal flow paths and sediment
distribution in Mersey estuary in the United Kingdom. Malora [1977] investigatedceaninlet-
bay system subsequently subjected to ocean tide and wave action. The-mtefbay system varied
in geometry. Spatial variation of important parameters such as tidal range damping and mean
current velocity time lag were analyzed.

Generally these experiments faced problems because of the emergence of unrealistic deep
scours and largapples. Their systems were mostly ebbminated and experimental times were
long (weeks to months). In addition, none of the experimetitsconsider the evolution of the
channelnetwork and the ebhidal delta simultaneously even though they mutually affeach other
[i.e. Dissanayake et al. 2009; Masselink and Hughes 2003; Van der Vegt 2006; de Swart and
Zimmerman 2009;JAnother major drawback of smalktale experiments is that the mobility of
sediment must be similar to real situation to suit scalingditions. In experiments the flow depth in
channels is relatively low, therefore very fine sediment (clay) should be G&gyglcannot be used
because it proved far too strong [Kleinhans et al. 20B8kides,lie debate on up scaling
experiments is withbldingresearch on thexperimentalscale

2.4.2 Experimental findings

Tambroni et al. [2005] found morphodynamic equilibrium both in the inlet region and in the channel.
The channel exhiled a weakly concave bed profile seaward while landward the prasweakly
convex. Smakcale bed formsvere found to develop in the channel and in the basin. Larger scale
forms such as tidal bars develegin the channel [Tambroni et al. 2005]. Their findings agree with
1D-modellingof Seminara and Tubino [200Garottaet al. [2007developeda quasi equilibrium

pattern of the average bed profilgigure 2.16B)A deep scour developed at the inlet and a shoal
formed (a wet and dry area) in the inner reach of the channel. It appeared that the bed topography
was stronghaffected by the boundary conditions at the inlet and at the inner évidyor-Mora

[1977] found that for a given tidal prism, an experimental inlet will have a smaller-seas®nal

area for a test with waves and tides, than an inlet with tides only. Sttggests that waves carry sand
to the inlet and reduce the inlet area. Reyno|@i887-1891]mimicked an estuary in a rectangular
basin of about 4m long and 1.2 wide. steared a lot of experimental experiences on hydrodynamics
and described key scalingiges. Van Dijk [2009] showed autocybkhaviourto exist on the
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experimental flooetidal delta once it had grown to mean water levEhe development ofiver
dominated deltashas been studied by Hoyal and Sheets [2009] in ssoalk experimentéfigure
2.16B) He observed a cyclic pattern of delta evolutitveak channelization was observiedcause
of the use of simple neoohesive sand mixtures whidimited the ability to generate complex
channels on deltas at the experimental scale [Hoyal and SH2@19].Hoyal and Sheets [2009]
suggests the use of a polymer to achietrersg seltchannelization.
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Garotta et al. [2007] Map of bed topography (mm) showing the bar-pool pattern in the final stage of experiment 2

Figure 2.16B Representation of experimental findings

2.4.3 An analogue experiment

Stefanon efal. [2009] state they were the first oseto do an experimental analysis on the processes
governing the initial formation and subsequent development of a tidal channel network on a coastal
lagoon behind a barrier island. The objees of Stefanon et al. [2009] were as folloWghat are the
processes governing the initial channel network formation? Does the channel network evolve
towards an equilibrium state? Do the laboratory network configurations exhibit morphological
features similar to those observed in nature? The research questions coma$p the objectives of
the proper laboratory experiment. Therefore it is meaningful to discuss the research of Stefanon et
al. [2009]. This section shortly summarizes the efforts done by Stefanon et al. [2009] and their major
findings.

The experimentaset-up used by Stefanon et.§2009] is shown in figur2.17. Thelagoon
basin wa about 5.3m long and4.0m wide. The seaas separated from the lagoon by a barrier of
wooden panels and the lagoon inkees located in the middle of this barrier. Theaple and width of
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the lagoon inlewerevaried in the different experiments. The tideas generated by sertically
oscillating weir and reproducka sinusoidal tide of fixed amplitude and period oscillating around a
prescribed average level.
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Figure 2.17 Side-view of experimental apparatus used by Stefanon et al. [2009] and sediment
characteristics.

The sediment in the lagoon bed waohesionless. It consstof plastic grains with a density of 1041
kg/m®. The grains we characterized by a nearly umifn grain size distribution with a median grain
size (dy) of 0.8 mm. Stefanon et al. [2009] chose this sediment to ensure sediment transport
throughout most of the tidal cycle, with the values of friction velocity typically generated in the
experiments.

Four experiments were reported aimed at understanding the physical processes and the
effects of boundary and initial conditions on the morphological evolution of a tidal inlet system. A
summary of the experimenthat were carried outis given in the talel below. They varied tidal
amplitude a, period T, width of the tidal inlet B and average depth of the initial tidal flat configuration
Do. The time required to complete a single experiment ranged from 30 to 60 days.

Table 2.1 Experimental properties of Stefanon et al. [2009]

Run | Tidal amplitude a | Tidal period T | Inlet shape | Inlet width B | Average initial depth of
(cm) (s) (cm) tidal flat Oy (cm)

1 2.0 480 Rectangular | 100.0 0.0

2 2.0 600 Trapezoidal | 20.0 15

3 1.0 480 Trapezoidal | 20.0 0.0

4 1.0 480 Trapezoidal | 20.0 0.0

For a given tidal period {82 minutes) a channel network was observed to form only for
small enough values of the tidal amplitude (2.@ cm).Higher flow depths enhancghe formation
of bed forms (ripples and dunes) and prevexhthe formation of well defined channelK.indicates
that flow velocities were very low (in the rangeagtimetresper second) and seere sediment
transport rates. Important were the wetting and drying processes of the lagoon bed at the beginning
of the experiment. Isolated channels started to form in front of the inlet. The channels progressively
elongated through headward growth, in particular during the ebb phase. Multiple major channels
were present. Smaller tributaries of these channels proved toristalle because they sometimes
abandoned the main channel to join another one or they migrated laterally.

The third experiment of Stefanon et al. [2009] gave the best results (fRyaBdeft). A first
channel formed after about 130 tidal cycles anseaond channel formed after about 600 tidal
cycles. These channels branched out, deepened and further developed through headward growth
until they reached the landward side of the tidal basin. Headward grevethparticularly active
during the partial dryng of the sediment surface when flux concentration within the channels
enhanced and, therefore, higher bed shear stressmsurred Stefanon eal. [2009] list that these
behaviouragrees with field observations from Myrick and Leopold, 1963; B&#isthet al., 1978;
Pethick, 1980; Healey et al., 1981. It indicates that in tidal creeks maximum ebb velocities occur once
the water has left the adjacent intertidal surface and is flowing through the chanhedsrate of
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network growth was particularly higtiuring the early stages of each experiment after a certain
degree of network formation was achieved. Chamglengation was approximatell.5¢2 cm every
150 tidal cyclesia phase of rapid growth. At the end of such a phase, the tidal network experienced
only small adjustment#\fter 36 days (7845 tidal cycles) the network configuration was characterized
by the presence of two lateral nearly symmetrical channels. The channels exhibit two meanders and
various tributaries. In theentrethere was another chanel characterized by one meander and some
branching links. The fourth run was done in order to reproduce the tidal network configuration
(figure2.18right). This was not achieved. Experiment four also exhibits a nearly symmetrical channel
configuration lut now the central channel is the main chanr@bancluding, Stefanon al. [2009]
suggest that the chief lanfibrming processes for network formation imvegetated real settings are:

- Channel headward growth, driven by the spatial distribution of locehshktress.

- Tributary addition (possibly originating at sites where the stress increases along bends).

Bathymetry (cm)

Batr'w*e:r,{ (cm)

4 3 2 - .

4 2

Figure 2.18 Distribution of bottom elevations within the lagoon in run 3 (left) after: (a) 127 cycles; (b)
756 cycles; (c) 3660 cycles; and (d) 6471 cycles. The right figure is the distribution of run 4 which was
done in order to reproduce run 3 with (a) 750 cycles; (b) 2828 cycles; (d) 4757 cycles; and (d) 7845 cycles.
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with initial elevation). From four experiments by Stefanon et al. [2009]. The arrows at run 1 and 2 denote
the instants at which the characteristics of the forcing tide were changed.
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Figure 2.19represents the evolution dhe mean lagoon elevation and the response to changes in
the forcing tide such as mean water level and tidal amplitude. It emerges that variations in tidal
amplitude and tidal period only weakly affect mean lagoon elevation. While a decrease in mean
water level produces abrupt increases in bed erosion processes with a deepening of the mean lagoon
bottom. In contrast, an increase in mean water level does not result in a significant variation in the
mean bottom elevation.

Stefanon eial. 2009] were abldo create a channel network in the laboratory that displayed
geomorphic features which compafavourablywith those of actual networks. In any case, a wide
scour formed near the inlet as a result of sediment transport only with the ebb flow and notlveth t
flood flow. The channel network originates from the landward border of such a scoured region. In
addition, all channels displayed deeper scoured regions at bifurcations or channel bends(fi@ure
right (9). This is commonly observed by actual td@nnelnetworks [Stefanon et aR009], still the
scour dimensions are not in accordance with actual channel network dimensions.

The lagoon always experienced a progressive net erosion. As a consequence the mean
bottom elevation reduced. This was duethe lack of sediment inputs from external sources such as
rivers and a net export towards the sea (with the ebb flow). It is representative for present
conditions in the Venice Lagoon [Stefanon at AGU 2011]. Small scale bed forms extended from the
inlet throughout the lagoon owing to the progressive lowering of the lagoon bottom produced by the
net export of sediment. These bed forms tended to destroy the channel network. In order to solve
this problem the mean water level had to be lowered (about 0.5. drhjs worked rather well to
smooth out the small scale bed forms. But lowering of the mean water level also leads to enhanced
flux concentration during the ebb phase over large portions of the lagoon. In case of higher tidal
amplitudes intense sedimentansport occurred and large bed forms formed over the entire basin.
Then channel network growth was inhibited by the bed forms.

Stefanon etl. [2009] found an almost linear relationship existing between channel width
and mean channel depth. The scatterpoints in their experiments was mainly related to the
presence of scours at confluences and bends. The width to depth ratio was found to vary mainly
between 10 and 30, with a lower limit of 5 and an upper limit of 60. Lower-b&lizes characterize
the snaller channels. These channels usually got dry during the tidal cycle. The largeales
characterizé the larger channels.

2.4.4 Delta experiments

The research of van Dijk [2009] and Hoyal and Sheets [2009] considedagimérated deltas in
contrast to he subject of tidal deltas. Yet the results are discussed here because they consider deltas
formed by a current in the direction of a relatively steep bed slope. Thecahient is also a current
in the direction of the bed slopdlsofor an estuary systa the ebbcurrent will be promoted
because the river discharge is additional to the tidal discharge. Van Dijk [2009] describes alternating
stages of sheet and channelized flow in the evolution of so called fan deltas. During sheet flow,
aggradation of sedienton the deltaincreases the surface slope. As the slope reaches a critical
value, incision is initiated, which is followed by headward erosion connecting the incision to the
feeding channel. Channelized flow diminishes the surface slope and therefoi®to a lower
gradient. After the incision is filled, renewed sheet flow occurs [Van Dijk 2009].

Hoyal and Sheets [2009] describe depositional cycles ofdiwainated deltas by purely
autogenic conditions. The experimental results allowed isolathmbidentifying a series of positive
and negative feedback cyclpsrsisting on thdong-term scale The so called intrinsic instability
drives the system away froan equilibriumstate (e.g. channelization). However sedfgulation (e.g.
deposition and lowring of the slope) returns the system to quasjuilibrium conditions [Hoyal and
Sheets 2009]. Examples of such-setfulation cycles are the bar cycle, avulsion cycle and the delta
cycle. Cyclic bdyvehaviourwas also described for elinlal deltas at Aneland inlet [De Swart and
Zimmerman et al2009; Ehlers 1988 in Dissanayake e2@08]. The bar cycle described by Hoyal and
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Sheets [2009ihvolves a transition from inertial to gravitational flow and deposition at a channel
mouth. On river deltas, aveion cycles are integrated bar cycles that are promoted by
morphodynamic backwater effects that can propagate upstream over surprisingly long distances
[Hoyal and Sheets 2009]. The |letegm behaviourof a delta cycle is governed by upstream
controlled avision and abandonment of large regions of the delta. Relating this to tidal inlet
systems, delta cycles would be tresult of changes in the basihannel network. It indicates that
ebb-tidal deltas and tidal basin configuration are directly linked onltmger term.

Van der Vegt [2006] describes thattebbtidal delta most importantly originates from
stirring of sediment by waves and tides and the transport by the residual currents. While Hoyal and
Sheets [2009] experimental setup made it possibletlie delta to prograde free and radially into
G RS S L) alsoébB dhiindels are deep compared to river channels that lay relatively high due to
extensive sediment depositiosuch differences between tidal experiments and river experiment
should be takn in mind when comparing experimental resulihe present experiment considers
delta growth and therein analogy éxpected with the experimental deltas of Hoyal and Sheets
[2009] and Van Dijk [2009]. Most importantlygmcohesive deltas experienced magother coastline
as a result of the diffuse effect of faster channel migration. Hoyal and Sheets [2009] showed that at
low Froude number, more realistic channel and shoreline patterns were created which enabled
strong channelization (small channel widdlhow channel migration, lowvetted area). The key to
increased complexity in fluvial systems is enhanced cohesion [Hoyal and Sheets 2009]. Enhanced
cohesion was achieved through the addition of an artificial polymer.

2.5 Scaling / Correlation of hydraulic variables

Whether, and to what extent the present results can be translated to reality it is of interest to
analyze the dimensions, flow characteristics and sediment mobility of the experimental scale model
and compare it to natural systems. First the pringipf upscaling is given followed by suggestions on
relaxing scale ruleasnd whatsediment to useMethods of scalinfrom literature are outlined to

allow comparison of results to previous experimental work and comparison to natheescaling
methods aretheory of wave motions and hydraulic similarity.

2.5.1 Relaxing scale rules and sediment mixture

The main reason for the lack of laboratory experiments is the difficulty in analyzing to what extent
the present results can be transferred to reality. This subfereferred to as up scaling of laboratory
results to real situations. Usually the flow depths in experiments are shallow while the mobility of the
sediment must be similar to real situations. This would imply the use of very fine sediment. But such
sediment is cohesive which hinders the experiments because it increases the critical threshold for
erosion while shear stresses are generally low in experiments. Deficits in experiments are the
occurrence of low sediment mobility, eliominance, hydraulic smadle boundaries reflected in
unrealistic deep scour holes and a static equilibrium because of shear stresses below motion
[Kleinhans et aR010].

Traditionally, rivers were downscaled to the laboratory through similarity of the non
dimensional Froude numibgShields number and Reynolds number.

Fr = u/ (gh’® (2.9
"= o/ (((sG T w) gcko) (2.7
Re=(whu)/p (2.9

Where u = deptkaveraged flow velocity (m/s), h = water depth (m), g = gravitational acceleration
misHz T { KA S49, R3abeddnhddl streSqi(FiNnuation 2.1 =sediment density

(kg/ms), ", =water density (kg/m), dpo = median sediment sizndp = dynamic viscosity (kg/m/dn
order to have similar sediment mobility in a scale modahagality the ReynolddR@ and Froude

(Fn numbers should be equal in prototype and scale model [Van Dijk, 2009]. The Reynolds number
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impossible tdfulfil both conditions and obtain the same velocity scale [Kleinhans. 2040]. So the

scale rules should be more relaxed in experiments. For the Froude condition it is more important that

the flow remains subcritical and is near uniform [Kleinhans.tC4l0].

Smooth conditiongauses ripples or scour holes to form which do not scale with water depth
and thereby create unrealistic morphology in experiments. For instance, the experiments on the
evolution of tidal channel networks by Stefanona¢t[2009] showunrealistic deep scour holes and
unrealistic large ripples at the inléfleinhans eal. [2010] recommend the use of a sediment mixture
with a coarse tail to avoid smooth conditions. The large particles cause turbulence whereby fine
sediment is suspendeftiom the bed. To avoid flusembedding it is important that the sediment
mixture does not have a separate mode. Armoring tendencies increase if the mixture is more
bimodal rather than unimodal. So the mixture should be unimotlaén, sually media grainsize
(d50) is used to scale hydraulic resistance. Use is made of the Pagfjclel8&Re* ¢) number,
given by

Re*=",u*D/ (2.9

with u* is the shear velocity (m/s) and D (m) the particle size that is relevant for the roughness. The
particle Reynolds number must be larger than the transition from hydraulic smooth to rough (Re* >
11.63). Usually median grain sizg i usedbut it can be argued that the 3percentile grain sizedg

is more representative of nedred roughness because tikearse grains add turbulence to the flow.
Experimens by Kleinhans etl. [2010] showed that even when Re* fogdf their sediment mixture

was far below the transition to hydraulic rough conditions, neither ripples nor scour holes were
observed. It sugests that Re* can be calculated using d

For mobile bed experiments, the mobility of sediment must be similar. Usually flow depths are small
in smaliscale experiments so very fine sediment should be used. But silt and clay becomes cohesive
which canmhibit channel migration and bar migration. Therefore one has to use coarser sediment
that is less mobile. The decrease in mobility is mostly solved with a higher bed slope. It is then easier
to transport the relatively coarse sediment in the doslope diection (chapter2.1.3). But transport

of the coarse sediment in the eglope (flood) direction is then inhibited. The models become purely
ebb-dominated models. The novel method of tilting the experimental apparatus increases sediment
mobility in the ebb and flood phase. The bed surface slopes in downstream direction both during
flood and ebb phase. Most importantly, transport in the flggldase is facilitated.

Applying relaxed scale rulegcomes problematic in cases of low flow depth such as on
smallscalefloodplains The flow depth on the flooglainsmight become todow to achieve realistic
floodplainformation. Herein hydraulic resistance is important which scales with flow depth divided
by particle sizeHowever, silt and clay become cohesivieihans et al2010] and flow might
become laminar (smooth). Kleinhansatt [2008] and Hoyal and Sheets [2009] suggest the use of
silica flour or plastic grains. Sudgghi-weight sediment has a low critical shear stress (equa2i@h
and is thus moreasily entrained than sand. Sitica flouror plastic grainscale much better with
flow depth but are not as cohesive as clay. When fine sediment is deposited adjacent to channels it
can control bank strength. Bank strength promotes morphological ewnlutf channel networks
[Hoyal and Sheets 2009Fhannel width and depth are determined by the balance between
floodplainformation and bank erosion. Without cohesion, banks erode until a braided threshold
channel has developed. In order to secure meandgrivars should not erode too fast so that
erosion is focused at a specific bank location for long enough filme widthdepth ratio is a
parameter often used to determine bar pattern and therefore channel patt&tainhans eal.

[2010] selected wide umodal sediment with about 20% of silica flour from testing and scaling
conditions. With this mixture and lowensity vegetation the formation of meandering channels was
achieved in a flume. Without the silica flour, a moderately braided river was fornwal ldnd

Sheets [2009] state the key to achieving strong-skéinnelization is the addition of a cohesive

product, namely a polymer. The polymer enhances the substrate strength and thereby increases the
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critical erosion stress. For smattale experimenthe rate of cohesion onset can account for
increased rates of morphodynamic evolution. In real deltas these cohesive effects are accounted for
by vegetation [Hoyal and Sheets 2009].
It is concluded that the composition of a sediment mixture is essentiah relaxing scale
rules. Besides the availability of fine sediment that scales with flow depth on theflaaes, a
coarse sediment tail is important to avoid smooth conditions in a laboratory scale nhodel.
sediment mobility can be overcome with tluse of lightweight sedimentSediment cohesion
determines strength obanks, spatial variation in roughness aslsuch bar dynamics and channel
pattern which is essentiabtsimulate morphodynamid&leinhans et aR010}]

2.5.2 Theory of tidal wave motions

Reynolds assimilates the theorytafal wave motiongo scale flow characteristics and dimensions
He scales the velocity, tidal wave height, tidal period and horizontal scale of his experimednial set
to Mersey estuary in the United Kingdom. The subseqexample is based on the proper
experimental seup (e) and two prototype natural systems (pgreinafter, identified with the suffix

e and p The theory of wave motions according to Reyn{l@87-1891]first describes that the scale
of velocities (Wu,0 @I NASa |a GKS &l dzr NB NEBRH)EReyRAols 18&S a O f
1891] For the prototype Beaufort Inlet with a velocity approximation of 0.8 thgaire 2.20)and an
experimental velocity in the range of 0.15 m/s, it gives a ratit/6fin table 2.2 The corresponding
experimental wave height is 4 cm provided that the tidal wave height at Beaufort inlet is 1 m (rule
A). The flow in the experimental apparatus is generated by tilting in comparison to a wave signal.
Therefore the modelvave heght might need further analyses.

Secondly, the ratios of the periods would be as the ratio of the horizontal scales divided by
the ratios of the velocities [Reynolds 188891]. To meet the rule (B) for a certain prototype
system, the horizontadcale and tidal period of the experiment need to be tuned accordihtgnce,
consider a serrdliurnal tide (] = 44.700 s) as the tidal period and an experimental period of 30
seconds. It gives a ratio of 44.700 / 30 = 1.5D@kich agrees with the hontal scale of 2.0 /

16.000 m divided by the ratio of velocity of 0.15 / 0.8 m/s. Reyn{18871891]assimilates that the
ratio 1/1500 provides a time factor (1500) that directly translates experimental time to real time.
Reynolds method shows thaté snaller the horizontal scale of the experiment, the smaller the
experimental tidal period neds to be. The prototype systedemands an experimental period in the
range of 15 to 55 seconds. This is based on the physical feasibility of the experimentatugppara
(maximum horizontal scalef about 3.5m andminimum period ofL5 s). Then, the experimental
horizontal scalesvould bein the range of 1.0 to 3.7 m.

{| &% v
Figure 2.20 Microtidal Beaufort Inlat at east coast of United States. The centre of the inlet is at 34.7°N,

76.6°W. Yellow lines are approximately 16 kilometres in length, which is defined to be the horizontal
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scale. The maximum tidal current is 1 m/s and the tidal wave height is approximately 1 m. The tidal period
is a semi-diurnal tide. The spatial extent of the ebb-tidal delta is several kilometres [van der Vegt, 2006].

Table 2.2 theory of wave motions

Inter
experiment | prototype ratio | Description | Reynolds | relation

Tidal velocity m/s 0.15 0.8 1/5 rule A 33 AB
tidal wave height m 0.04 1
square root wave height | m*? 0.200 1 1/5 rule A 33 A
tidal period S 30 44700 | 1/1490 rule B C
horizontal scale m 2 16000 1/8000 B

ratio of horizontal scale / ratio of velocity () 1/1500 rule B 950 C
period of the model | S | 29.8 | rule C 42

Remark: Green values are based on prototype systems, yellow values are tuned accordingly. The yellow values embody
achievable properties of the experimental apparatus.

In short, the theory of wave motion implies that when the velocitg avave height
conditions agree (rule A), the tidal period and horizontal scale to velocity scale ratio of experiment
and prototype should more or less agree (rule C). To accomplish the latter, one has to adjust the
experimental tidal period or the horizeal scale of the experiment and/or prototype. It follows that
by applying the theory of wave motions, one knows to what horizontal scale prototype system the
experiment should be compared, or vice versa (arising from rule B).

2.5.3 Hydraulic similarity

In orderto ensure a complete hydrodynamic similarity relevant parameters must attain the same
values in the experiment and the prototype [Stefanon eR@D9]. The question arises what
parameters are relevant, and whether at all it is possible that they agredmone. In sectio2.5.1
it was argued that it is impossible tolfil equality in the Froude and Reynolds conditions and obtain
the same velocity scale [Kleinhans et24l08].  the scale rules should be more relaxed in
experiments. Nevertheless, omeants to compare the experimental results to prototype systems so
scalingrules shouldoe applied.

In experiments flow velocity and flow depth are usually smaller than in nature. A simple way to
compare the flow velocities and water depth is to convert iadues to a nosdimensional scale.
Then it allows direct comparison. In order to make a parameterdiorensional one can either
divide the parameter by a characteristic value or by a selection of other parameters. Typical
examples of the latter are ther@ude number and the Shields number (equatihf and equation
2.7). Another formulation that results in a nafimensioral comparisorfactor isgiven by

U*Te = U* T, (2.10
I-e><periment L prototype

wherein U isnaximumvelocity (m/s), T is tidal period (s) and L is length sufielal intrusion(m).
Consider typical values for these parameters fotordAmeland Inlet in the Dutch Wadden Sea and
Beaufort Inlet at USAtlantic Coasttable 2.3) The solution of the righhand side of the equation is
about 2for both prototype systems

Table 2.3
velocity| tidal period| length | solution
m/s S m ()
Ameland Inlef 1 44700 |25000| 1.8
Beaufort Inlet| 0.8 44700 |16000| 2.2
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E>xperimental velocities are in the range 0.06.15 m/s and experimental tidal period in the range 40
- 80 secondsSolving the equation for experimental conditions and solution 2 gives that
correspondingexperimentalength scales are 1 to 6 metartable2.4. Theexperimental apparatus
allows a maximum length scale &7 m.Experimental velocitiesf 0.15 m/swould thus betoo high.

It is concluded thattominantvelocitiesnear the inletof 0.05¢ 0.10 m/s and tidal periods of 480
seconds scale witAmeland Inlet and Beaufort Inlet

Table 2.4
velocity| tidal period| length| solution
m/s S m ©)
0.05 40 1 2.0
0.1 40 2 2.0
0.15 40 3 2.0
0.05 60 15 2.0
0.1 60 3 2.0
0.15 60 4.5 2.0
0.05 80 2 2.0
0.1 80 4 2.0
0.15 80 6 2.0

For comparison of thparameters in the formulations of prototype and model Stefanon et al.
[2009] define nordimensional parameters. They define a characteristic planar ldogtan average
flow depth of the tidal basin D* and a typical value of the deatleraged flow speed*. Then they
calculate Froude number, relative importance of inertia and friction with respect to gravity and the
normalized tidal amplitudeA complete hydrodynamic similarity is expected when the values are the
same for theprototype and the experimentA comparison factocan bedefined by introducing the
ao0lLtsS FILOG2N) <d ¢KS a0FtS FILOG2NAR NP IAQPSYy o8

Planimetric reduction scale <, = L*%/L*, (2.1))
Vertical reduction scale < = D*/D*, (2.12
Distortion rate <K L < (2.1%)

z A

One of thepurposes2 ¥ U K RA &K ZdshNdicngy widddtdidSpth<atios by:
i o=l el < (2.13b)

Stefanon et al[2009]found that for higher tidal amplitudes the distortion rate increases.

When a complete hydraulic similarity is satigfi¢he planimetric and vertical reduction scales relate
to scale ratio of velocity,y scale ratio of time;f scale ratio of sedimentdandscale ratio oflow
conductance gby:

I o2K Jrg (2.14aand2.14b

re =Ko K p) = Iifgs (2.14c and2.1409.
Flow conductance is a measure of the ease of the flow to transport the sediment. The Shields
diagram figure 2.4 shows that it is easier to mobilize a small sedinpnticlethan a larger one.
Although the effect of cohesion of very fisediment shows an exception on this rule. Also, the

higher the flow velocity, the easier to it is to transport the sediment. To implement the
hydrodynamic scale ratios one needs to define the values of thedmoensionalized parameters.
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Unfortunately thee is no consensus in defining the parameters between the different experimental
researches. The bed friction is usually a very important parameter when determining flow and
sediment transport. But bed friction changes when the sediment bed changes andtiééow

changes. Also there is no consensus yet in what formulation best describes average bed friction.
Stefanon et al. [2009] embody that the so called roughness condition is usually not fulfilled because
of too large roughness characterizing the modetperimental channels are shallow and narrow so

the bottom and channel walls exert relatively high friction.

2.6 Thesis outline

This thesis will first describe the experimental method and experimental conditions. The next chapter
four defines the experimentgparameters. Chapter five is the result section and covers a description
of the evolution, equilibrium state, morphology, effect of sea level rise and experimental conditions.
Where after in chapter six, the discussion section, scale rules are appliatisesndsed. Also

experiments are compared to reality, models and other experimental and a selection of results is
translated to the physical system. Chapter 7 gives conclusion of this thesis. The appendix is a
separate document.
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Chapter 3: Method

The man objectiveof thisresearch is to create a tidal inlet systémdynamic equilibrium statan an
experimental scale model. This chapter describes the experimental apparatus that was used for this
purpose. Furthermore the settings of the difégrt experiments are described. Ladhta collection

and processing isxplainedfor.

3.1 Experimental design

The experiments were carried out on a small indoor apparatus, depicted in 8duend figure3.2.

The tide was generatedybvertically tilting the setp, insead of pumping water in and out (figure

3.3). For simplicity € S SELISNAYSy G Ff F LI NFddza Attt 0S5 NBFSNI
is a plastic tub of 3.8 meter in length.2mwide and0.25m deep. The tub was placed on a metal

frame, desiged and assembled by Chris Roosendaal of Utrecht University. Its legs are in contact with
the floor at the middle and at one end of the tub. There a mechanical jack was attached that tilts the
basin by vertical movement of its leg. The pivot point wasiéiddle, over the horizontal width.
Suitable software for the mechanical jack was developed by ing. Henk Markies of Utrecht University.
The software allowed setting the amplitude of the tiltifxgm the horizontal levelthe tilting speed

and a delay ahigh and low water. The delay allowed the tidal flow to come to rest before the tide
turns. To prevent the loss of water by evaporation an overflow pipe was installed at the end of the
sea basin. The overflow drained water to a minimum water level whiteweas continuously

pumped into the sea basin. The excess of water was drained into a storage tank. Thus a minimum
water level was guaranteed. The height of the overflow pipaldeasily be shoved up or down to
manage the water level in the sea basineTtump dischargeould be modified by means of a valve.

Both the overflow height and pump discharge determine the water level in the tilting tub at a certain
time step.

sea basin

sea basin

Figure 3.1 Terminology and dimensions of the tilting basin.
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The experiments coiged of an artificial sediment basin directly connected to a shallow sea.
The initial bottom topography was either flat horizontal or constantly upward in the landward
direction. Henk Markies of Utrecht Universtgnstructeda tool to flatten the bottomat an
adjustable sediment level. In general the sediment bagks 2.3 metres long, 1.2 wide and 3 to
4.5cmhigh. The sediment basin contained about 0. afsediment. The level of the sediment bed
was usually higher than mean sea levdle sea was gerally 1.5 meter long, 1.2 meter wide and 2
to 4 centimetresdeep. It contained 35 to 7litres (L) of water. The water level in the inlet at
horizontal level (no tiltyepresented mean sea level (MSL). The tilting of the basin generated a flow
from a chage in vater surface gradientsAt the narrow inlet the flow converged and at the same
time the backbarrierflooded. The flooding of thbackbarrierarea and the retreatment of the water
(figure 3.4)oth induced a cycle of sediment erosion, sedimenngort and deposition. The
character of the flow during the two phases was differsatresidual sediment transport occurreltl
resulted in a morphological evolution of the initig@rturbation. Theeffect ofexperimental
conditions amplitude of tiltingspeed of tilting, inlet width, horizontal water level (MSL), sediment
level, sediment slope and sediment type evolution and morphologyere investigated.

The spatial distribution of bed elevations and tidal water levels within the tilting basin were
surveyed through two digital photo cameras. The photo cameras were suspended to permanent
spots at the ceiling. The photo release was in phase with the mechanical jack and connected to
computer software (Photoboot and PSRemote). The software allowed sgjdotir moments within
the tidal cycle at which photos were taken. The moments wereviater, MSL during flood flow,
highwater andMSL during ebb flow, depicted in figuset. To cut back on data storage a certain
number of tidal periodsvasskipped. Tk apparatus also consisted oksereo system for rapid
automated DEM production. The DESdan measured the sediment level over a plot of
approximately 70 x 56m. The software VX Studio resulted -@ighensional image of the morphology
from the scanThe gpendix section provides the Matlab scripts that were run in order to generate
the figures presented in this thesis. The appendix section also provides experimental
recommendations. Improvemesicreatemore opportunities to display the morphology and its
evolution and allows better quantification.

L

Figure 3.2 Photo of the tilting basin in the laboratory at the
basement of the Zonneveldvleugel at Utrecht University. The arrows represent the vertical movement of
both ends with the pivot point over the short axis in the middle.

48



initial condition

sand  |TTTTT7C water ]

ebb tide
flood tide

ebb flow direction

Figure 3.3 Schematic cross-sectional view of the tilting basin with a representation of the effect of tilting
on the water flow. Water is continuously pumped around to avoid loss of water through evaporation.

Low water phase (LW) LW --> HW at mean sea level MSL High water phase (HW)  HW--> LW at mean sea level MSL
Figure 3.4 The software allows selecting four moments within the tidal cycle at which photos are taken.
The moments are low tide, MSL during flood flow, high tide, MSL during ebb flow. The photo series show
the flooding and draining of the back-barrier over a tidal cycle.

3.2 Experimental conditions

A total of 35 experiments were performed for this research. Fouregreriments were performed

in a smaller experimental apparatus. The smaller apparatus was 1.5 by 1.5 meter and tilted over the
diagonal. A description of thexperimental apparatus and a summary of the preparatory
experiments (experiment 1 to 9) can be found in the appentdienty experiments were performed
in a larger experimental apparatus of 3.5 by 1.2 meter, the tilting basin. The experiments may be
clasdiied into three categories (tabl.1). It was either an experiment in the small apparatus or in
the tilting basin. The sedimenised was poorly sorted sarma light-weightplastic grais. To initiate

the development of a tidal inlet system from the sedm@latform the existence of a perturbation

in the coastline was required. The initial configuration is a start perturbation (tidal inlet) or a long
initial channel (estuary) which is visualized in figBu& The idea originates from the initial
topograply of an estuary in numericatodellingstudies which is usually a long rectangular channel
of fixed or sloping depth [Dissanyake et al. 2008a and Geleynse et al. 26&Hxperiment numbers
are listed accordingly in table 2.1. Freshwater was used. Tanpereffects were not investigated.
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Table 3.1 Experiments grouped according to the apparatus, sediment and initial configuration.

Experiment number Apparatus Sediment Initial configuration
1-15 small (1.2 x1.2) poorly sorted sand start perturbation
15-17 tilting tub (3.5 x 1.2) poorly sorted sand start perturbation
18 and 19 tilting tub (3.5 x 1.2) poorly sorted sand long channel (estuarium)
20 and 21 tilting tub (3.5 x 1.2) poorly sorted sand start perturbation

23¢ 29 tilting tub (3.5 x1.2) light-weight polymers start perturbation

30¢ 36 tilting tub (3.5 x 1.2) | light-weight polymers long channel (estuarium)

The lightweightplastic grails were cohesionless grains provided hiyeldht University The
grains were 1.0 mm to 3.0 mm g@ize with a median size of 2.1 mm (fig3t6). The grains were
light-weighted, reflected in their density of 1042 kginThe porosity was 0.33)( The method of
determination was such that it is likely that the density may slightly be underestimatethand
porosity slightly overestimated. Because of their low weight the grains were easily entrained and
transported despite of low flow depths. Therefore they better met scaling conditions than when
using sandThe poorly sorted sangras also provided by Wicht University and is commonly used in
river research at Utrecht University. The sediment contained sand in the range of very fine sand to
very coarse sand withredian grain size of 0.5 mm and d"qercentile of 1.4 mmThe very find
sand particles decribe sediment transport, while the coarse grains add roughness to the flow. Rough
flow is important to avoid unrealistic deep scour holes and ripples [Kleinhans etlf]. Zbe grain
size of poorly sorted sand is given in figure 2.6. In order to agtulannel network development
and sediment rearrangement cohesiveness can be added to the sediment by introducing silica flour
or polymers. Appendix B describes the effect of addition of silica flour on the tidal system
morphology.Addition of silica flouwas tested in preparatory experiments (appendix). The addition
of silica flour resulted in higher water content and did not necesstailgur channelization and
morphological evolution as river research on the experimental scale by Hoyal and SheejsaafgD09
Kleinhans et al. [2008]

3.50 meter

sea basin
1.20
meter

béclfbafﬁér/ﬁédi;nenl basin

Sha—deene SR X T e v
» | B [ ]

fixed inlet width

Figure 3.5 Top-view of initial configuration ‘small inception’ and ‘long initial channel’ in the tilting tub.
The terminology of fixed inlet width, back-barrier basin and sea basin are visualized.
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Figure 3.6 sediment distribution of poorly sorted sand and light-weight sediment.
poorly sorted sediment (2650 kg/m?): d10 = 0.14 mm, d50= 0.5 mm and d90 = 1.4mm
light-weight polymer (1042 kg/m?):  d10 = 1.03 mm, d50 = 2.1 mm and d90 = 2.8 mm

Dependent ariables in the experiments besides initial configuration and sediment type were
amplitude of tiltingfrom horizontal levelspeed of tilting, initial bed level, mean sea level and inlet
width. Inlet width was determined at the end of each experiment wieguilibrium state was
assumed. Initial bed level and mean sea level were measured in the inlet and represented the height
with respect to the sea bottonThe effect of the variables on the morphology was interrelated. It
means that a similar response onodwtion occurredfor a decrease of the relative sediment level to
mean sea level and an increase in the amplitude of tilting. A sea level rise was simulated in
experiment 29 by increasing the drainage level in the sea basin. As a result bottrotharildebb
level increased. This is consistent with observations in nature where there existsliaeanrelation
between tidal amplitude and water depth [van der Wegen et al. 2008 mean water level at the
inlet increased from 2.8 cm to 3.6 cm in five sefn increase of 0.8 cm signifies a rise of 29%. A
single step describes more or less 6% of rise in water [Eelsea level rise was tuned by
visualization of the flooding area in thsackbarrier. During evolution, a part of thieackbarrier filled
up with sediment reflected in channels that do not reach to the basin margin anymore. The sea level
rise was such that the abandoned area in Hazkbarrier flooded but did not overspill.

Table3.2 presents the experimental conditions of experiment 180 Thecolours
represent the categories and typical settings.
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Table 3.2 Overview of experimental settings of experiment 10 to 36. Poly is an abbreviation of polystyrene,

the light-weight plastic grains. The sediment bed is sloping when the sediment level increases basin inward.

In this way the upward sediment bed outweighs the effect of tilting such that the bed is plane at high tide.

Colours are provided when the condition is one out of two options. The orange coloured numbers at inlet

width represent an inlet of metal barriers. The ¥ sign means that the inlet was still prone to widening and

thus in disequilibrium. The (-) sign at equilibrium state means that the system is neither static (because of

bank migration) nor dynamic (in the sense of channel migration).

Ampli

N Sedi Initial con 4 de of Spged of Delay Tiglal Total Bac_k Sand Equilibrium Iljlet
ment figuration tilting tilting period cycles barrier level state width
type mm mm/min S S nr cm cm

10 sand tidalinlet 20 100 10 72 72 plane 2.9 static 10

10b sand tidalinlet 15 65 10 58 248 plane 2.8 static 13

11 sand tidalinlet 20 50 10 96 81 plane 2.8 static 9

12 sand tidal inlet 25 70 10 64 131 plane 3 static 13

13 sand tidalinlet 35 90 10 108 78 plane 2.8 static 13

14 sand tidalinlet 20 80 10 71 93 plane 2.8 static 13

15 sand tidalinlet 15 45 15 88 102 plane 4 static 13

16 sand tidalinlet 30 30 10 214 50 plane 4 static 19

17 sand tidalinlet 30 30 10 213 44 plane 4 = 16

18 sand @ estuary 15 50 10 166 152 plane 4 - 14

19 sand estuary 15 100 15 68 128 sloping 3 ~ 12

20 sand tidalinlet 20 100 10 71 127 sloping 3 static ~ 13.5

21 sand ftidalinlet 25 60 10 106 57 Sloping 3 static 20

22 sand tidalinlet 25 60 20 1365 66 Sloping 7 static 17

23  poly tidal inlet 10 50 20 79 775  sloping 3 static 62

24 poly tidalinlet 7 50 20 67 5158 sloping 3 = 49

25 poly tidal inlet 7 50 20 67 6448  plane 3 85

26  poly tidalinlet 10 50 20 79 12030 plane 4.1 Hp

28 poly tidal inlet 10 50 20 79 6619 plane 4.1 23

29 poly tidalinlet 10 50 20 79 9857 plane 4.1 23

30 poly estuary 6 50 20 65 185 sloping 4.5 23

31  poly estuary 6 50 20 65 203 sloping 4.5 23

32  poly estuary 2¢6 6-12 20 44¢48 3400 sloping 4.5 23

33  poly estuary 3 30 20 60 1440 plane 4.1 static 23

34 poly = estuary 3c38 40 25 65-70 5926 plane 4.1 - 35

36  poly estuary 3.8 30 20 63 4114 plane 4.1 44
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3.3 Experimental measurements

Thissectiondescribes experimental parameters, their definition and how theyenesilected from
the data.

Sediment properties

The density, porosity and sediment distribution of ligietight plastic grainsvere determined
according to the methods described for in the appen8iediment characteristics of poorly sorted
sand were avaidlble at Utrecht University.

Tidal period

Experimental tidal period was the time needed for the experimental apparatus to succeed a tilt cycle
of upward movement, delay, downward movement, delay. The experimental tidal period was a
function of tilt amplitude, tilt speed and delay. The higher the tilt and delay, the longer the tidal
periodwas A higher tilt speed shortened the tidal period. Tidal period was determined witheg.

Water depth

Thewater used in the experiments waolared pink by a color additive. The intensity of theolour

was a measure for water depth, the deeper the more intense thewdlothe green band of the red
green bl colourband. The calculated water depth maps from images were most consistent for the
images akenwhen theexperimental apparatus was horizontal durieigh (MSL ebb¥igure3.7
represenswater depth calculated from the pink intensity of waiara stable channel on the ebb

tidal delta The channel depth varied as a result of migration of the inlet chann@&l{g)signal

consised of many peaks and fallBrom 12.5hours to 12 hours the water deptlgradually

decreasd apart fromone data point atl23 hous. Thevalue at this peakvas about 0.2 cmigher

thanit would havebeen if the signal hafbllowed thedeclining trend Such small peaks afaximum

0.2 cm water depth were distinguished multiple times (red circles) during a ghach@keasing,
decreasing or stabilizing water depfrhese small peaks might have been a result of experimental
variability. Buit is more likely that the small peaks described the inaccuracy of the depth scale since
they deviate from the overall trend. So the inaccuracy of the depth scale was determined to be
smaller than 0.2 cravhich we consider to bagood estimate of water epth.

Inaccuracy of depth scale

L bl 48, AN
AR W e

O of depth from images

—a— ebb-tidal delta at point d3

flow depth {cm)

1

120 125 120 125 140 145

time {hours)

Figure 3.7 Variability in water depth in a channel on the ebb-tidal delta. Small peaks of maximum 0.2 cm
water depth were distinguished multiple times (red circles) during a gradually increasing, decreasing or
stabilizing water depth.
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Width to depth ratio

The width to depth ratio of channelsagcalculated from depth maps. Cressctions were drawn
perpendicular to channel walls. The length of the cresstions was measured and converted to the
experimental width of the channel. The depth thvaas attributed to the crossection was the depth
that was most prevalent in theestionindicated average depth.

Tidal wave height

How resulted fromverticallytilting the setup at the end of the experimental apparatus. $e tflow

did not result froma wave signalThe actual water level depended on the location, tilt amplitude and
water leveland was a function of timéhe water level differences between low water and high
water ranged from 0.1 to 1.0 cm for experimental settings suitable for exyari with lightweight
plastic grainsin experiment 28 the maximum water level difference at the inlet was 0.5 cm. In the
sea it was 0.2 cm and in thackbarrierit was more or less 0.8 cm. The water level difference at the
inlet was investigated for ffierent experimental settings. But the water led not show a
guantifiable signal despite different experimental settings. Definingxaerimental tidal wave

height was thus not straightforward. A suggestion to define experimental tidal wave heightise
maximum water level difference in the middle of thackbarrierand multiply it by a certain factor

to meet scaling conditions.

Horizontal scale

The experimental horizontal scale was determined by connecting the outer corners of the
morphology, snilar to figure2.20. The length of the two lines were determined and averaged over
both to obtain a length (m) referred to as the horizontal scale.

Typical flow velocity

Experimental flow velocity in poorly sorted sand experiment was done througmgreciour
additive over a given distance. Determination of experimental flow velatigxperiments with light
weight plastic grainwas based on the transport of a single grain. A sediment grain was visible
throughout the tidal cycle. A taper and a stogteh allowed calculating the average speed of the
grain. The speed of the gramnot necessarily the flonelocity because transport telayed by
interaction with other grains and the sediment bed.&ermination ofexperimental flow velocity
from gran transport resuléd in an underestimationSincethe density of the lightveight sediment is
only slightly smaller (1042 kgfnthan water (998 kg/m3} ivas adopted that the underestimation of
F @SNI IS Tt paticlOttatirdO M (Be advBweight s@dnbdldt dnd tiht the method
serves its purpose.

Simple formulation to calculate experimental flow velocity from experimental settings

The most important variables that determined the flow velocity in the model were water depth, tilt
and tilt geed. To approach experimental flow velocity the relative importance of the variables might
be implemented with:

MSL at inlet (m) * tilt from MSL (m) * tilt speed (mm/s) / 3 * 1.000.000 = estimate flow velocity (r8/8) (

The estimated flow velotyi that results from typical experimental values and a constricted inlet
width of 23 cm are given in tab®3. A tilt amplitude of 1 cm and a speed of 50 mm/min results in a
flow velocity estimate of 0.07 to 0.10 m/s depending on water depth. These vedgemble

measured experimental flow velocities. Experiments were performed with tilt 0.5 to 2 cm, tilt speed
5 to 100 mm/min and water level 2.0 to 3.5 cm. Tabprovides that whatever combination of

these ranges results in a flow velocity of 0.0®th9 m/s. These were indeed typical values observed
during experiments. The exceptional case with 4 cm tilt, maximum tilt speed and high water level
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results in a flow velocity of 0.78 m/s according to the proposed formulation. A value of 0.78 is
impossible It is recommended to incorporate a friction effect when doing experiments with high
settings. Yet, experience with the experimental apparatus suggests the formulation is a good first
estimate. More experiments and an accurate method to determine floworsl are needed in order
to verify the formulation.

Table 3.3 Solving equation 3.1 for experimental conditions to obtain an estimate of flow velocity

mean water level | tilt from MSL | tilt speed | tilt speed | typical velocity estimate
cm cm mm/min m/s m/s
2.5 0.5 50 8.3E-04 0.03
3 0.5 50 8.3E-04 0.04
3.5 0.5 50 8.3E-04 0.05
2.5 1 50 8.3E-04 0.07
3 1 50 8.3E-04 0.08
3.5 1 50 8.3E-04 0.10
2.5 15 50 8.3E-04 0.10
3 15 50 8.3E-04 0.13
3.5 15 50 8.3E-04 0.15
2.5 2 50 8.3E-04 0.14
3 2 50 8.3E-04 0.17
3.5 2 50 8.3E-04 0.19
3 1 20 3.3E-04 0.03
3 1 40 6.7E-04 0.07
3 1 60 1.0E-03 0.10
3 1 80 1.3E-03 0.13
3 1 100 1.7E-03 0.17
3.5 2 100 1.7E-03 0.39
3.5 4 100 1.7E-03 0.78

Tidal prism / high water volume

The tidal prism results from subtracting lavater volume from high water volume in thmack

barrier. The water volumes were calculated from water depth maps of images at low water and at
high water by summation of water depth at every pixels and multiplying by the area of a single pixel.
But the images at high water and low water were taken while the experimental apparatus was at a
different angle. As a result, illumination was different and low water volume was highly
overestimated. There was no signal found that could substitute for the low wateame. In the

thesis high water volume serves as an indication of tidal prism.

Crosssectional ©iannel area

Channel area was calculated from water depth maps at MSLAebimsssection was drawn in the
middle of the inlet (686 in figuré.10). Water deph at every pixel was summed. The summation was
multiplied by the length of a single pixel obtain crosssectional area
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Chapter 4: Results

The resultchapterreportsa selection of experimenthat were performed The objective of this
research waso experimentallycreate a tidal inlet systerftom plane bedwith typical morphology
and investigate whetherR@ y I YA O WS |j dzhists Wé Wekedbk¥ first neésiochieve so in
our experiment number 28. This experimesttows the emergence of tygal morphologythat is ina
dynamic state. Chapter 5.1 visualizes, describes and analyzegdhgion from plane bed to a
dynamic equibrium state in experiment 28The next section, chapter 5.2 is on the dynamic
behaviourof channels, bars and shoalsthe ¥quilibrium stat€bf experiment 28The ebhtidal

delta, inlet and backarrier area are considered separately. Third, chapter 5.3 describes the effect of
a rise insealevelon typical morphology investigatad experiment 29. Thereafter chapterbs
considers the observed cycbehaviourin switching of number of inlet channels. Last, chapter 5.5
describes the effect of the variables that were investigatedlinther experiments(number 136).

4.1 Experiment 28: evolution of a dynamic tidal inlet system

The subsections of this section describe the emergence from plane bed to a dynamic tidal inlet
systemin different approachesFirst the change in morphology from plane bed to an end state is
considered. Then the expansion of the tidal area and-tdidl delta as a result of a growing tidal

inlet system is described for. Thereafter the subject of equilibrium state is covered in chapter 5.1.2.
Next it is shown how widthto depth ratios develop in the expanding system. Chapter 5.1 finishes
with describing patterns of erosion and deposition of the expanding tidal inlet system of experiment
28.

4.1.1 Morphological evolution from plane bed to an end state

In experiment 10 27 variables were investigated aimed at finding the experimental conditions for
the evoldion of a dynamic tidal inlet systefrom plane bed It was found that most importantihe
use oflight-weightgrains an initial perturbation, a tidal flat level (4.1 cm) considerably higher than
MSL (2.8 cm) andreon-erodible barriewere necessaryrigure 41 presents the evolution of
experiment 28 bywelve photo images in time takeat low water. Thebackbarrier basin is seen to
the left and the ebHidal delta is seen to the right. In between thackbarrierand the ebhtidal
delta there was a casiricted metal inlet of 23 cm width. A tidal period consisted of flooding and
subsequent draining of thieackbarrier by tilting the experimental apparatuand lasted 79.sThe
total experiment timewas144 hours (6 days) and represented 6550 tidal cycles.

The initial perturbation was a channel after 20 tidal periods. The channel lengthened and at
the same time a delta formed in the sea. The outflow over the-tddd delta was radial. Then after
350 tidal periods the outflow occurred to the sides of #fab-tidal delta. At the same time the inlet
and backbarrier consisted of two channels. At 800 tidal cycles the inlet showed three channels of
which one was separated by a widerb@ihe ebktidal delta grew by expansion in lobes. At 1100 tidal
periods theebb-tidal delta had become more symmetrical. The bhekrier showed two small
channels near the inlet and a main channel in the middle of the-badker extending furthest land
inward. From 1400 to 4500 tidal periods the channels in the {backier shaved multiple curves
indicating meanderinpehaviour The channel in the middle of the balsé&rrier shifted northward,
southward and back. The small channels near the upper and lower inlet increased their curvature
and length. Thereby the badlarrier widthincreased. The ebtidal delta continued to expand into
the sea basin. The expansion occurred more or less radial. After 4500 tidal periods igat¢blelta
had reached its seaward length. Thereafter the iolal delta most importantly built up vecally
and expanded its width slightly. The middle channel in the f@ckier continued to migrate. Also
the tips of the lower and upper small channel aside the inlets changed their morphology. Most of the
time the inlet existed of two channels but a switto one main channel was observed occasionally. In
AK2NI X 0KS S@2ftdziAazy FTNRY AyAGAlLE LXFYyS 6SR (G2 U
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described about 6000 tidal cycles. It was accompanied by migration of channels in tHeabdek
andinlet and switching of the numbers of channels.

20 0. 00 W LR 0 N D 8 e W e

Figure 4.1 Photos of evolution of experiment 28 taken at low water. Time (black) and tidal period (white)
were displayed in the figures. Initially, tidal flat bed was 4.1 cm high and MSL was 2.8 cm. The inlet was
constricted and use was made of light-weight grains.

4.1.2 Tidal system area expansion

Figure 42 represents the contour of the area that contributed to sediment erosion or deposition at
fifteen time steps of evolution. The contour areas were disgddrom the images at high water. In
the backbarrierand inlet the flooded area contributed to the area. While the ¢iolal delta was
displayed when sediment deposition had occurred on the sea bottom. The time steps are given in
table 41 and numbered oa to fifteen. Step one to five each described four hours of evolution, step
five to ten each described eight hours, step ten to thirteen each covered twelve hours and the last
two steps covered about twenty hours.

The initial configuration was a smaénturbation of 10 cm width. After 50 tidal cycles the
perturbation had become longer and a small circular-gtbl delta was deposited. During the first
hours the channel lengthened more and the efifal delta grew circularly. The subsequent tidal
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periods time step 3)the channel in théackbarrierretreated slightly in contrast to former
lengthening. The intertidal area widened and the dlulal delta expanded to the sides, both north
and south. The inlet widenecbnsiderably. Duringrhe step(4) and(5) an asymmetrical expansion
occurredof the intertidal area in the north andf the ebbtidal delta in the south. During the sixth
time step the asymmetrical expaion reversed in position. Thateral expansion of the intertidal
area was southward whilde northern ebbtidal delta expanded. At the same time the inlet
widened extensively and adopted the entire constricted width of 23 cm. During the seventh time
step the signal continued as during the sixth tistep. But now théackbarrierlengthened a@ain
and also adopted intertidal area aside the northern inlet. At the same time thetidabdelta
attached to the northern barrier. Ebtidal delta expansion also occurred at three other locations.
Next the main ebkidal delta expansion shifted to theouth while thebackbarrierlengthened
slightly at its northern end. Also theackbarrieradopted the area near the southern inlet. The next
time step ©) was o of little of expansion buthe signal of the previous timgtep continued Then
time step (10)showed growth over the diagonal agaifimesteps (11) to (133howed expansion of
the intertidal area at the northern end of theackbarrier. At the same time both northern and
southern ebhtidal delta lobes grew. Also more intertidal area asideltheriers wasadopted. Time
step(14)covered 1250 tidal periods. Both thmackbarrierand the ebktidal delta expanded still. The
expansioroccurredover the width, both nortrand south. The last timstep (15)did not show
considerable expansion of thmckbarrierand the ebhtidal delta. Summarizing, the description of
the evolution from initial plane é&d to equilibrium state providedeoccurring signals and persisting
signals. The most prominent observations were:

- Overshoot lengthening of the matthannel in the backbarrier area

- Lateral expansion in thieackbarrieroften coincided with expansion of the elviolal delta

over the diagonal (either nortsouth or southnorth).

- The ebbhtidal delta grew by lobe expansion which resulted in a net circulagroutth.

- The ebbhtidal delta distinguished a northern lobe and a southern lobe.

- Net expansion of the ebbdal delta and intertidal area decreased in time

Experiment 28: tidal system development

ebb-tidal delta

-

107

inlet

backbarrier basin

ebb-tidal delta

S

N/ 1
120 :
0 50 100 150

X (cm)
Figure 4.2 Contour of the area that contributed to sediment erosion or deposition from images at high

water. Figure presents the contour of fifteen nonlinear time steps as in table 4.1. Area of white stripes

should be neglected.
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Table 4.1 the numbers in figure 4.5 represent a timestep according to series number. The table
provides the elapsed time in hours at the time step and the corresponding elapsed tidal cycles.

series number| elapsed time (hours] elapsed tidal cycle

1 1 50

2 5 220
3 9 410
4 13 590
5 17 770
6 25 1140
7 33 1500
8 41 1860
9 49 2240
10 57 2600
11 69 3150
12 81 3700
13 93 4250
14 121 5500
15 144 6500

4.1.3 Equilibrium state
There was no expansion of the intertidal area and-gthl delta observed over 1000 tidal periods
during timestep (15) ifigure 42. It was assumed that the experimental tidal inlet system hadeadriv
at its equilibrium statesince channel area, eliral delta and tidal prism were about constant. Since
the inletwasconstricted further expansion of the inlet and coinciding expansion of the intertidal
areawas impededFigure 43 shows that thelbod volume in thebackbarrierwas about constant
after 60 hoursFigure 44 shows that channel area wabout constant after 70 hours. Assuming
flood volume to closely resemble tidal prism, constant flood volume and channel area indicated th
the inletsysemwasin the vicinity of equibrium state. Irfigure 42 intertidal area and ebttidal
delta still expanded after 60 hourBigure 41 indicated that after 6&/0 hours morphology still
changedConstant flood volume and channel araféer 70 hourghus @incided with tidal system
area expansioand morphological changétemporal increase in flood volume figure 43 around
125 hours coincided with thieightidal area expansion during timestep (14¥igure 42. Afterwards
the flood volume recovered tthe volume @ before the temporal increase. Smedmporal increase
in flood volume, morphological change and tidal area expansion occurred simultaneously with flood
volume and channel area being constant. It indicated that the subjeséfirfiingequilibrium state is
not straightforward. Howeveconstant flood volumend channel areand ceasing of tidal system
area expansion indicated the system being in the vicinity of equilibrium state.

= o
T

volume (L)
8]

50 100
time (hours)

o

o

Figure 4.3 Volume of water in the back-barrier at high water during experiment 28. The volumes were

calculated from water depth derived from colour intensity of water as in figure to the right. The back-

barrier was defined left of the thick line. Moving average was taken over 15 points (15*12 = 180 tidal
periods).
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Figure 4.4 Inlet channel area during experiment 28. The areas were calculated from the water depth maps
at MSL during ebb. Moving average was calculated over 15 points (15*12 = 180 tidal periods).

4.1.4 Width to depth ratio

Figure 45is a flow depth map fahe four stages represented by &middle rowin figure 41. The

flow depth was calculated from the photo taken at mean sealldueing ebb. At this phase water
depth was slightly lower thaduring high water and channels were clearly distinguished. Viiluth

to depth ratio is a much used nafimensional parameter that describes channel geometry in rivers.
The values were calculated for different creesctions. The numbeind crosssectionswere

displayed irfigure 45. The maximum flow depth was 2.6h@t 124h at the location of a scour in the
inlet. Width to depth ratios varied between 1.5 and 5-p [n general the width to depth ratio was
lowest in thebackbarrier. The width to depth ratio in the main channel and the inlet both showed a
trend during evolution. The width to depth ratio of the main channel in tiaekbarrierat 5h30 was

3 (), it then increased from 3.5 to 4.5 to 55 &t 124h. The trend for the inlet channels is opposite.
At 5h30 and 18h it was about 4.(It decreased to 3.5 &2h to 2.5 ) at 124h. The width to depth
ratios of the small channebside the barrierslid not change considerably during evolution. The
ratios were about 2-§. In short, during evolution to equilibrium state the main channel inthek
barrierwidened with respect to its depth while the inlet channels deepened with respect to their
width. Channel ends in theackbarrierwere relatively deep with respect to their width indicated by
low width to depth ratios.

61



y (cm)

y (cm)

62



20

X (cm)
Figure 4.5 Flow depth maps were calculated from photos taken at MSL (mean sea level) from high water to
low water. The numbers represent the width to depth ratios (-) at the cross-sections (rounded at 0.5).
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4.1.5 Net average erosion rate pattern in the inlet and back-barrier

This subchapter quadifies the erosion in the inlet anldackbarrierfrom analyses of three
dimensional imagedigure 48, evolution 7). Erosion rates over time were calculated from
subtracting digital elevation models of two consecutive time steps and displaygiie 4.6. The
coverage of the stereo system for rapid automated DEM produetias 70x 50 cm whichwvas
insufficient tocover the entire active systerithe focus was on the inlet and a part of theck
barrier.

Figure 46 shows two data signals. The diaman@present net erosion rate (L/hour) over
seven timesteps of the experiment (evolutios¥L Triangles are the erosion rates averaged over
eleven timestepsErosion rates were high in the beginning of the experiment and approached zero at
the end of theexperiment.The values of erosion rates deviated considerdlelyveen the two
classeslt indicates that net erosion rate depended on the choice of time steps. This can imply that
erosion occurs in peaks and falls. This statement is supported at 108dfalapsed time. Data
points wae derse there and the signal consistefipeaks and falls. Another possibility is thiat
deviation between the plots waa result of inaccuracy of the method. This is underlined by the
coverage of the DEM image not coverithe entiremodel. If the peaks and falls weea result of
inaccuracy of the method, the erosion rate should better be represented with a trendline through
the data points. Theoefficients of determination @rrepresent the percentage of varation tharc
be explanead. The values 0.79 for seven data points and 0.46 for twelve data points indicate a certain
relation between net erosion rate and elapsed time.

y = 0.063Ln(x) - 0.30
R?=0.79

A ¢ L )
-0.05 & =

y = 0.042Ln(x) - 0.26

-0.1 x R?=0.46
A
’ // )
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average net erosion rate (L/hour)

0.2
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Figure 4.6 Net erosion rate from DEM images calculated over seven time steps (figure 4.7) and over twelve
time steps. The time steps were chosen arbitrarily.

The DEMmages also alloed calculating net deposition rates in time. Most deposition
occurredon the ebbtidal delta. The ebliidal delta was only partly covered in the Déiilage so tie
deposition rate was highly underestimated. Interestingly, the average depositidrerosion rates
did reflect an @posing signal ifigure 47. When the erosion decreased, the deposition increased
and vice versaDuring this period of increased erosiand deposition the channel changed from
being one long main channel to two shorter channels (evolutionfigume 48).Over time, the net
average deposition rate showed a decreasing trend similar to the net average erosion rate.
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Figure 4.7 Average net deposition and erosion rate from the DEM images. The deposition rate was
underestimated because the ebb-tidal delta was not within the coverage of the image. Nevertheless the
peaks and falls coincided.

Total erosion and deposition were calculated able infigure 48. Net erosion was 5.5 L for
seven data points. Net deposition was 1.4 L. The diffeebetween net erosion and deposition wa
4L. Maximum flood volume was 4Lfigure 43. The maximum flood volume would be slightly lower
than total eroson since a part of thbackbarrierwas abondoned at that time. But the DEIMages
neither covered that part of thbackbarrier. So net sediment loss over coverage of the BEsQe
was 4L which closely resembled maximum flood volame: validates the méiod.
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Figure 4.8 Three-dimensional images of net evolution over time in experiment 28. The time periods of

elapsed time | Erosion | Deposition,
(hours) (dm’) corrected

(dm3)
Evolution 1 3.5 -1.00 0.09
Evolution 2 55 -0.26 0.08
Evolution 3 8.2 -0.51 0.19
Evolution 4 31 -1.43 0.11
Evolution 5 96 -0.87 0.45
Evolution 6 124 -1.04 0.33
Evolution 7 145 -0.43 0.18

evolution 1 to 7 are given in the table and resemble stages as in figure 4.1.
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4.2 Dynamic behaviour of channels, bars and shoals at
equilibrium state

Channel, bar and shoal migratiare typical for tidal inlet systems so quantificatiohexperimental
dynamicbehaviourat equilibrium states relevant focomparisonThis section visualizes and
describes the dynamisehavour of the ebbtidal delta (5.2.1), the inlet (5.2.2) and the bdudrrier
area (5.2.3).

Data points were selected in thmckbarrier (b), in the inlet (i) and on the ektiidal delta (d)
and rumbered according téigure 49. Crosssections were drawaccording tdigure 410. Deepest
were the channelsChannels in thbackbarrierand ebbtidal delta were about 1.5 cm deep. shoal
in the backbarrier wasobserved aflow depth below 0.5 cmChannels intte inlet were deeper than
2.2 cm and hnkshad a flow depth of less than.8 cm.A change in water deptbf > 0.2 cmindicated
migration of channelsr erosion/deposition.

Figure 4.9 Codes represent data points in time series of images in which
b = back-barrier 1 to 5, i = inlet 1 to 3 and d = ebb-tidal delta 1 to 3.

y (cm)

Figure 4.10 Cross-sections in experiment 28 over which time stacks of water depth were calculated.
Location of cross-sections were represented by coordinate 370, 450, 530, and 686.

4.2.1 Ebb-tidal delta

Thevariation in waterdepth on theebb-tidal deltaat data points d1, d2 and dB8as presented in
figure 411 The signal for point d3 vgaa more or less stable channel depthl.5 cm Pont d2, the
middle section, showed decrease in waterepth from 127to 133 hours. It waassociated with the
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formation of a bar between two inlet channels. The formation of the baeldSthours, while the
removalsucceededn 2 hours. Therafter the sediment level remainemiore or lessonstantand
sediment level wa higher than it was befer Point d1 shoed a moderate decrease in time of water
depth indicating vertical accretion of sediment on the dlutal delta.

—
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flow depth (cm)
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0 e L B e e e L e e e e e
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time (hOUI’S) + Ebb-tidal defta at point d1 — — 5 per. Mov. Awg.
o Ebb-tidal delta at point d2 8 per. Moy, Avg.
= Ebb-tidal delta at point d3 = - = -5 per. Mav. Avg.

Figure 4.11 Variation in flow depth on the ebb-tidal delta of experiment 28 at data points d1, d2 and d3
according to figure 4.10. The lines present the 5-period moving average of data points. Note that moving
average in excel has a known bug of shifting the moving average to the right. Therefore the moving average
is not adequate. Still the signal serves its purpose.

4.2.2 Inlet

The inlet dynamics of formation bfars and channels was displayedigure 412. The three data

points presengéd a high variability in water depth. The high variability indicktee dynamic state of

the inlet. The depth varieth the rangel.4-2.6cm. In general point i3 describdlde shallowespart

of the inlet Flow depth varied between 1.5 cm and 2.2 cm, representing switching between a bank
and a shallow channelh& signad of point i1 and i2 wer@ften anti-phaseindicating that the inlet
consistedof one deep channel. The deegigoint of the channel migrateldetween point il and i2.

Two simultaneous peaks indicatene wide deep channel or two narrow deep channels. The movie
of successive images shows that simultaneous peaks usually repgd$an channels separated by

a bar.Figure 413 presents flow depth at crossection 686ffgure 410, through the inlet) from 120
hours to 144 hours. The inlet first consisted of 2 deep channels whereas after 125 hours one of the
channels became shallowand got filled up. Thereafter the inlshoweda laterally migrating

channel ancemergingof a new channel on the opposite side of the migrating inlet chanhelbout

10 hours (13%; 142 hours 450 tidal periodsthe main channel shifted from and to b ¢ south¢

north ¢ south¢ north. The inletalsoshifted between having one inlet channel and having tiibe
switching of wo inlet channels to one vgavisualized in crossection infigure 414. Between each
crosssectionthere were 35 tidal cyclesirbt two channels were distinguished of which one was
slightly deeper than the other. Then both channels obtained the same flow depth. Subsequent the
bar between the two channels was eroded in 3 * 35 = 105 tidal cieliesm one wide channel. In

the following 70 tidal cycles the channel became narrower. Next a sudden shift of the location of the
main channebccurredwhich then persistedfigure 413).
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Figure 4.12 Inlet channel migration in experiment 28 of data points at i1, i2 and i3 according to figure 4.9
over time series 120 hours to 144 hours.
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Figure 4.13 Flow depth at cross-section 686 (figure 4.10, through the inlet) indicating inlet channel
migration and formation of new channels. The white hole indicates a scour hole.
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Figure 4.14 Inlet cross-sections at 136.3 h to 142h. Between each cross-section 35 tidal cycles (45 minutes)
took place.

4.2.3 Back-barrier

In thebackbarrierarea channel migration veaprominent for the middle, main channéligure 415
presents the cyclibehaviourof the midde channel. Point b2 and b4 welocated above and below
the centre. The flow depth viaed between 2.1 cm and O crA water depth of O cm indicated a shoal
since there was no water present at that time. The signal of bZdndere in antiphase It

indicated that when a channelvas present at point b2, there wasshoal at point b4 and vice versa.
Therewere four major peaks @w depth > 1.5 cm) in 21 hours resultimgan average channel
existence time in théackbarrierof 5 hours (21/4). All major pealshoved a fall between two peaks
indicating that the channel migratislightly further away from the point anithen cameback. So the
middle channels swappdahck and forth in a period of aboutt®urs Figure 416 distinguishel back
and forth sweeping t@ccur between y= 35 cm and y =55 d¢mthe figure red; orangeyellow is a
deep channel. At 122 hours a channel is migrating southévard y=40cm towards y=55cm. Both
southward and northward migration of channels in the baekrier area was observedh@&
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migration rate was generally-8 cm/hr. Some of the channels got abandonment after migration to

the margin while others switched direction and migrated back. New channels emerged from
bifurcations or by gradual deepening/hen the channel had migratedwards y=55cm a new

channel formed at y=45cnA cycle inchannelmigrationof southward migration seemed to exiahd
occurred seven times within 1000 tidal periods. This gave a channel migration cycle of 1000/7 = 140
tidal periods(4h/7 = 3h) The flip ofdirection of lateral migratioror abandonmenbccurredrelatively
quickly.In short, the channels in the batlarrier show channel migration, bifurcations, channel
abandonment and switches of migrational direction.
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flow depth (cm)
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Figure 4.15 flow depth in the back-barrier at b2 and b4 indicating back-barrier channel migration in
experiment 28 over time series 120 hours to 144 hours.
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Figure 4.16 flow depth in the back-barrier at cross-section 450 indicating back-barrier channel migration
(~ 3 to 4 cm/hr), channel abandonment, switches and bifurcations in experiment 28. Time was at 120
hours to 144 hours (5500 to 6500 tidal cycles).
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4.3 Experiment 29: Sea level rise

The response to sea level rise of dynamic equilibrium state (experiment 28) was investigated in
experimen 29. The direct response and the effect of sea level rise on typical morphology will be
described for in this section.

Sea level rise was simulated by a stepwise increase of water depth. After every sea level rise
the system needed about 1000 tidal £l(24 hours) to adjust to the change in water level where
after a next sea level rise was imposed. This method allowed studying the short term and long term
effect to an instant sea level riseigure 417 presents the volumes at high water. The high wate
volume increasd from 3.5 L at start to almost 5L after sea up 2, 6L after sea up 4 and 9L after sea up
5.The net increase in high water volume i€®.5) / 3.5 * 100 = 160 %n contrast, the increase in
water level was 30 % (section 3.2).
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Figure 4.17 Volume of water in the back-barrier at high water during experiment 29. The water level was
increased 5 times by about 5% according to ‘sea up 1 — 5’. The back-barrier was defined left of the thick
line in figure 4.3. Moving average was taken over 15 points (15*12 = 180 tidal periods).

Figure 418 presents the response to the first sea level @sel figure 419 the response to the fifth
sea level riseShortterm responses which were generally observed after each sea level riseas/ere
follows:

- Themiddle channel in théackbarrierlengthened. At a certain distance of lengthening the
channel curvature increased coinciding with the channel tip withdrawing from the back part
of the intertidal area. The cyclic back and forth sweeping of the middlerehaommenced
again.

- The outer channels in theackbarriereroded their outer bends and the flooded area
widened. Thereby the channel tips retreated from thadward sideof the basin.
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Figure 4.18 Response to an instant rise in water level of about 5% (sea up 1). The photos were taken at low
water at 125, 250, 500, 750 and 1000 tidal periods after first rise in sea level.

Figure 4.19 Response to an instant rise in water level of about 5%. The photos were taken at low water at
100, 300, 600, 1200 and 2250 tidal periods after fifth rise in sea level.

The erosion of the outer bends of the outer channels is presentéigure 420a. The
erosion of outer beds of the outer channels showed a stepwise widening simultaneous with the
instant sea level ses. Also the width over which the middle chamwielthe backbarrier migrated
increased from location gt 35¢ 55 cm to location yat 20¢ 70 cm. The increasgas (50¢20) /
20*100 = 1500.Channel migration rates after theecondsea level rise were aallatedfrom figure
4.20band were abouR2.5cm/4h =5 - 6 cm/hr. Inthe laststadium of sea level rise the channel
migration rateswere slightly higher: 17.5/2.5 = 6.5.5 cm/hr. The rates became harder to deduce
because the number of channels incredsed often they merged but continued migratiotill a
trend was observed of decreasing channel migration rates as a function of rise in watef evel.
cyclic channel migration also persisted. At the second sea level rise southward migration was
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obsened five times in the period 30h to 50h whigtves a duration odh per migration cycle. Before
the sea level rise the cyclic migration occurred every 3h. So a slight increase in migration cycle time
occurred as a function of sea level rigdter sea leverises four and five the number of channiaksd
increased. These channels merged often while they continued migration to one direction or the
other. As a result the migration cycles were not as prominent anymore because they occurred both
over small range and over large ranges. Therefore migration cycles in a latge stesea level rise
were not compared tanigration cycles at amarlierstage In short, channel migration and migration
cycles in the backarrier persisted during sea level rise. The ttém channel migration rate and
cycle duration is an increase as a function of sea level rise.

The last sea level rise was continued for a longer time to study the equilibrium state of the
experimental tidal inlet system after a significant sea level Rigure 421 is the final configuration
after each sea level rise. The lermgm effects are as follows:

- The backbarrier basin widened and lengthened which coincided with an increase in tidal
prism (high water volume). In general a lengthening oversbaotirred before arriving at
equilibrium dimensions.

- The number of channels in the bab&rrier increased and varied in number between 3 to 6
main channels.

- The ebktidal delta built up in the vertical by forming a smaller delta on top of the former.

- Theinlet channels deepened simultaneously with a rise in water level.

- The inlet channel extended further into the elidal delta.

- The inlet channel showed larger scours which appeared and disappeared. The inlet region
was very dynamic as a response to mignmatof channels in the badbarrier.

- Width to depth ratios of the main channels showed a slight increagure 422. The
increase indicated that channels became wider with respect to their depth. The channels on
the ebbtidal delta showed the oppositsignal of deepening with respect to their width.

location (cm)

Figure 4.20a flow depth in the back-barrier at cross-section 530 over time (indicated in lower figure)

showed back-barrier widening and lateral, cyclic migration of channels.
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Figure 4.20b Visualization of channel migration in experiment 29 at location 370 which is in the middle of
the back-barrier area. Channel migration persisted and the channel migration rates slightly decreased as a
function of a sea level rise.

Experiment 28

Sea levelup 1

Sea/level up 2

Sea level up 3
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Sea levelup 4

Sea levelup 5

Figure 4.21 Final configuration of morphology at low water (left) and high water (right) after sudden
increase in water level (sea level up 1 to 5). Experiment 29 photo numbers 349 and 351, 717 and 719, 856
and 858, 1102 and 1104, 1774 and 1776, 1842 and 1844.

X (cm)
Figure 4.22 Width to depth ratio (-) at the cross-sections of experiment 29, final configuration (photo
1789). Flow depth map calculated from photo taken at MSL (mean sea level) at the phase from high water

to low water.
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4.4 Switching of number of inlet channels

Theswitching of the number of inlet channels is a cygshenomenonobserved for in nature
(literature background, chapte?.2.8) This sectiowisualizes, describes angdiantifiesthe switching
of number of inlet channels that wadserved in the experimeat
Figure 413 showed witching of the number binlet channels between one and twolet
chanrels.Figure 423 showsthe flow depth in the inletcrosssectionfrom plane bed to equilibrium
state. First there was one channélfter about 1000 tidal cyes a second channel had developed
The existence of two channels persisted durimgrphologicakvolution.The switching between one
and two inlet channels commenced after 127 holstween 127 hours and B4oursseven
switcheswere distinguished. Thentie to switchfrom two inlet channels to one and back to twaas
irregular.An average time of occurrence of a cyaias calculated from (148 127)/7 andwas 2.3
hours (about 100 tidal cyclesjigure 424 shows the inlet during the first two steps of deael rise
of experiment 29. The existence of odeepmain channel wasbservedsix times (green/orange) in
50 hours. So average existence timas much longeafter sea level riséhan it wasfor experiment
28. Also existence time of a main channel weegular but much shorter than existence time of two
channels in the inlet. It is concluded that switching between nurab&échannels occurred cyclically
althoughthe time ofexistence of onénlet channel or twanlet channeswas veryirregular.
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Figure 4.23 flow depth in the inlet at cross-section 686 of experiment 28.
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Figure 4.24 flow depth in the inlet at cross-section 686 in experiment 29 during first two steps of sea level
rise.

4.5 Experiments and variables

The twentythree experiments reportetiere aimed at understanding the physical processes, as well
as boundary and initial conditions, which leadetgerimentaldevelopment of a dynamic tidal inlet
system with channel networ&s presented in the previous sectioi$he experiments started from
plane horizontal tidal flat located behind a barrier island and connected through the sea by a single
inlet. Each experiment started forcing water to flow from tilting the experimental apparatus. A small
perturbation in the inlet was a requirement for chael developmentThis section describes the

effect of the variables on the end state of the morphology in the experiments that were performed.
First experiments with poorly sorted sand will be considered and the effect of flow strength, water
level and intial configuration given. Then experiments with ligigight grains are considered. The
variables flow strength, water level, sediment level, start perturbation, bed slope and protected or
unprotected inlet width were investigated.

4.5.1 Poorly sorted sand

In experiment 10¢ 22 use was made of poorly sorted saAdchannel network forrmad only for large
enough values of tilt amplitude so the lagoon bed wetted and for small enough water depths to dry
the lagoonat ebh Drying of the lagoon was important for headwasrosion to occur. Channels
developed mainly through headward erosion. In caanequallylevelledtidal flat an ebhktidal delta
developed that was nosymmetrical perpendiculdo the inlet (preparatory experimenjsSediment
transport was dominant dumg end of the flood phase arat beginning of the ebb phase. Also
significant sediment transport occurred in the late ebb phase. Flood flow generally determined the
inlet width. Ebb flow generally described channel network development. Sediment deposition
occurred mainly on the ebtidal delta and some in the lagoon behind the channels. General
observations were schematizedfigure 425. The time required to complete a single experiment
with poorly sorted sand ranged from 1 to 4 hoarsd presented 4@ 250 tidal cycles (table 3.2)
Ultimately development ceased because of flow strength below threshold for sediment transport.
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sediment deposition

inlagoon near channel heads

headward erosion

bar PhP b \{( i \ channel network
= A development thraugh
. ~ headward erosion

inlet widens -dl]ring headward erasion

flood phase

net deposition on

ebb-tidal delta

Figure 4.25 General observations op processes during morphological evolution in experiments with poorly
sorted sand.

Variables tilt amplitude and tilt speed

Experiment 10 and 13 showed the effect of the tilt amplitude. Tilt amplitude positively influenced
flow strength and tidal prism. The channel network of experimenivh8reintilt amplitude was
higherextended further into he lagoon and depositiooccurredin the lagoon. The deposition in the
lagoon was in a delta form and showed sediment r@agement. In experiment 10 witlbwer tilt
amplitude the ebktidal delta grew to a double bulge form. Sediment deposition in thedageas
insignificant. The channel network resemthtbe one of experiment 15 iwhichtransport only
occurred at ebbTidal prism of experiment 10 was lower than for experiment 13, consequently the
inlet width was narrower (10 cm versus 13 cm) and inleaamaller.

tilt 35 mm tilt 20 mm

solely ebkransport
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Tilt speed

The effect of the tilt speed was compared through experiment 10 and 11. Tilt speed positively affects
flow strength. The channel network of exjraent 10 and 11 resembled. But in experiment 11 the
channel aside the barrier islandasrelatively wide. A fast tilt of 2700mm/min caused the water in

the lagoon to first flow towards the barrier islands before leaving through the inlet. So fast tilting
induces the water in the lagoon to be drained aside the barriers. Then théidddldelta became

wide because flow paths generally extended straight on from the lagoon. For a tilt of 50 mm/min as
in experiment 10 the water generally drained circularlyward the channels (dashed linefigure

4.25). Speed of tilting thus affects the mode of drainage from the lagoon. Morphology batie
barrieris similar while the ebiidal delta is more longtretched for a higher tilt speed with further
extension ofthe inlet channel over the ebtidal delta. It is concluded that the effect of speed of

tilting on channel network development is small. Speed of tilting was thereafter set to best represent
natural flow paths.

Average tilt 50 mm/min Fast tilt 00 mm/min

Variable: initial bed level

Experiment 22 had a low bed level difference between tidal flat (2cm) and sea (1 cm) compared to
previous experiments (tidal flat of 3 cm and no sediment in sea). Experiment 22 did not show
development of a channeletwork. While an extensive ebb and flotidal delta developed. It was
concluded that a bed level step between sea and tidal flat is required for channels to develop.

Variable: initial perturbation
In experiment 16 and 1the initial perturbation wasvaried. Experiment 16 started with a
perturbation of about 5 cm like in previous experiments. Experiment 17 started with a perturbation
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